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ABSTRACT 

Islam, Ahmad Ehteshamul. Ph. D., Purdue University, May, 2010. Theory and 
Characterization of Random Defect Formation and its Implication in Variability of 
Nanoscale Transistors.  Major Professor:  Muhammad Ashraful Alam. 

 

Over the last 50 years, carrier transport has been the central research topic in the 

semiconductor area. The outcome was a dramatic improvement in the performance of a 

transistor, which is one of the basic building blocks in almost all the modern electronic 

devices. However, nanoscale dimensions of current transistor following Moore’s law 

have shifted the spotlight from carrier transport towards the reliability and variability 

constraints. Modern transistors operate at a high electric field. They also use small metal 

gates and high- κ gate dielectric. Therefore, these transistors regularly suffer from process 

variations due to statistical variation in metal grain orientations at the gate, number of 

dopants in the substrate, thickness of the dielectric, etc. In addition to these ‘time-zero’ 

variation sources, presence of high oxide electric field and use of high-κ materials as 

dielectric (like silicon oxynitride and hafnium-based materials) strains the chemical 

bonds in the bulk and interface of the amorphous dielectric. As a result, defects are 

formed within a transistor, which leads to ‘time-dependent’ variation. Taken together, 

these ‘time-zero’ and ‘time-dependent’ phenomenon cause variation in transistor 

parameters (e.g., threshold voltage, mobility, sub-threshold slope, drain current) – which 

eventually lead to the IC failure, when the variation goes beyond a certain pre-defined 

limit.  

In this thesis, a physical model is developed to understand the defect formation at the 

dielectric/substrate interface of a transistor (a phenomenon, generally known as Negative 

Bias Temperature Instability), which is one of the major scaling concerns in current 

transistors. The time dynamics of interface defect generation is captured within a 
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Reaction-Diffusion framework and hence compared with the characteristic experimental 

signatures measured over a wide range of supply voltage, temperature, materials within 

the dielectric, and channel strain. This comprehensive analysis further establishes the 

subtleties in interface defect characterization using modern techniques and also explains 

the intricacies for analyzing the impact of defect generation at circuit level. More 

importantly, the study with interface defects has identified the presence of self-

compensation in advanced CMOS technology. Later, such self-compensation is shown to 

be generally applicable to many sources of ‘time-dependent’ and ‘time-zero’ variabilities. 

Design of such variation-resilient transistor may reshape how circuits are designed and 

evaluated currently for handling process-induced (time-zero) and temporal (time-

dependent) variations – which is one of the grand challenges for continuing transistor 

scaling following Moore’s law. 

 

 

 



 

 

1

1. INTRODUCTION 

1.1. Background 

The invention of transistors in late 1940s has revolutionized semiconductor industry. 

In 1947, Bell Labs scientists William Shockley, John Bardeen, and Walter Brattain 

provided the first demonstration of a transistor (later known as a bipolar junction 

transistor or BJT) by placing two metal-semiconductor (point) contacts very close to each 

other [1, 2]. Here, the current through one point contact (passed at a particular direction) 

was used to control the current through the second contact. Later in the early 1960s, a 

current-controlled BJT was replaced with a voltage-controlled metal-oxide-

semiconductor field-effect transistor (MOSFET), which significantly reduced the power 

consumption of the gate circuits. At the same time (1958-1959), Jack Kilby at the Texas 

Instruments and Robert Noyce at the Fairchild Semiconductor pioneered the concept of 

integrated circuits (IC), which allowed designers to place large number of transistors on a 

single chip in a much simpler, but efficient way. Since then, semiconductor industry has 

gone through significant scaling in transistor dimensions. Such scaling has not only made 

the IC’s more compact and dense, but also enhanced its performance. Though the vision 

of Gordon Moore in 1965 that the complexities of an IC will double every one and half 

years [3] seemed to be a dream at that time, it came true over the next four decades – 

thanks to the relentless efforts from thousands of physicists, chemists and engineers 

during this period. At present, in the year 2010, we have more than a billion transistors in 

one single “Intel Atom” processor.  

Although there were claims of transistor industry hitting a “red brick” wall at 100nm 

technology node in 1998 [4], scientists are currently working towards developing 

transistors even for the 22nm technology node. In such small dimensions, variability of 

transistor parameters is becoming increasingly important [5-7]. The sources of these 
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variabilities, present in nanoscale transistors, are shown in Figure 1.1, which can be 

generally classified into two broad types: spatial variability and temporal (or time 

dependent) variability. 

Variability in Nanoscale Transistors

Spatial Variability (Chapter 9)

Random 

Dopant

Fluctuation

Oxide 

Thickness, 

Work 

Function 
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Figure 1.1: Different types of variabilities in nanoscale transistors. 

1.1.1. Process-induced Spatial Variability 

Aggressive scaling of MOS dimensions has made statistical (device to device, die to 

die, wafer to wafer, etc.) fluctuation of transistor parameters increasingly important [5, 8-

11]. For example, the ratio of fluctuation in a MOS transistor parameter (having 

magnitude N) with respect to the magnitude of the parameter itself can be expressed as, ~ 

√N/N = 1/√N [12]; which obviously increases with decrease in N. Moreover, fluctuations 

in nano-dimensions, could have been easily ignored in micron-size transistors of 1990s, 

but cannot be avoided in nanoscale transistors studied in current MOS technology.  

In MOS transistors, the sources of statistical fluctuations include the ones associated 

with substrate dopant (commonly known as random dopant fluctuation), oxide thickness, 

gate workfunction, surface roughness, line edge roughness, etc. Random dopant 

fluctuation (RDF) arises from statistical variation in the number and the position of the 
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dopant atoms in the active region of MOSFETs. This makes the transistors 

microscopically different and as a result causes significant variations in drive current 

from device to device [8, 13]. Also, gate oxide thickness fluctuation in the order of 1-2 

atomic layers [5, 14] is typically expected in the 5-6 atomic layers thick oxide, currently 

being used in MOSFET. Such oxide thickness fluctuation introduces variations in MOS 

electrostatics, surface roughness limited mobility and gate tunneling. In addition, gate 

workfunction fluctuation is especially a major variability concern in modern MOSFET 

involving metal gate/high-κ stack [15]. Such fluctuation arises from the statistical 

variation of metal grain orientations1 and sizes over the transistor gate area. Moreover, 

statistical variation in the incident photon count during the lithography exposure, photon 

absorption rate, chemical reactivity, and molecular composition of the photo resist 

introduces unavoidable line edge roughness (LER) in the gate pattern (or channel length) 

definition among various transistors [17].  

In additional to the statistical fluctuation from the above sources, spatial distribution 

of defects within oxide gives rise to flicker (1/f) noise in MOS structures, which has been 

extensively studied since 1950s [18-23]. Capture/emission of channel electrons/holes 

to/from an oxide defect give rise to noise, characterized by a distinct frequency, in the 

transistor’s source-drain current. When the defects are spatially distributed within the 

oxide, the one located further away from the channel will give rise to low-frequency 

noise; whereas the one located near the channel will give rise to high-frequency noise. 

Subsequently, adding up the noise contribution from different defects will give rise to a 

flicker (1/f) noise in the source-drain current of MOS transistors.  

                                                 
1 Metal workfunction depends on its surface orientation, because the surface atomic 

density that governs the workfunction of a metal depends on its surface orientation [16]. 

Metal orientation, having higher (lower) surface atomic density, has larger (smaller) 

electron wavefunction penetration across the metal surface, and hence has higher (lower) 

surface dipole moment, which has more (less) attraction on the surface electrons. 

Therefore, metal surfaces having higher (lower) surface atomic density have higher 

(lower) workfunction. 
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1.1.2. Defect-related Temporal Variability 

1.1.2.1. History of Defects 

Though defects are considered here as a source of temporal variability in nanoscale 

transistors, defect formation within materials have always been a concern in different 

aspects of condensed matter physics. In basic crystallographic courses [24, 25], one 

learns about the thermodynamics and equilibrium concentrations of the Schottky defects, 

the Frenkel defects, dislocations, stacking faults, grain boundaries, etc. during the growth 

of crystal structures. Analogously, amorphous materials (e.g., calcogenide glasses, 

organic polymers) also suffer from topological defects (e.g., dangling bonds, vacancies) 

mostly due to deviations from the Mott’s 8-n rule [26], where n is the number of valence 

electrons in the atoms forming the amorphous structure. In addition, foreign materials or 

impurities are also present (due to intentional doping or unintentional consequence of 

material synthesis) in both crystalline and amorphous structures, thus modifying their 

properties. Although, these foreign materials are often advantageous for improving the 

performance of materials (e.g., phosphorous doping in a crystalline silicon increases the 

electron conductivity, presence of impurities in glass reduces its melting temperature), in 

general, defects have adverse effect on carrier transport properties of a material used in 

transistors.  

Moreover, defects are formed not only within the bulk of the crystalline or 

amorphous structures, but also at the interfaces among any two materials (either 

amorphous or crystalline). This is mainly due to the lattice mismatch between two 

dissimilar materials combined together; e.g., dangling bonds at the Si/SiO2 interface of a 

MOS transistor falls in this category. However, when two similar materials having 

slightly different properties are joined (e.g., interfaces of p-n junction), interfacial defects 

result due to the non-equilibrium placement of impurities and dislocations at the interface 

of the materials.  

Historically, these bulk and interface defects were always a problem in 

semiconductor industry. For reducing the amount of bulk defects from the dielectric 
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oxide layers (and also from the semiconducting substrate) during IC manufacturing, a 

semiconductor wafer and the subsequent ICs built on it go through a series of purifying 

process (gettering) steps. However, interfacial defects cannot be removed or reduced, like 

bulk defects, through any sort of purification. At the Si-SiO2 interface of a MOS 

transistor, interfacial defects (dangling Si- bonds) are terminated or passivated (Si- + H 

� Si-H) by using hydrogen compounds like silane (SiH4)
2, which only provides a time-

zero solution from interface defects. These interface defects again starts to show up 

during the operation of a transistor, as discussed next.  

1.1.2.2. Sources of Temporal Variability 

After a period of transistor operation, the interfacial Si-H bond starts to dissociate or 

depassivate (Si-H � Si- + H) and the interface defects begin to reappear. Formation of 

these interface defects due to Si-H depassivation leads to time-dependent instabilities (or 

soft-failure) in the transistor parameters (e.g., threshold or ON/OFF switching voltage, 

drivability), which is one of the major reliability concerns in current MOS technology. 

Such interface defect related instability is dominant in p-type MOS (PMOS) transistors 

and the associated phenomenon is known as Negative Bias Temperature Instability 

(NBTI). As the name suggests, NBTI indicates a temperature accelerated degradation in 

PMOS transistors, when it is stressed with negative gate voltage. Although NBTI was 

identified as a reliability concern in integrated circuits since mid 1960s [29], its 

significance became particularly important below the 130 nm technology node [6, 30-34] 

due to the – (a) use of increasingly higher oxide electric field for better transistor 

                                                 
2 Historically, the Si-SiO2 interface defects were the main problem behind the 

commercialization of the MOSFET before the BJT, though the concept of MOSFET [27, 

28] predates BJT [1, 2] by two decades. The problem persisted till 1970s, when 

researchers from Fairchild Semiconductor followed the lead of amorphous-Si process 

trick of using hydrogen-passivation for reducing the Si-SiO2 interface defects in a 

MOSFET, thus enabling its commercialization.  
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performance [35], and (b) use of oxynitride gate dielectric to reduce gate leakage and 

boron penetration effects [36-38].  

In addition to the instability concerns from the interface defects, introduction of new 

materials within MOS structure (e.g., oxynitrides and different Hf-based high-κ gate 

dielectrics for reducing gate leakage [38, 39], metal gate to avoid poly-depletion effects 

and Fermi-level pinning [40-42]) have generated additional concerns related to defects 

within the oxide material during NBTI stress. Thus, hole trapping into oxide defects has 

become an additional NBTI mechanism and electron trapping into oxide defects of n-type 

MOS (NMOS) transistors also become an extra soft-failure mechanism, which is termed 

as the positive bias temperature instability (PBTI) [43, 44].  

Like NBTI/PBTI, defect formation is not always uniform. Pretty often, the carriers 

near the drain (or collector) end of MOS transistors cause non-uniform generation of 

defects near the drain and thus lead to Hot-Carrier Injection or HCI, as an additional form 

of device instability [45, 46]. Moreover, the size of current MOS transistors necessitates 

the consideration of statistical fluctuation in defect formation at the interfaces and also 

within the oxide [47-50], in addition to the time-dependent mean shift discussed above. 

In addition to the defect related transistor instabilities discussed above, formation of 

oxide defects and their subsequent alignment can increase the gate leakage current to 

such an extent that the dielectric film will no longer be effective in insulating the gate of 

a MOS structure – thus causing dielectric breakdown or hard failure of transistors. Such 

time-dependent dielectric breakdown (TDDB) is a key transistor reliability issue in 

modern MOS transistor, which often limits its operating lifetime [51-57].  

1.1.2.3. Optimizing the Effect of Defect 

In modern transistors, defect formation is becoming more and more important, 

because a small change in transistor performance over the period of operation can bring a 

transistor out of the window of design tolerance and thus make the IC useless. Device 

designers often feel that processing modifications can do little to address these problems. 
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Hence, a number of efforts have been undertaken to alleviate its effect on circuit level. 

For example, a standard option is to operate the transistors with an extra guard band 

voltage, over and above the voltage required for operation [58, 59], so that the circuit 

remains functional despite the defect formation. Similarly, there are proposals for using 

adaptive body bias [60-62] or adaptive power supply (i.e., circuit sleeping) [63] for 

minimizing the impact of degradation. Moreover, algorithms involving area-resizing of 

transistors over the critical path in a digital circuit have also been proposed for optimizing 

the circuit-level degradation [64]. 

1.1.2.4. Defects in Analogous Areas 

Most of the variabilities in MOS transistors have their analogous (i.e., have similar 

origin) forms in many other systems. For example, TDDB in thick oxides of MOS 

transistors and crack propagation in mechanical systems [65] can analogously be 

explained using Weibull statistics. Similarly, interface defect formation during NBTI 

involves dissociation of Si-H bond and is based on similar physics as the dissociation of 

Si-H bonds in amorphous-Si solar cells [66]. Moreover, since chemical sensors often use 

MOS-like structures [67], the implication of defects in those systems can also be 

explained in an analogous form. 

1.2. Objective of the Thesis 

This thesis mainly focuses on developing a theoretical framework and 

characterization techniques for Negative Bias Temperature Instability (NBTI) in PMOS 

transistors, by analyzing its functional dependencies over time, supply voltage, 

temperature, materials within the dielectric, and channel strain. Such comprehensive 

analysis also allowes us to identify different features in modern NBTI characteristics. 

Here, we recognize both interface and oxide defects as contributing factors for NBTI in 

current CMOS technology. In some transistors, NBTI is dominated by interface defects 

and the mechanics of NBTI is modeled within an analytically tractable Reaction-
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Diffusion framework and compared with the characteristic experimental signatures. In 

other type of transistors, hole trapping into pre-existing oxide defects dominates and 

generalized Shockley-Read-Hall framework is used to model the kinetics of hole trapping 

in these transistors. Taken together, this comprehensive theoretical framework – 

supported by detailed experiments – lead to a truly exciting possibility of the design of a 

NBTI-resilient transistor technology for CMOS architecture. Finally, we generalize the 

extent of NBTI-resilient transistor design for resilience against other sources of temporal 

and spatial variations. The proposed concept suggests the design a variation-resilient 

CMOS transistor, a possibility – if demonstrated and adopted – may reshape how CMOS 

circuits are currently designed for handling major sources of CMOS variabilities. 

1.3. Organization of Thesis 

The thesis covers one important aspect of MOS transistor’s temporal variability and 

then extends the discussion into other analogous aspects of transistor variability. In 

addition to this introductory chapter, the thesis contains nine (9) additional chapters. 

Chapter 2 summarizes the existing views on the types and energetics of defects, formed 

at the oxide/substrate interface (interface defects), as well as within the bulk of the oxide 

(oxide defects), of a MOS transistor. Chapter 3 analyzes the formation of interface 

defects (NIT) through the dissociation of interfacial Si-H bonds in a wide variety of 

nitrided and strained transistors, and thus develops a consistent model for predicting NIT 

formation in CMOS transistors. Later in Chapter 4, we use the same formalism 

developed in chapter 3 to study the statistical distribution interface defect generation in 

nanoscale transistor. Then we move on to Chapter 5 and cover the dynamics of hole 

trapping into pre-existing oxide defects (NHT), which is especially important for a 

particular type of PMOS transistors, having high-κ dielectric. Next in Chapter 6, we 

analyze the techniques that are recently being used for characterizing interface/oxide 

defects of a transistor and identify different limitations of these techniques. Later, our 

understanding of defect formation is used in Chapter 7 to perform a quantitative analysis 

of defect formation vs. off-state power consumption (gate leakage). Similarly, Chapter 8 
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studies the impact of defect generation on the transistor performance parameters, like 

sub-threshold slope, mobility, drain current, etc. Here, we also describe how the interplay 

between mobility and carrier number fluctuation leads to a (degradation-free) transistor 

having negligible drain current variation due to defect generation. Chapter 9 extends the 

above concept of optimizing temporal fluctuation (degradation-free transistor) and show 

how a similar concept can be used as well for optimizing different sources of spatial 

fluctuations, thus leading to the idea of a variation-resilient transistor. Finally, in chapter 

10, we summarize the main findings of our research and propose future works for 

utilizing the understanding for resolving some emerging issues. 
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2. ORIGIN OF DEFECTS IN TRANSISTORS 

2.1. Introduction 

Electrically active defects are atomic configurations, which creates new electronic 

states in the band gap of crystalline or amorphous materials. This chapter summarizes the 

existing views on the types and energetics of defects, formed at the oxide/substrate 

interface (interface defects), as well as within the bulk of the oxide (oxide defects), in a 

metal-oxide-semiconductor (MOS) structure. Since its introduction in 1960s, 

semiconductor/ insulator materials, used in MOS structure, have evolved considerably 

with scaling and technology evolution. MOS technology initially started with Si/SiO2 as 

the semiconductor/insulator interface and gradually incorporated high-κ dielectrics 

(incorporating silicon oxynitrides and Hf-based materials) for reducing gate leakage. In 

addition, below 90nm MOS technology Si- channel is also strained to improve transistor 

performance. To cover all these semiconductor/ insulator interfaces, we begin with a 

discussion on interface defects in classical Si/SiO2 system (section 2.2). Then we move 

on to the strained Si/SiO2 system and discuss the associated changes in interface 

properties due to the incorporation of strain (section 2.3). Next in sections 2.4 and 2.5, we 

consider the types of interface defects, present in Si/SiON and Si/high-κ/Interfacial layer 

(IL) structures. 

Following the review on interface defects, we discuss the standard views of oxygen 

vacancy related oxide defects in the Si/SiO2 system (section 2.6), which are mainly 

responsible for time-dependent dielectric breakdown studies [51-57]. However, recent 

introduction high-κ dielectric within the MOS structure made these oxide defects relevant 

even for bias temperature instability studies. Section 2.7 presents the current 

understanding of these oxide defects in high-κ MOS structures. 
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2.2. Interface Defects: Si/SiO2 Structure 

Interface defects at the Si/SiO2 interface involve dangling Si- bonds, which are left 

behind after oxidation of bare Si wafer and subsequent treatment using forming gas 

anneal [29, 68-70]. To estimate the concentration of dangling bonds at the Si/SiO2 

interface, note that Si-Si bond length in crystalline-Si (c-Si) is ~5Å. Assuming that 

average distance between two dangling Si- bonds is also same3, bandgap of Si is ~1eV 

[73], and interfacial thickness is on the order of an Å [69], total number of dangling Si- 

bonds at the bare c-Si interface would be, DIT ~ (1/5Å3)x1Å/1eV ~ 1014 cm-2-eV-1. After 

oxidation (before hydrogen treatment) some of the dangling Si- bonds are terminated by 

O atoms, leaving a DIT of ~ 1012 cm-2-eV-1 [69, 74, 75]. Then subsequent annealing of the 

Si/SiO2 structure using hydrogen compounds (e.g., H2, silane SiH4) at 200-500 0C 

reduces DIT to ~ 1010 cm-2-eV-1 or even below [6, 69, 74, 75]. We will use these three 

numbers, i.e., DIT ~ 1010 cm-2-eV-1 for passivated Si/SiO2 interface, DIT ~ 1012 cm-2-eV-1 

for fully depassivated Si/SiO2 interface, and DIT ~ 1014 cm-2-eV-1 for the number of 

dangling Si- bonds before oxidation, in many places in subsequent discussions. 

2.2.1. Nature of Si/SiO2 Interface Defects 

Nature of interface defects in Si/SiO2 structure are mostly characterized by using 

Electron Spin Resonance (ESR), or its electrically detectable version, such as Spin 

Dependent Recombination (SDR) experiments (see section 6.3 for details on this 

characterization technique). Such experiment for characterizing (111) Si/SiO2 interface 

was first performed in [76]. Later, many research groups [68, 77-79] have repeated and 

standardized the experimental procedures on both (111) and (100) Si/SiO2 interfaces. 

These studies have identified the presence of Pb center in (111) interface and Pb0, Pb1 

centers in (100) Si/SiO2 interface. Pb and Pb0 centers also show similar magnetic 

resonance properties [78]. Thus, Pb and Pb0 centers are (electrically) equivalent dangling 

bonds and generally believed to have three back-bonded Si atoms (Figure 2.1a). On the 

                                                 
3 Reconstruction of silicon surfaces [71, 72] does not change the essential argument. 



 

 

12

other hand, detailed structure of Pb1 center is not so well understood. Though it was 

initially proposed [78] to have two back-bonded Si and one back-bonded O atom (Figure 

2.1b), later experiments of [80] proved that all Pb centers should have same neighbors, 

i.e., three back-bonded Si atoms. However, it is well accepted [81] that Pb1 center is 

clearly a different (compared to Pb and Pb0) type of dangling bonds at the interface. 

(a)

(b)

 

Figure 2.1: Structure of paramagnetic centers on Si wafers for (a) (111) and (b) (100) 

Si/SiO2 interfacial orientation. Taken from [69]. Structure of Pb1 center in Fig. b is the 

one proposed in [78], whereas study in [80] indicates Pb1 center also having three back-

bonded Si atom, like Pb and Pb0 centers. 

2.2.2. Energetics of Si/SiO2 Interface Defects 

Energy distribution of Pb centers within the bandgap has also been studied in both 

(111) and (100) Si/SiO2 interfaces [77, 82-85]. Here also, Pb center in (111) and Pb0 

center in (100) are widely accepted to have distributed donor-like (neutral when filled 
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with electron and positively charged after donating electron) and acceptor-like (neutral 

when empty of electron and negatively charged after accepting electron) states near the 

valence and conduction band edges within the Si-bandgap, respectively. However, Pb1 

center in (100) are either reported to have a wide distribution similar to Pb or Pb0 centers, 

according to some reports [85, 86], or shown to have a narrow distribution near the Si 

midgap with a skew towards the valence band, according to others [87]. Overall, the total 

interface defects (sum of all Pb centers) are uniformly distributed throughout the entire 

bandgap [69, 88]. 

Although the above studies discuss the existence of both donor and acceptor type of 

interface defects, recent capacitance-voltage measurements on PMOS transistors 

subjected to negative bias stress (also known as NBTI stress) [89, 90] have indicated the 

existence of only donor-type defects at the Si/SiO2 interface. This discrepancy between 

ESR experiment (showing both donors and acceptors) and C-V measurement (showing 

only donors) are not well understood, although it could be related to the process 

conditions. In any case, the recognition that the existing defect density is relatively low 

and all new defect generation (due to NBTI stress) is primarily donor-type will be 

sufficient for our purposes, as discussed in subsequent chapters.  

2.2.3. Theory of Donor/Acceptor Defects 

Following the analysis in [91, 92], let us consider the energy levels for donor/ 

acceptor type of defects from thermodynamic point of view. Three-fold co-ordinated 

dangling Si- bonds are considered to have three charge states: T3
0, T3

-, and T3
+. The 

formation energy (defined as the change in total energy of an ideal random network when 

the defect is introduced) of uncharged defect T3
0 is denoted by F[T3

0], which is 

independent of Fermi-level at the Si/SiO2 interface (EFS). Hence, the formation energies 

of the two charged states of T3 are: 

 ( )0
3 3, 0 /FS FSF T E F T E E+   = + − +     (2.1) 

and 
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 ( )0
3 3, / 0 ,FS FSF T E F T E E−   = + − −     (2.2) 

where E(r/s) represents the thermodynamic transition energy that is required to move 

from charge state r to s. The last two terms in equation (2.1) represent the energy 

expended to ionize the neutral defect, thus completely relax the resulting positive defect, 

and then deposit the electron at EFS. Similarly, the last two terms in equation (2.2) 

represent the energy expended to remove an electron from EFS, deposit it on the neutral 

defect, and thus completely relax the resulting negative defect. At temperature T, the 

concentration of any T3 defect will be – 

 ( ) ( )3 3, exp , / ,q q
FS Si FS Bn T E n F T E k T = −   (2.3) 

where nSi is the number of Si atoms within the silicon matrix at which a defect can form 

(~ 1012 cm-2eV-1 following the discussion in section 2.2). 

Figure 2.2a exhibits both formation energy and the log concentration of T3 defects as 

a function of EFS. As of equations (2.1) and (2.2), the formation energies of the positively 

(negatively) charged dangling bond increases (decreases) linearly with EFS. Also, 

according to equation (2.3), defect concentration increases with decrease in formation 

energy, which is also shown using the right-hand axis of Figure 2.2a. Here, defects are 

assumed to have two sharp thermodynamic transitions within the Si bandgap such that 

effective correlation energy, 

 ( ) ( )/ 0 0 /effU E E= − − +  (2.4) 

is positive. At a given value of EFS, the defect with the lowest value of F is found in the 

greatest concentration. Thus, for a system having Ueff > 0 (necessary to interpret the 

existence of neutral dangling bond in ESR experiments [93, 94]), donor type interfacial 

defects are favorable near the valence band and acceptor type defects are favorable near 

the conduction band, as shown in Figure 2.2b. However, Ueff < 0 is sometimes obtaining 

from optical-absorption experiments on doped amorphous silicon structures [92]. 



 

 

15

(b)

 

Figure 2.2: (a) Formation energies and (b) concentration of dangling bonds (T3) as a 

function of EFS. 

2.3. Interface Defects: Strained Si/SiO2 Structure 

Interface defects in a strained-Si/SiO2 system have been studied in only a few 

reports. In one study [95], in-situ tensile/compressive strain on (111) Si/SiO2 structure is 

applied using mechanical-bending apparatus to show that the type of interface defects 

(i.e., magnetic resonance properties of Pb centers) does not change with strain. However, 

defect density increases (decreases) due to the application of compressive (tensile) strain. 

To explain this, it is hypothesized that compressive (tensile) strain decreases (increases) 

Si-Si bond length within the substrate and thus increases (decreases) the lattice mismatch 

between Si and SiO2 layer – causing Pb signal to increase (decrease) with compressive 

(tensile) strain. In another study [96], biaxial tensile strain of silicon channel is varied in 

an (100) Si/SiO2 structure, by varying Ge content (1-x) of the SixGe1-x epi-layer placed 

underneath the Si-channel. Thus, it is shown that tensile strain – applied using epi-layer – 
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can indeed reduce Pb center density, which is again consistent with the mechanical strain 

dependent study on (111) Si/SiO2 structure [95]. 

2.4. Interface Defects: Si/SiON Structure 

Recently, spin dependent recombination (SDR) experiments (which mainly probes 

interfacial region) are preformed on MOS transistors, having (plasma-dosed) silicon 

oxynitride (SiON) dielectric [88, 97]. Such study reveals that interface defects in Si/SiON 

structure has resonance properties, which are completely different compared to the one 

present in Si/SiO2 structure. Contrary to the presence of anisotropy in g-values (which is 

a spin orientation dependent parameter and is affected by spin-orbit coupling; see section 

6.3 for details) for the interfacial Pb centers, in Si/SiO2 structures, g-values for interface 

defects in Si/SiON structure is observed to have no directional dependency or isotropic 

[88, 97]. Such isotropic nature of g-values indicates that the interface defects in Si/SiON 

structures have no preferential orientation, similar to the oxygen vacancy related E′ 

center, present in bulk SiO2 (see section 2.6). Moreover, the g-values in Si/SiON 

structures, its directional independence, centerline width of resonance signal, and 

hyperfine splitting parameter suggest the similarity of Si/SiON interface defects with the 

K centers [88, 97], observed in Si3N4 dielectrics [98], which have three back-bonded 

nitrogen atoms. Finally, (forward p-n junction) bias dependent study in SDR experiments 

on Si/SiON structure suggests the localization of defects near the Si midgap. However, 

the presence of K centers and energetic localization near mid-gap in Si/SiON structures 

are yet to be confirmed by other research groups. 

2.5. Interface Defects: Si/high-κ Structure 

Pb-like interface defects are expected also in Si/high-κ structures, because of the 

existence of thin (~1 nm) SiO2 interfacial layer on these transistors [39]. ESR studies on 

Si/HfO2 structure [99] (where, HfO2 are grown through atomic layer deposition [100]) 

identified the presence of Pb-like interface defects, similar to the (111) Pb centers and 
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(100) Pb0 centers, but with small shifts in the resonance conditions. Similarly, another 

recent ESR study [101] have also reported observation of Pb like centers, along with 

resonance shifts. On the other hand, while a separate study [102] confirmed the existence 

of Pb0 and Pb1 centers in HfO2-based device structures, however they did not observe any 

shifts in resonance conditions compared to the values reported for conventional Si/SiO2 

interfaces. In general, regardless of the dielectric material, forming gas anneal (H2/N2) is 

observed to reduce the density of Pb or Pb-like centers [99, 102] universally. 

2.6. Oxide Defects in SiO2 

A number of point defects such as the oxygen vacancy or silicon-rich sites, peroxy 

radicals, non-bonding oxygen centers (NBOC), and hydrogenic species have been 

detected in amorphous SiO2 [103]. However, in SiO2 constituting the dielectric layer in 

the MOS devices, majority of the detectable effects appear due to the oxygen vacancy 

centers (Figure 2.3a), referred to as the E′ centers (first proposed in [104]) in the 

literature.  

E′ centers generally involve an unpaired electron localized on a silicon atom back-

bonded to three oxygens. However, ESR experiments [105-107] also suggest the 

existence of hydrogen-related E′ centers (Figure 2.3d-e), which are identified using 

doublets or two sidebands below and above the main resonance signal. The 

configurations of Figure 2.3 are only reasonable first-order approximations of E′ centers, 

commonly discussed in literature [69, 81, 86]. The roles of E′ centers in high quality 

thermally grown oxides are fairly well understood, but more work is needed for 

unambiguous specification. In general, these defects are expected to have the following 

properties [81], though details structure of the E′ variants are yet to be identified: 

� They can act as hole traps, 

� These defect levels play a significant role in trap-assisted tunneling 

phenomena in electrically stressed oxides; for example, stress-induced leakage 

currents, 
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� ESR signals from the E′ centers show no directional dependence (i.e., has 

isotropic g values). 
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Figure 2.3: (a) Oxygen vacancy-free SiO2 configuration. (b-f) Possible types of oxide 

defects or E′ centers, present in SiO2 dielectric. (b) Oxygen vacancy or Si-Si bridge is 

considered to be origin of many E′ centers. (c) Capture of holes by oxygen vacancy 

leads to positively-charged E′ center. Other schematics in this figure correspond to the 

illustration (d) for a neutral E′ center, (e) for a E′ center (74 G doublet), and (f) for a E′ 

center (10.4 G doublet). These configurations are taken from [69, 81, 86]. 

2.7. Oxide Defects in High-κ Material 

In general, high-κ dielectrics are more prone to the formation of oxide defects [39, 

108-110] compared to SiO2 dielectric. Fundamentally, this is because SiO2 has a low 
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coordination number (or number of nearest neighbors), so that its bonding can relax and 

re-bond any broken bonds at possible defect sites [108]. Any remaining broken bonds or 

defects can easily be passivated through hydrogen treatment. On the other hand, high-κ 

oxides have higher coordination numbers and they have more ionic bonding compared to 

SiO2 [108]. Thus, they are poor glass formers (i.e., have lower crystallization 

temperature) and their bonding cannot relax as easily as SiO2 [108-110]; hence they have 

large intrinsic defect concentration. Much of the present-day engineering of these oxides 

consists of pragmatic strategies of trying to reduce defect densities by processing control 

and annealing. 

Similar to SiO2, oxide defects in HfO2-based dielectrics can also have E′ centers. As 

reported in [111], there can be two types of E′ centers of quite high density (up to 1019 

cm-3) within the interfacial layer of the high-κ dielectric structure. Moreover, density of 

E′ centers depends quite strongly upon the ALD deposition conditions, and the presence 

of a metal gate greatly enhances E′ generation resulting from the post deposition anneals 

[81]. 

2.8. Summary 

Nature and energetics of interfacial and oxide defects have been studied over a long 

time, mostly using electron spin resonance (ESR) experiments. Except for recent reports 

on Si/SiON structure [88, 97], all interface defects have anisotropy or directional 

dependence in the measured g-values. On the other hand, oxide defects (in general) have 

isotropic g-values. Although a comprehensive understanding of these defects are yet to be 

established, their overall importance as the interface defects (Pb) and oxide deep level 

centers (E′) are quite clear. In the next two chapters (chapters 3 and 4), we will discuss 

the formation interface defects, which will be followed by a discussion on pre-existing 

oxide defects in chapter 5. Later, different electrical characterization techniques for 

defects, in addition to ESR, are discussed in chapter 6. Thus in chapter 6, we highlight 

why ESR experiment is not enough for defect characterization. Subsequently, we discuss 

the effect of defect formation in transistors performance in remaining chapters. 
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3. INTERFACE DEFECTS 

3.1. Introduction 

In conventional CMOS technology, having SiO2 or high-κ materials as gate 

dielectric, the oxide/substrate interfacial layer consists of both silicon-oxygen (Si-O) and 

silicon-hydrogen (Si-H) bonds. Of these two types of bonds, Si-O bonds have higher 

activation energy and needs interaction with energetic carriers, normally present in off-

state hot-carrier injection study [112-114], to dissociate. Such dissociation generates 

dangling bonds (Si-) or defects at the interface. On the other hand, Si-H bonds gets 

dissociated and forms dangling bonds in presence of cold holes near the interface, even at 

normal operating condition [30, 115-119]. In this chapter, we analyze the dissociation of 

these Si-H bonds in a wide variety of nitrided and strained transistors in order to develop 

a consistent model for predicting interface defect formation. We start by discussing the 

existing views of Si-H bond dissociation (resultant dangling bond or interface defect) in 

section 3.2. Later, we present different versions of reaction-diffusion (R-D) model in 

predicting time dynamics of Si-H bond dissociation (sections 3.3-3.5) and reverse 

annealing of dangling Si- bonds (section 3.6). Our analysis explains NBTI experiments 

measured over a wide range of time (sections 3.5.4, 3.5.5; H-H2 R-D model), electric 

field (section 3.7), temperature (sections 3.5 and 3.7), nitrogen within the dielectric 

(section 3.8), and channel strain (section 3.9). Later, we discuss how our proposed field 

model (section 3.7) can be used for extracting transistor lifetime and hence can predict 

long term stress behavior for reliability analysis (section 3.10). Finally, in relation to the 

contents of this chapter, we discuss different alternate models and their limitations in 

Appendix B, which have recently been proposed for interpreting Si-H bond dissociation. 

More interestingly, we show that some of these models (see section B.4.3) are different 

representations of the classical R-D models.  
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3.2. Existing Views of Interface Defect Formation 

It has been known since 1970s that the presence of hydrogen during oxidation of 

silicon surface can passivate the dangling Si– bonds at the oxide/substrate interface [29, 

76, 82, 120]. Later works from different research groups [68, 121, 122] confirmed the 

efficiency of atomic hydrogen (H) in passivating the surface dangling bonds. These 

passivated dangling bonds (or, Si-H bonds) became the major source of device instability 

under the application of negative gate bias VSTS (or, negative oxide electric field Eox) and 

at elevated temperature [6, 29, 30, 117, 123, 124]; a phenomena commonly known as 

Negative Bias Temperature Instability (NBTI). As such, the dangling Si- bonds reappear 

as interface defects (reaction) and generated hydrogen species move away from the 

interface (diffusion). The entire phenomenon of interface defect (NIT) formation is 

generally captured within a Reaction-Diffusion (R-D) framework, which has several 

variants in existing literature. Variation within the existing R-D models mainly arise due 

to the differences in explaining (a) the Si-H bond dissociation, (b) the nature of generated 

hydrogen species and (c) the mechanism of hydrogen species getting away from the 

interface. In the following sections, we start with the first proposal of R-D model by 

Jeppson et al. [117] (section 3.3) and later explain the main features of the existing 

variants of this original proposal. 

3.3. First Reaction-Diffusion (R-D) Model 

A reaction-diffusion model for interface defect generation was first proposed by 

Jeppson et al. [117] with the dissociation reaction having the following format: 

 3 3Si Si H + Y Si Si + X→≡ − ≡ −←  (3.1) 

where, a particular species Y reaches the interface, reacts with the Si-H bond, creates NIT 

and a second species X diffuses away from the interface. Diffusing species in [117] is 

considered as neutral. Thus, the governing differential equation corresponding to the 

reaction and diffusion parts can be expressed as – 
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where, kF is the Si-H dissociation rate (influence of Y as a catalyst is considered within 

this factor), kR is the annealing or backward reaction rate, N0 is the initial (t = 0) 

concentration of Si-H bonds, NX is the concentration of diffusing species X along the z-

axis (z = 0 is considered as the interface), and DX is the diffusion co-efficient for species 

X within the diffusing media. In addition to equations (3.2) and (3.3), we also need to 

satisfy the following boundary condition near the interface between reaction and 

diffusion fluxes – 
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 (3.4) 

where, δ is the interfacial layer thickness, which is approximately equal to the length of 

Si-H bond of 1.5 Å [69], and superscript (0) indicates near-interface quantities. Equation 

(3.4) designates that the concentration of species X at the interface is increased by Si-H 

dissociation (through equation (3.2)) and is decreased by outward diffusion flux 

(represented using equation (3.3)).  

For obtaining a solution of equations (3.2)-(3.4) at t >> 0, the system is considered 

to be diffusion-limited, such that the surface reaction equation (3.2) is in quasi-

equilibrium, i.e., ∂NIT/∂t ~ 0 or – 

 (0)
0 .F R X ITk N k N N≅  (3.5) 

Moreover, since solution of equation (3.3) is an error function ~ Xerfc z D t 
  , having 

significant values of NX from z = 0  to z ~ XD t , it can be approximated using a 

triangular profile [30, 125, 126]. Therefore, the total concentration of species X from z = 

0  to z ~ XD t  (i.e., NIT) can be expressed as – 
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Combining equations (3.5) and (3.6), we have – 
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Thus, Jeppson’s R-D model has one-to-one correlation between NIT and diffusing species 

X, according to equation (3.1), and hence predicts NIT formation to have a power-law 

time exponent, n ~ 1/4. Moreover, considering both forward and reverse reaction, as well 

as diffusion processes, are Arrhenius activated (i.e., have the form of ~ exp[–EA/kT], 

where EA is the activation energy for the process under consideration), equation (3.7) 

suggests the following expression for activation energy associated with NIT formation: 

 ( ), , , ,

1 1

2 4A IT A F A R ox A XE E E aE E= − − +  (3.8) 

where, EA,F, EA,R, and EA,X are activation energies for kF, kR, and DX, respectively; and 

aEox represents the field-induced barrier reduction with a being the effective dipole 

moment of Si-H bond (see section 3.7 for detailed discussion on this Eox dependence).  

Although Jeppson et al. proposed the first version of R-D model, they did not clarify 

the following aspects in their model: 

� The exact mechanism of Si-H bond dissociation is unspecified in this model; an 

improvement in this respect is discussed in section 3.4. 

� Diffusing species is also unidentified here, which we discuss in section 3.5. More 

specifically, it has been shown in sections 3.5.6 that power-law time exponent 

(stated as ~ 1/4 in equation (3.7)) and activation energy for NIT formation depends 

on the diffusing species, as well as the associated diffusion mechanism. 

� Jeppson et al. used standard measure-stress-measure setup (see section 6.4) in 

measuring NIT formation, which obviously suffers from significant limitation (see 

chapter 6 for details). Significant refinement in NIT measurement (mainly reduction 

in tmeas, see section 6.2) suggests power-law time exponent, n ~ 1/6 [119, 125, 127-
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130], EA,IT ~ 0.1eV [119, 129] and a ~ 0.8 qÅ [119, 128], which is inconsistent 

with Jeppson’s measurement and subsequent analysis. We address these 

limitations in subsequent sections of this chapter. 

3.4. Si-H Dissociation in R-D Model 

Although the exact mechanism of Si-H bond dissociation is unspecified in the 

original R-D model [117], two proposals for Si-H bond dissociation can be found in 

recent literature. 

3.4.1. Hole-assisted Si-H Dissociation 

This version of R-D model considers direct dissociation of Si-H bond due to the 

existence of high negative electric field at the interface [30, 31, 118, 119, 125, 131]. 

Since the dissociation is enhanced by the existence of holes near the interface (during 

PMOS inversion or NMOS accumulation), one presumes the following reaction to 

weaken the Si-H bonds at the interface (which replaces Y with holes h+ and X with 

atomic hydrogen H in equation (3.1)) – 

 3 3Si Si H + Si Si + H.h+ +≡ − ≡�  (3.9) 

The resultant hydrogen species diffuses away from the interface and depending on the 

nature of diffusion, time dependence of NIT formation can have different values, as 

discussed in section 3.5.  

This model also allows the possibility of dimerization for generated H atom into H2 

molecule [131, 132], thereby explaining the observed ~ 1/6 power-law time exponent in 

recent ∆NIT measurements [118, 119, 125, 127-130]. Moreover, the model also provides a 

consistent explanation for nitrogen (within the dielectric) and strain (within the MOS 

channel) dependency of NIT formation [119, 128, 133], a feature, which cannot be 

predicted by the competing dopant-activated Si-H dissociation model, discussed in 
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section 3.4.2. Our field dependent study over wide range of voltages and temperatures is 

also consistent with this Si-H dissociation model, as discussed in section 3.7. 

3.4.2. Dopant-activated Si-H Dissociation 

Some of the recent first-principle calculation [134, 135] suggests that direct 

dissociation of Si-H bond (discussed in section 3.4.1) may be difficult, as the process has 

a dissociation energy barrier, EF ~ 2.5 eV (which in presence of hole reduces to ~ 2.3 

eV). Moreover, the reaction is strongly endothermic (i.e., has positive reaction energy, 

∆E ~ 2eV). As such, Si-H bond dissociation must be initiated by the availability of 

additional agents like positive hydrogen ion (H+) at the interface, rather than only holes, 

as in the hole-assisted model (section 3.4.1). Capture of H+ reduces EF down to ~1.0-1.1 

eV, which in presence of hole further reduces to ~0.5 eV. Here, passivated dopants like 

phosphorous-hydrogen (P-H) complex, present in PMOS transistor with n-type substrate, 

acts as the supply of H (through dissociation). These dissociated H become positively 

charged by capturing holes present in the inverted PMOS substrate. In addition, H stored 

in Si-O-Si bonds (which normally act as H trapping sites) next to the Si-H entity can also 

act as a source of H+. The reaction in dopant-activated Si-H dissociation model takes the 

following form (by replacing Y and X in equation (3.1) with H+ and H2 respectively): 

 +
3 3 2Si Si H + H Si Si + H ,+≡ − ≡�  (3.10) 

which, thus results in a dangling bond and hydrogen molecule. 

Dopant-activated model of equation (3.10) can explain the reduced amount of NIT 

formation in a NMOS transistor compared to a PMOS transistor [90, 136], when both of 

them are subjected to similar negative VSTS. The explanation here involves the 

observation of higher dissociation energy (~1.28 eV) for boron-hydrogen (B-H) complex, 

compared to the dissociation energy (~ 0.3eV) for P-H complex in an inverted PMOS 

[134]. Nevertheless, dopant-activated model has the following drawbacks: 

� Although dopant-activated Si-H dissociation model provides an interpretation for 

the difference among measured ∆VT in NMOS and PMOS transistor, when both 
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are subjected to similar negative Vstress, as reported in [90, 136]; several alternate 

explanations are also possible for the observed phenomena: 

1) Defects at the oxide/substrate interface are either reported to be acceptor-like in 

the upper-half and donor-like in the lower half of the band gap [77, 82-85] or 

donor-like in both halves of the band gap [89, 90]. When NIT distribution has 

only donors [89, 90], ∆VT from interface defects are indeed expected to be 

smaller in NMOS compared to PMOS [124]. However, when NIT distribution 

has both donors and acceptors [82], contribution from hole trapping may be 

required to explain higher ∆VT in PMOS [124]. 

2) The differences among NMOS and PMOS ∆VT’s can also result from poly-gate 

work-function (χPG) difference between NMOS and PMOS transistors, which 

approximately equals the bandgap of Si (~1eV) [30]. So, the same negative 

Eox corresponds to different negative VSTS in NMOS and PMOS transistors and 

this difference is ~1V. In other words, same negative VSTS can correspond to a 

reduced Eox in a accumulated NMOS transistor compared to the Eox in an 

inverted PMOS transistor [30]. Thus, same negative VSTS will cause reduced 

∆VT in NMOS compared to that in PMOS4. 

� Dopant-activated Si-H dissociation has one to one correlation between NIT and 

diffusing species H2 (i.e., for one NIT we have one H2 molecule). Thus, NIT 

generation still follows the 1/4 power-law time exponent, predicted by [117] in 

equation (3.7) and also showed through R-D simulation in [131]. Such 1/4 power-

law time exponent is not supported by NIT measurement using recent 

characterization techniques [129, 137-141]. 

                                                 
4 However, calculation of VSTS for same Eox in practical transistors, having VT of 

±0.4V (positive for NMOS and negative for PMOS), suggests that the voltage difference 

for same Eox is only 0.2V [124]; which is much less than the χPG difference between 

NMOS and PMOS transistors. So the difference among ∆VT’s for NMOS and PMOS at 

same negative VSTS may not be entirely due to the χPG difference, as proposed in [30]. 
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� The calculated activation energy EA,IT in this model is ~0.36 eV [134], which is 

inconsistent with experimental observations of ~0.1 eV [127-130, 140, 142, 143]. 

3.5. Diffusing Species in R-D Model 

Diffusing species mainly governs the value of power-law time exponent (n) expected 

from R-D framework. In addition, presence of dispersion in the diffusion mechanism can 

modify over and above the value set by the diffusing species (see Appendix B). As 

hydrogen is generated from Si-H bond dissociation, the diffusing species can be: (a) 

neutral or charged atomic hydrogen (H or H+), (b) molecular hydrogen (H2), and (c) both 

H and H2. 

3.5.1. Diffusion of Neutral Atomic Hydrogen (H) 

Early versions of R-D model considered diffusion of H generated in equation (3.9) 

[30, 31] (Figure 3.1). As such, NIT generation can be expressed using equation (3.7), with 

X being replaced by H. Thus H-diffusion based R-D model has n ~ 1/4, which supported 

experimental observations, measured before the year 2003 [31, 144]. Later, presence of n 

~ 1/4 was conclusively shown to be an artifact of measurement delay or tmeas [130, 139, 

145]. 
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Figure 3.1: (a) Schematic representation of Si-H bond dissociation and resulting 

diffusion of H through dielectric and poly-Si. (b) Diffusion front at time t reaches √DHt 

and the diffusion profile can be approximated using triangle, which is used in obtaining 

total hydrogen (hence, NIT) concentration in equation (3.6). 

3.5.2. Drift of Charged Atomic Hydrogen (H+) 

Though H was used as diffusing species in pre-2003 literature (supporting the 

experimental observation at that time), first-principle calculation [146, 147] always 

predicted positively-charged atomic hydrogen or proton (H+) to be the only stable form of 

atomic hydrogen at the Si/SiO2 interface. This motivated researchers [33, 148] to use H+ 

as diffusing species, along with dispersive diffusion (see Appendix B.1), for explaining 

the signatures observed in their experiments. However, the model with dispersive H+ 

diffusion was later explained in [130] as an artifact of tmeas.  
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Figure 3.2: (a) Schematic representation of Si-H bond dissociation and resulting drift 

(dominates over diffusion) of H+ through dielectric and poly-Si. (b) Drift front at time t 

reaches µH+Eoxt and can be approximated using rectangle [125], which is used to obtain 

total hydrogen (hence, NIT) concentration in equation (3.15). 

The Si-H bond dissociation in such model (Figure 3.2) has the following form: 

 3 3

+

Si Si H + Si Si + H

               H  +   H , 

h

h

+ +

+

≡ − ≡�

�
 (3.11) 

and the governing differential equation is similar to equation (3.2), except X replaced 

using H+. Hence for t >> 0, i.e., when the surface reaction equation (3.2) reaches quasi-

equilibrium, we can write 

 (0)
0 .F R ITH

k N k N N+≅  (3.12) 

Considering the diffusion/drift of proton to follow an Arrhenius behavior (i.e., governed 

by hopping of H+ through single energy level), we can replace equations (3.3) and (3.4) 

using – 
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Now, as drift term will dominate over the diffusion term in equations (3.13) and (3.14), 

for charged particles like protons, we can estimate the amount of NIT at t >> 0 using 

[125] – 
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where, µH+Eox is the drift velocity of H+, moving away from the interface. Combining 

equations (3.12) and (3.15), we can write – 
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Thus, R-D model with Arrhenius-activated H+ drift-diffusion predicts n ~ ½, which is not 

yet observed in any NIT generation experiments, unless some dispersion (i.e., drift-

diffusion is governed by hopping through multiple trap energy levels [149-153]) is 

considered within the framework for reducing n [33, 148] (see Appendix B for details). 

3.5.3. Diffusion of Molecular Hydrogen (H2) 

Direct dissociation of Si-H bond (section 3.4.1) creates atomic hydrogen (H), which 

can react again with another Si-H bond to form molecular hydrogen (H2) through the 

following chemical reaction: 

 3 3

3 3 2

        Si Si H + Si Si + H

Si Si H + + H Si Si + H .

h

h

+ +

+ +

≡ − ≡

≡ − ≡

�

�
 (3.17) 

Overall reaction can also be expressed as, 
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 3 3 2Si Si H + Si Si + 0.5H .h+ +≡ − ≡�  (3.18) 

and the governing differential equation for this chemical reaction will take the following 

form: 
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Considering the Arrhenius diffusion of H2, we replace equations (3.3) and (3.4) using –   
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Following analysis similar to the one we used in original R-D model (see section 3.3; 

equations (3.5) - (3.7)), we have – 
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So R-D model with H2 diffusion (Figure 3.3) predicts a power-law time exponent, n ~ 

1/6, which is more consistent with recent ∆NIT measurements (or ∆VT measurements) on 

type-I transistors [119, 129, 138]5. Moreover, considering kF, kR, and DH2 are Arrhenius 

activated, equation (3.22) suggests the following expression for activation energy 

associated with NIT formation: 

 ( )
2, , , ,

2 1
,

3 6A IT A F A R ox A HE E E aE E= − − +  (3.23) 

                                                 
5 Here, type-I transistors are defined as those transistors, where the NBTI-induced 

∆VT is dominated by NIT generation [119, 129, 154]. In addition, there are also type-II 

transistors, where hole trapping (detrapping) to (from) pre-existing defects also plays 

significant role in NBTI degradation [129, 141, 155]. See section 6.7.5 for further 

discussion.  
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where, EA,F, EA,R, and EA,H2 are activation energies for kF, kR, and DH2, respectively (see 

section 3.7 for detailed discussion on aEox term). Now, generalized scaling (see Appendix 

A.4 for a discussion on generalized scaling) consistently suggested EA,IT ~ EA,H2/6 [30, 

127, 130, 156], indicating contribution from first term in equation (3.23) is negligible. 

Hence, extracted EA,H2 ~ 6EA,IT has a value of ~ 0.5-0.6eV [30, 127, 130, 156], which is 

consistent with the EA,H2 reported in [157, 158]. Hence, NIT formation at long stress time 

can only be explained using R-D model with H2 diffusion. 
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Figure 3.3: (a) Schematic representation of Si-H bond dissociation and resulting 

diffusion of H2 through dielectric and poly-Si. (b) Diffusion front at time t reaches 

√DH2t and the diffusion profile can be approximated using triangle, which is used in 

obtaining total hydrogen (hence, NIT) concentration in deriving equation (3.22). 

3.5.4. H-H 2 Diffusion with Direct H-H 2 Conversion 

Chemical reaction of equation (3.17) requires generated H from first Si-H 

dissociation to dissociate another Si-H bond, thus form H2. As H is associated with only 
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1% (see section 2.2) of total dangling Si- bonds at the interface (i.e., sources of H are 

sparsely distributed at the oxide/silicon interface), it will be difficult for H to complete 

the second chemical reaction of equation (3.17) to form H2 molecule and then diffuse 

away from the interface. Rather H, from the dissociation of two Si-H bonds can dimerize 

to form H2 and resultant hydrogen species (i.e., both H and H2) can diffuse into the 

oxide/gate structure (Figure 3.4). Although neutral charge state may not be a stable form 

of atomic hydrogen, its transient formation is indeed possible [159]. Therefore, diffusion 

of both H and H2, as well as, H↔ H2 conversion are explicitly incorporated in the 

generalized R-D framework by the following equations [119, 160, 161]: 

 ( ) (0)
0 ,IT

F IT R IT H

dN
k N N k N N

dt
= − −  (3.24) 

 

(0) (0)
2(0) (0)

2 2

(0) (0)
2(0) (0)2 2

2 2 2

,
2

,
2 2 2

H H IT
H H H H H

H H
H H H H H

dN dN dN
D k N k N

dt dz dt

dN dN
D k N k N

dt dz

δ δ δ

δ δ δ

 = + − + 

 = + − 

 (3.25) 

 

2
2

2 22

2
22 2

2 2 22

,

1 1
.

2 2

H H
H H H H H

H H
H H H H H

dN d N
D k N k N

dt dz

dN d N
D k N k N

dt dz

= − +

= + −
 (3.26) 

Equation (3.24) represents passivation/de-passivation effects of Si-H bond, where, 

kF, kR, N0, NIT, NH
(0) are defined as Si-H bond-breaking rate, Si-H bond-annealing rate, 

initial bond density available before stress, interface defect density and atomic hydrogen 

density at the Si/dielectric interface, respectively. Equation (3.25) corresponds to the 

conservation of fluxes of diffusing hydrogen species (H and H2) near the interface (along 

x axis), whereas equation (3.26) describes diffusion (along x axis) of H and H2. 

2
H Hk N and 2 2H Hk N  terms in equation (3.25) incorporates the H-H2 conversion within the 

generalized R-D framework. Among the symbols used in equations (3.25) and (3.26), kH, 

kH2 represent generation and dissociation rates of H2; DH, DH2 represent diffusion 

coefficients for H and H2; NH, NH2 represent the concentration of atomic and molecular 

hydrogen and δ is the interfacial thickness (~1.5 Å [69]).  
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Figure 3.4: (a) Schematic representation of Si-H bond dissociation and resulting 

diffusion of hydrogen species (H and H2) through dielectric and poly-Si [143] during 

NBTI stress. (b) At long stress time, diffusion of H2 (concentration NH2) dominates and 

concentration of H (NH) is small. 

The solid lines in Figure 3.5a show that the numerical solution of equations (3.24)-

(3.26) interprets the data from [140] very well. The solution reflects the dominance of 

H ↔ H2 conversion during short-term stress (< 10s) extends the transition between 

reaction-limited region (n ~ 1 [30, 142, 162]) and H2 diffusion limited region (n ~ 1/6 

[34, 142]) by several orders of time scale, enabling intuitive interpretation of short-term 

NBTI degradation. Figure 3.6 shows the time-dependent formation of H and H2 at the 

Si/SiO2 interface, and explicitly supports the notion that H – H2 transformation governs 

NBTI generation at short time scales.  Later, when H ↔ H2 conversion reaches quasi-

equilibrium (see Figure 3.6), dominance of H2 diffusion results in n ~ 1/6. We use field-

dependence of kf (see section 3.7) to interpret the voltage-dependent data in Figure 3.5.  
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Figure 3.5: (a) Simulation of generalized R-D model (H-H2 system) explains the 

experimental trends [140] at any stress time. R-D model parameters (consistent with 

literature [142, 143]): kF = 6×10-3 Ecexp(0.65 Eox) sec-1 (Ec: oxide electric field due to 

mobile carriers, Eox: total oxide electric field), N0 = 5×1012 cm-2, kR = 3×10-9 cm3sec-1, 

DH = 3×10-13 cm2sec-1, DH2 = 1.8×10-14 cm2sec-1, kH = 1.4×10-3 cm3sec-1, kH2 = 95.4 sec-1. 

(b) Comparison of numerical solution (lines) of equations (3.24)-(3.26) with analytical 

solution of equation (3.30) (lines with symbols). 

Analytical Solution of H-H2 R-D Model 

Although the numerical model, i.e., equations (3.24)-(3.26), interprets the 

experimental data adequately, an analytical model may be easier to use and provide 

additional insight. In earlier studies, analytical expressions for R-D model were provided 

in reaction regime [30, 142, 162], H2 diffusion regime [34, 142], and H-H2 transition 

regime [160]. Here, we provide a complete analytical solution, which captures the 
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dynamics of H-H2 R-D model in all the three regimes (see equation (3.30)). Assuming N0 

>> N IT [30, 142] and dNIT/dt ~ NIT/t [162],  equation (3.24) simplifies to, 

 (0) 0 .F IT
H

R IT

k N N t
N

k N

−=  (3.27) 

Moreover, the numerical solutions indicate that for continuous NBTI stress, dNH
(0)/dt and 

diffusion of H is negligible at all stress time, so that H2 diffusion part in equation (3.25) 

reduces to, 

 (0)2 (0)
2 2.

IT
H H H H

N
k N k N

t
δ δ= −  (3.28) 

As stated earlier, H-H2 diffusion reaches steady state at long stress time, when H2 

diffusion dominates. Under that condition, simulation shows – 

 (0)

2 26 .IT H HN N D t≈  (3.29) 

Equation (3.29) requires that the extent of diffusion profile is larger than HD t , 

commonly used for approximating the complementary error function solution of the 

diffusion equation [30, 125, 126]; which is more consistent with the use of 16 /HD t π  in 

[153, 163]. Now, by eliminating NH
(0) and NH2

(0) from equations (3.27)-(3.29), we have – 

 
( )2

0 2
2 2

2

0.
6

H F ITIT H IT

R IT H

k k N N tN k N

t k N D t

δ δ−
− + =  (3.30) 

Equation (3.30) is the analytical solution of H-H2 R-D model, presented in equations 

(3.24)-(3.26). A comparison of the numerical and analytical solutions, presented in 

Figure 3.5b and Figure 3.6, shows excellent matching. Equation (3.30) reduces to (i) 

reaction-limited solution [NIT = kFN0t], when first and third term becomes negligible 

(compared to second term) at very short stress time, (ii) it reduces to H2 diffusion limited 

solution [NIT = (kH/kH2)
1/3(kFN0/kR)2/3(6DH2t)

1/6], when  NIT/t becomes negligible at long 

stress time, and  (iii) at intermediate stress time, when diffusive term (third term) in 

equation (3.30) is negligible and kFN0 >> N IT/t, yields a solution of [NIT = 

(kFN0/kR)2/3(δkH t)1/3]; which is a signature of dominant H-H2 conversion [160]. Indeed, 
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Figure 3.5b suggests that the analytical solution of equation (3.30) is good enough to 

reproduce the numerical solution of equations (3.24)-(3.26) over ~10 decades in stress 

time (maximum error of 20% in the transition region)! Moreover, very good agreement 

between numerical solutions (solid lines) and analytic solutions (lines with symbols) in 

Figure 3.6 suggests that equations (3.27) and (3.28) capture the dynamics of NH(x=0,t) 

and NH2(x=0,t) very well. The inaccuracy of NH2 at very early times is inconsequential, 

because NIT generation in this time-scale is dictated by generation and transformation of 

NH. 
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Figure 3.6: Comparison of numerical results (lines) from equations (3.24)-(3.26), with 

analytical results (lines with symbols) for kHNH(0)
2 and kH2NH2(0). Although analytical 

NH2(0) prediction is incorrect at short stress time (whereas, NH(0) prediction is excellent), 

dominance of kHNH(0)
2 over kH2NH2(0), still makes the analytical solution of NIT 

appropriate for all stress time (see Figure 3.5b). 
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3.5.5. H-H 2 Diffusion with H 2 Conversion at Poly/Oxide Interface 

Generation of H2 at t >> 0 (hence, n ~ 1/6) can also result from reactions involving 

both the oxide/gate and oxide/substrate interfaces [131, 143]. Here, the creation of H 

through Si-H bond dissociation at the oxide/substrate interface is followed by a second 

reaction between generated H and Si-H bond at the oxide/gate interface. Thus, contrary to 

equation (3.17), here the second Si-H bond dissociation is considered at the oxide/poly 

interface, rather than at the same oxide/substrate interface. The overall chemical reaction 

takes the following form: 

 3 3

3 3 2

Si Si H + Si Si + H   (at oxide/substrate interface),

Si Si H + H Si Si + H (at oxide/poly interface).

h+ +≡ − ≡
≡ − ≡

�

�
 (3.31) 

Hence, the chemical process in equation (3.31) indicates presence of dangling bonds at 

the oxide/poly interface, which has been experimentally proven through low-voltage 

stress induced leakage current (LV-SILC) experiment in [143, 164]. Resultant H/H2 

diffuses away from poly/dielectric interface. Overall chemical reaction at the two 

interfaces are provided in equation (3.31), which can be expressed using the following 

differential equations: 

 ( )( ) ( )
( ) 0( ) ( ) ( ) ( )

IT s s
F s s IT s R s IT s H

dN
k N N k N N

dt
= − −  (3.32) 

 ( )( ) ( ) ( )
( ) 0( ) ( ) ( ) ( ) 2

IT p p p
F p p IT p H R p IT p H

dN
k N N N k N N

dt
= − −  (3.33) 

where, variables with (s) and (p) represent the quantities at the oxide/substrate and 

oxide/poly interfaces, respectively. This H-H2 R-D model has similar long-term stress-

phase signatures (i.e., time exponent of ~1/6 [143, 164]) as the H-H2 R-D model having 

direct H-H2 conversion.  
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3.5.6. Diffusing Species in R-D Model: Summary 

 Based on the discussion in sections 3.4-3.5, we can generate a table of power-law 

time exponents (n), shown in Table 3.1. Such variation in n mainly results from the 

proposed variations in hydrogen species undergoing drift or diffusion, as well as the 

mechanism by which these hydrogen species are generated. Recent measurement of 

n~1/6 for NIT generation (which is dominant in type-I transistors) [119, 128-130, 138, 

154, 165, 166] strongly suggests the existence of H2 diffusion at long stress time. This is 

further supported by an observed EA,IT ~ 0.1eV, again expected from H2 diffusion [118, 

119, 129].  

Table 3.1: Effect of diffusion species and its (i.e. diffusing species) generation 
mechanism on NIT formation power-law time exponent, n 

Sections Reaction 
Mobile 
Species 

n  

(t >> 0) 

3.4.1, 3.5.1 3 3Si Si H + Si Si + Hh+ +≡ − ≡�  H 1/4 

3.4.1, 3.5.2 
3 3

+

Si Si H + Si Si + H

               H  +   H  

h

h

+ +

+

≡ − ≡�

�
 

H+ 1/2 

3.4.1, 3.5.3  
3 3

3 3 2

        Si Si H + Si Si + H

Si Si H + + H Si Si + H

h

h

+ +

+ +

≡ − ≡

≡ − ≡

�

�
 

H2 1/6 

3.4.1, 3.5.4 3 3

2

Si Si H + Si Si + H

               H  + H  H  

h+ +≡ − ≡�

�
 

H, H2 1/6 

3.4.1, 3.5.5 3 3

3 3 2

Oxide/Subs: Si Si H + Si Si + H 

Oxide/Poly: Si Si H + H Si Si + H

h+ +≡ − ≡
≡ − ≡

�

�
 

H, H2 1/6 

3.4.2 +
3 3 2Si Si H + H Si Si + H+≡ − ≡�  H2 1/4 
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3.6. Recovery (or Reverse-Annealing) of Interface Defects 

In sections 3.2-3.5, we have shown how R-D model can explain the time dynamics 

of interface defect generation in MOS transistors. However, one important feature of 

interfacial defects is its reverse-annealing, once the stress voltage is removed [131, 139, 

140, 167-169]. Such existence of NIT recovery makes NBTI different from other 

transistor reliability concerns, such as TDDB (where, the generated defects do not 

recover [51-57]) and HCI (where, recovery is negligible [112-114]). The R-D model 

discussed above can also capture the dynamics of NIT recovery. In R-D model, NIT 

relaxation is attributed to the reverse-annealing of dangling Si- bonds by the near-

interface hydrogen species. These hydrogen species (needed for reverse-annealing) were 

generated during NBTI stress-phase, which starts to diffuse back towards the interface 

during the relaxation-phase. In the following sections, we study the current status of 

different versions of H-H2 R-D model, which best describes the dynamics of NIT 

generation, in explaining NBTI relaxation experiments. 

3.6.1. Analytical Formalism 

The following analysis of NIT recovery was originally developed in [167], and is in 

general valid for any R-D formalism, irrespective of whether H or H2 is the dominant 

diffusing species. In an R-D formalism, NIT at the end of stress time (t = tSTS) can be 

expressed as – 

 ( ) (0) ,IT STS X X STSN t N D t≈  (3.34) 

where, NX
(0) represents  the concentration of hydrogen (H or H2) species near the interface 

and DX represents the diffusion co-efficient for the hydrogen species under consideration. 

At time tREC after the end of stress, a part of hydrogen profile, present near the interface 

(hatched region in Figure 3.7), will diffuse back and anneal (re-passivate) NIT. This 

amount of annealed NIT (represented here as NIT
*) can be expressed as – 

 ( )* * ,IT STS REC X X RECN t t N D tξ+ ≈  (3.35) 
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where, ξ = 0.5 for the two-sided diffusion present in this case. Next, we approximate the 

amount of NIT at tREC using – 

~ X STSD t

( )z
XN

Distance from interface (z)

*
ITN

(0) @X STSN t

( )* @X STS RECN t t+

( )~ X STS RECD t t+

 

Figure 3.7: Approximate hydrogen profile at the start (t = tSTS) and after a recovery time 

of tREC (i.e., at t = tSTS + tREC) of NIT relaxation. See text for the definition of other 

parameters. 

 
( ) ( ) ( )

( )

*

* .

IT STS REC IT STS IT STS REC

X X STS REC

N t t N t N t t

N D t t

+ = − +

≈ +
 (3.36) 

Using equations (3.34)-(3.36), one can show that [126, 167] – 

 ( ) ( ) 1 .REC
IT STS REC IT STS

STS REC

t
N t t N t

t t

ξ 
+ + + 

≃  (3.37) 

As shown in [167], one requires ξ ~ 0.58 to match up with detailed simulation. Now, the 

following features of NIT recovery (within the R-D framework) are evident from equation 

(3.37) – 

� R-D relaxation feature-1: If we define the start-time of NIT recovery tNIT,start as 

the time, when NIT(tSTS + tREC) / NIT(tSTS) ~ 95% (i.e., tNIT,start corresponds to 

5% NIT recovery), then according to equation (3.37), tNIT,Start ~ 0.005tSTS.  

� R-D relaxation feature-2: At long tREC >> t STS, NIT is expected recover 

completely (i.e., NIT ~ 0 for tREC � ∞). 
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In the following sections (3.6.2-3.6.4), we show that the two relaxation features 

mentioned above are the general property of any versions of H-H2 R-D model, except 

tNIT,start is somewhat smaller for poly H-H2 R-D model. Later, in section 3.6.5, we 

compare the NIT recovery predicted by the H-H2 R-D model with the NBTI relaxation 

experiments and thus identify the attributes of NBTI relaxation experiments that are still 

to be captured. 

3.6.2. NIT Recovery: Direct H-H2 R-D Model 

Direct H-H2 R-D model (sections 3.5.4) considers depassivation of Si-H bonds at the 

Si/dielectric interface and resultant diffusion of hydrogen species into gate dielectric and 

poly-Si, as the main cause for NIT generation. Here, we study NIT recovery in a transistor 

structure, having 1.4nm gate dielectric, for the simulation. Before the initiation of the NIT 

recovery phase, the transistor is stressed at VSTS = -2.3V, T = 125 0C for tSTS = 1000sec. 

During the recovery phase (i.e., when gate bias VSTS is reduced to VREC), hydrogen species 

starts to diffuse back towards the interface and, therefore, anneals NIT. Figure 3.8a shows 

such NIT recovery for two different VREC, which suggests tNIT,start of ~ 1sec (= 10-3 tSTS), 

which is similar to the one predicted using analytical calculations in equation (3.37). 

Moreover, Figure 3.8b shows a trend towards complete relaxation of NIT, which is also 

expected from equation (3.37). 

To understand why NIT relaxation in direct H-H2 R-D simulation starts at ~1sec, we 

plot the H2 profile for the same transistor (used in Figure 3.8) at the end of tSTS = 1000sec. 

Figure 3.9 indicates that most of the hydrogen has diffused beyond the oxide and its 

integrated density is predominantly within the poly-Si. The percentage of hydrogen 

within different distances from the interface is plotted in Figure 3.9b (e.g., only 2% H2 

are within oxide, 6% H2 within 4nm away from the interface, 50% H2 within 35nm away 

from the interface). Therefore, in order to have ~6% recovery, one needs to wait 

2 / 4 2.2secRECt z D= = (for DH2 ~ 1.8x10-14 cm2-sec-1 [143] used in the simulation). Thus, 

it is not surprising that direct H-H2 R-D model predicts tNIT,start ~1sec for a stress time of 

1000 sec (for any recovery bias), as shown in  Figure 3.8. Moreover, since most of the 
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hydrogen is within the poly-Si structure at the end of stress, enhanced diffusion within 

the oxide is not expected to reduce tNIT,start significantly. 
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Figure 3.8: (a) Simulation of NIT recovery using direct H-H2 R-D model for a transitor 

having 1.4 nm gate dielectric. NIT is generated at VSTS = -2.3V for tSTS = 1000sec at 125 
0C, before it is allowed to recover at two different VREC. Significant amount of 

relaxation starts around tNIT,start ~ 1sec. (b) A trend towards complete NIT recovery is 

observed at VREC = 0. 
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Figure 3.9: (a) H2 Profile at the end of stress for a transistor having 1.4nm gate 

dielectric after tSTS = 1000 sec. (b) Percentage of H2 within distance 0 to z, for different z 

(i.e., distance from the interface). 
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3.6.3. NIT Recovery: Poly H-H2 R-D Model 

This form of H-H2 R-D model (poly H-H2 R-D Model) was first proposed in [31, 

131] and is elaborated in section 3.5.5. Here, no explicit H-H2 conversion is employed 

within the R-D framework. Rather, the atomic hydrogen (H) generated from the 

substrate/oxide interface diffuses towards oxide/poly interface and reacts there with the 

Si-H bond. As summarized in Table 3.1, poly H-H2 R-D model has similar long-term 

stress-phase signatures (i.e., time exponent of ~1/6) as the direct H-H2 R-D model. 

However, when oxide is considered to have enhanced diffusion compared to poly [143], 

there is an intermediate time exponent of ~1/4 (similar to R-D model with H diffusion, 

see section 3.5.1), representing initial H diffusion phase within oxide (Figure 3.10a). 

Figure 3.10b plots the percentage of hydrogen within different distances from the 

interface for a transistor having 2nm gate oxide stressed up to tSTS = 105 sec (e.g., about 

>10% H2 are within oxide, 50% H2 within 10nm from the interface).  

For NIT recovery simulation, Figure 3.11a suggests tNIT,start ~ 10-4tSTS, which is one 

order of magnitude smaller than the same for direct H-H2 R-D model (which has tNIT,start ~ 

10-3tSTS, see  Figure 3.8). This is because poly H-H2 model has H-H2 conversion only at 

the oxide/poly interface, whereas direct H-H2 model has H-H2 conversion over the entire 

oxide/poly region. Therefore, the amount of H2 remained within the oxide (at the end of 

tSTS) for poly H-H2 model is much larger than the amount of H2 within the oxide for direct 

H-H2 model. As a result, during recovery phase of the poly H-H2 model, the H2 within 

the oxide diffuses quickly towards the oxide/poly interface (as the hydrogen diffusion 

coefficient within oxide is larger compared to that in poly-Si [143]) and converts into H. 

The generated H preferentially diffuses back towards the substrate/oxide interface, again 

due to the existence of higher hydrogen diffusion coefficient for the oxide. As a result, 

tNIT,start for poly H-H2 R-D model is smaller compared to tNIT,start in direct H-H2 R-D 

model.  
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Figure 3.10: (a) Time exponent variation for poly H-H2 R-D model for a transistor 

having 2nm gate oxide. (b) Percentage of H2 within distance 0 to z, for different z (i.e., 

distance from the interface). 
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Figure 3.11: (a) Comparison of NIT recovery simulations for the direct H-H2 R-D model 

(solid line) and the poly H-H2 R-D model (dashed line). tNTI,start for poly H-H2 model is 

order of magnitude smaller than the one for direct H-H2 model. (b) There is no change 

in tNTI,start when VT calculation incorporates defects at the oxide/poly interface, in 

addition to the defects at the substrate/oxide interface (poly R-D: Modified VT). 

Moreover, one might anticipate further improvements in terms of tNIT,start by 

including the effect of poly interface (which is closer to the diffusion front) in the VT 

calculation; i.e., by using ∆VT = q∆NIT(s)/Cox + q∆NIT(p)/Cpoly, where Cpoly is the poly-
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depletion capacitance. However, Figure 3.11b shows that such improvement is negligible, 

because most of the hydrogen is far away from the oxide/poly interface. For example, it 

requires at least 
2

2 / 4 1000secHt z D= = (for DH2,poly ~ 1.8x10-17 cm2-sec-1 used in the 

simulation) for hydrogen to reach oxide/poly interface from z ~ 2nm. Here, the value for 

DH2,poly is quite small to maintain sufficient H2 within oxide. If that is changed, one will 

indeed have different %H2 profile (compared to the one shown in Figure 3.10b). 

However, there will be no change in the fractional recovery plot for the poly H-H2 R-D 

model (Figure 3.11b). 

Thus, we conclude that poly H-H2 R-D model (with H2 generation at the poly 

interface) shows an order of magnitude improvements in terms of tNIT,start over direct H-

H2 R-D model. However, incorporation of poly interface in ∆VT calculation does not 

change the fractional recovery picture (i.e., both interfaces are observed to recover within 

the same timeframe). 

3.6.4. NIT Recovery: Combined (Direct+Poly) H-H2 R-D Model 

The model for H to H2 conversion at the poly-interface (discussed in sections 3.5.5 

and 3.6.3) avoids any direct conversion between H and H2 (discussed in sections 3.5.4 

and 3.6.2). Here, we consider the effect of combining both the H2 generation 

mechanisms, thus merging the two models (direct H-H2 R-D and poly H-H2 R-D) 

together. This combined H-H2 model affects the stress phase by inserting discontinuity 

(inconsistent with NBTI stress phase experiments) at the point when H/H2 front reaches 

(and gets absorbed at) the poly interface to initiate the reaction. Nonetheless, it goes back 

to 1/6 at long stress time, when diffusion front enters poly region (Figure 3.12a).  

During recovery phase, NIT anneals in an uncontrollable manner (Figure 3.12b), 

which can be explained by considering the followings: 

� As we have explicit H-H2 conversion within the framework, when the forward 

reaction at the substrate interface stops (for VREC = 0), it creates a non-equilibrium 

state for all other reactions in the system.  
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� The H (although small) within the oxide has higher diffusion co-efficient and 

moves back to substrate interface (initiating negligible recovery). This creates non-

equilibrium between H and H2, thus initiating H2 to H conversion at the poly 

interface. Moreover, the non-equilibrium between H and H2 at poly interface also 

creates non-equilibrium for the reaction (SiH + H ↔ Si + H2) at the poly interface. 

So, there is a feedback loop happening between these two reactions at the poly 

interface (i.e., H ↔ H2 and SiH + H ↔ Si + H2). Overall, we have a steady supply 

of H at the poly interface, a part of which continuously diffuses back to substrate 

interface causing complete NIT relaxation. To verify this, we reduce the rate of 

either or both of the H ↔ H2 and SiH + H ↔ Si + H2 reactions during relaxation 

phase. This is observed to slow down the substrate interface recovery significantly.  
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Figure 3.12: (a) There is discontinuity in the stress phase simulation for the combined 

(direct + poly) H-H2 R-D model (compared to direct H-H2 and poly H-H2 R-D model). 

(b) Here, the relaxation also happens very quickly compared to the other H-H2 version 

of R-D model. 

Moreover, incorporation of bond dispersion at both substrate and poly interface (in kf 

and kr terms) was expected to slow down the relaxation at substrate interface. However, 

bond dispersion only becomes effective, when the supply of hydrogen is constant, i.e., kR 

is the limiting factor in NIT recovery. Since for any R-D model, hydrogen diffusion is the 

main limiting factor for NIT recovery, incorporation of bond dispersion in combined H-H2 



 

 

48

model show insignificant improvement. Therefore, the combined H-H2 R-D model has 

smaller tNIT,start compared to the direct H-H2 and poly H-H2 model.  

3.6.5. NIT Recovery: R-D Theory vs. NBTI Experiment 

Based on the analysis in sections 3.6.2-3.6.4, H-H2 R-D theory, whose stress-phase 

time dynamics are quite consistent with NBTI experiment, suggests tNIT,start of ~ 10-4tSTS 

for poly H-H2 model6. However, NBTI relaxation experiment suggests a start of NBTI 

relaxation (designated using tREC,start) much less than 10-4tSTS (Figure 3.13). This indicates 

that NIT recovery is not the only component of NBTI-induced ∆VT relaxation. As such, 

NBTI measurements require appropriate correction before comparing with R-D theory. 

As discussed in section 6.7, consideration of valence band electron trapping for the ultra-

fast VT experiment (see section 6.7.2) and hole trapping into oxide defects both for ultra-

fast VT and OTF-ID,lin experiments (section 6.7.5) can significantly reduce the gap 

between tNIT,start ~ 10-4tSTS and tREC,start ~ 10-10tSTS for Figure 3.13a and tREC,start ~ (10-9-10-

6) tSTS for Figure 3.13b. 

Another prediction R-D model is complete NIT recovery for tREC � ∞. However, 

some of the NBTI relaxation experiments (Figure 3.13a and Figure 3.14) indicate the 

presence of non-zero NIT recovery at larger tREC – a feature which requires careful study. 

                                                 
6 Although, combined H-H2 model has the smallest tNIT,start, its stress-phase 

signatures (Figure 3.12a) and the existence of very fast NIT recovery (Figure 3.12b) is 

inconsistent with NBTI experiments. 
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Figure 3.13: (a) Ultra-fast VT measurement [170] predicts tREC,start ~ 10-10tSTS, which is 

much smaller than tNIT,start ~ 10-4tSTS, predicted by poly H-H2 R-D model. (b) Similarly, 

on-the-fly ID,lin predicts a recovery voltage (Vrec) dependent relaxation and tREC,start ~ (10-

9-10-6) tSTS. However, consideration of valence band electron trapping (see section 6.7.2) 

and hole detrapping from oxide defects (see section 6.7.5), even for type-I transistors, 

can significantly reduce the difference between tREC,start and tNIT,start. 

Vstress = -2.5V

T = 125 0C

Transistor - 1

Transistor - 2

 

Figure 3.14: Presence of non-zero saturation during NIT relaxation (figure taken from 

[171]) is a feature sometimes observed in NBTI experiments.  
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3.7. Field Dependence in H-H2 R-D Model 

So far, we have discussed the time dynamics of NIT during NBTI stress-phase and 

relaxation-phase. However, time dynamics is not the only (though the major one) for 

reliability analysis. Reliability experiments are often accelerated at higher stress voltage 

VSTS to observe the significant amount of NIT generation (thus identify the dynamics with 

better noise margin) within the experimentally feasible measurement window of several 

hours to some weeks. Based on this accelerated testing at higher voltage, one needs to 

predict the dynamics at operating condition (which is much less than VSTS) upto the 

lifetime (~ 10 years) of a transistor. Moreover, transistors at different parts of an 

integrated circuit operate at different voltages. Therefore, one needs to have a physical 

model for NIT generation, so that experiment performed in a set of VSTS can be used to 

predict the level of NIT at any VSTS.  

In this section, we develop (and validate) such model for hole-assisted Si-H bond 

dissociation, which was briefly presented in 3.4.1. As such, we present the physical basis 

of the phenomenological field dependence within R-D model, first demonstrated in [30]. 

In addition, we discuss the consistency of the proposed field model by analyzing NIT 

generation (∆NIT) experiments on wide variety of type-I transistors (having dominance of 

NIT generation during NBTI) involving nitrogen and strain [119, 128, 133]. Here, we use 

H-H2 R-D model of section 3.5.4 for interpreting NIT experiments, though any other R-D 

models having n = 1/6 (see Table 3.1) at long stress time could have served the purpose. 

3.7.1. Field vs. Voltage-Dependent NIT Generation  

In order to explain how ∆NIT or NBTI in type-I transistors varies with VSTS, we first 

need to identify whether NBTI is a field dependent or a voltage dependent phenomena. 

This has been studied by different research groups [30, 90, 136, 172-174] in a number of 

ways. By studying NIT generation on transistors having different effective oxide thickness 

EOT (see Appendix A for definition), it has been shown [172] that at same VSTS, NBTI is 

lower for higher EOT transistors (due to lower Eox); whereas at same Eox, NBTI is lower 

for lower EOT transistors (as ∆VT ~ ∆VIT ~ q∆NIT/Cdi ~ EOT for same Eox or ∆NIT; where 



 

 

51

Cdi ~εSiO2/EOT is the dielectric capacitance and εSiO2 is the dielectric constant of SiO2). 

Similar study is also performed in [174] to conclude that ∆NIT is EOT independent, when 

measured at same Eox. Moreover, by applying same negative VSTS to bias a PMOS in 

inversion and NMOS in accumulation, it has been shown [90, 136, 173] that PMOS 

transistor, having higher electric field at same negative VSTS, degrades more compared to 

NMOS transistor. Also, the difference between NMOS and PMOS degradation gets 

reduced, when negative VSTS for NMOS is increased [173] to ensure that both PMOS and 

NMOS degrade at similar surface electric field. Therefore, ∆NIT is expected to be a field-

dependent phenomenon. See section 3.7.3 for more signatures on this field dependence. 

Such field dependence of interface trap generation, hence NBTI for NIT-dominated 

type-I transistors, has been considered using several empirical field models, e.g., 

exponential model: ∆VT ∝ exp(γE) [172, 175], power-law model ∆VT ∝ (E)p [176], mixed 

model: ∆VT ∝Eexp(γE) [30, 128, 130, 142], etc. Although a study in [176] shows power-

law model to give better results compared to the exponential model, their experimental 

data has saturating trends, a possible artifact due to recovery [130]. In the next section, a 

physically based field dependent model is developed by considering the dipolar effects of 

Si-H bond, as well as field-dependent hole tunneling. It is shown that Eexp(γE) model 

(developed on a more physical basis [30, 128]) gives a consistent explanation of the field 

dependence in NBTI. Such model avoids the necessity of NBTI field dependence coming 

purely from dipolar dissociation (as suggested in [117]) and anticipates that neither power 

law nor exponential model gives proper estimation of NBTI lifetime; rather they 

misinterpret low-voltage NBTI degradation by over- or underestimating the lifetime, 

respectively as shown in section 3.10.  

3.7.2. Hole-assisted, Field-enhanced, Thermal Si-H Dissociation 

As shown in section 3.5.4 (see discussion below equation (3.30)), ‘H-H2 R-D’ model 

anticipates that for type-I transistors at long stress time, 
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Now, the field-dependence of NIT generation must reflect the field-dependencies of kF, kR, 

DH2, kH and kH2. As the diffusing hydrogen species is neutral [30, 128], kR, DH2, kH and 

kH2 are field independent. As such, the field-dependence must be encapsulated in kF and 

is explained by Figure 3.15b and Figure 3.16. The proposed model for kF assumes that 

inversion layer holes (concentration ph ~ Ec) near the Si/dielectric interface tunnel into 

and is captured by the Si-H bonds ~1.5Å (Si-H bond length) [69] away from the interface 

– leading to a hole-assisted, field-enhanced, thermal generation of interface defects. Here, 

Ec represents the electric field due to mobile carriers, which excludes the depletion 

charge contribution from total electric field Eox in inversion and equals Eox in 

accumulation; hole tunneling probability is expressed as: TH ~PT exp(γTEox), where PT ~ 

exp(-√moxφbh) (see equation (3.10)) is field-independent pre-factor (mox: oxide effective 

mass and φbh: barrier height for hole tunneling) and exp(γTEox) is field-dependent factor 

with field acceleration γT; and the rate of field-enhanced, thermal dissociation of Si-H 

bond can be expressed as, B ∝ exp[-(EA,F-aEox)/kBT], where aEox represents thermal 

barrier lowering due to positioning of polar Si-H bond in the electric field, with a being 

the effective dipole moment [177]. In sum (Figure 3.16),  kF ~ phTHB, so that – 
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γ∆    ∆ = = −     
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For equation (3.2), Cdi is dielectric capacitance and EOT is obtained from a fit of 

experimental C-V using simulators like [178] that includes the effects of multi-subband 

electron/hole quantization, poly-depletion, etc; whereas for equation (3.4), EA,R, ED are 

respectively activation energy for kR and combined activation energy for DH2, kH, kH2. 

The overall activation energy for ∆VIT from equation (3.2) can be written as, 

 ( )
2, , , , 1

2 2      -   - .3 3A IT A H A F A R ox D oxE nE E E aE nE aE≡ + = −  (3.6) 

3.7.3. Experimental Validation of Phenomenological Eexp(γγγγE) Model  

Figure 3.17 shows the field acceleration parameter (γ) and voltage acceleration factor 

(γV; see Appendix A.3) as a function of EOT from a wide range of experiments, done by 

several groups (also compared with some of our results). Here, we use equation (3.2) for 

interpreting the experimental results and found that as EOT changes, γ remains almost 

constant (~0.6±0.05) as expected for a field dependent degradation, while γV varies as 

~1/EOT. To understand the γV vs. EOT dependence (for constant γ), let us consider two 

oxides of same EOT. If they are subjected to stress voltages V1 (electric field, E1) and V2 

(E2) for producing same ∆VT after time t1 and t2, respectively, using equation (3.2), we 

have – 

 ( ) ( )2 / 3 2 / 3

1 1 1 2 2 2exp 2 3 exp 2 3 .n nE E t E E tγ γ=  (3.7) 

Now, using E ~ V/EOT (where, units of E, V, EOT are MV/cm, V, Å respectively) and n 

~ 1/6, we obtain – 

 ( ) ( )
( )1
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1 22

2 1 1 2
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Figure 3.15: Universal view of NIT generation under NBTI stress in strained/unstrained 

transistors. (a) Schematic of PMOS, showing the application of uniaxial compressive 

strain using Si1-yGey Source/Drain or biaxial tensile strain using Si1-xGex epi-layer. (b) 

Dissociation mechanism for Si-H bond (see Figure 3.16 for details). (c) Band diagram 

during NBTI stress, along the transverse direction, for unstrained transistor shows the 

degeneracy of electron (∆2 and ∆4) and hole valleys (LH and HH). (d) Band diagram for 

uniaxially strained device shows the strain induced splitting of electron valleys (∆2 and 

∆4) and hole valleys (LH and HH). (e) Band diagram for biaxially strained device 

shows an extra band discontinuity at the strained-Si/ Si1-xGex interface [179].  
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Field acceleration, γ = γT + a/kBT  

Figure 3.16: The proposed model for kF assumes that inversion layer holes 

(concentration ph ~ Ec) near the Si/dielectric interface tunnel into and is captured by Si-

H bonds ~1.5Å [69] (Si-H bond length) away from the interface – leading to a hole-

assisted, field-enhanced, thermal generation of interface defects.  

Equation (3.8) suggests that an inverse relationship between γV  and EOT (see Figure 

3.17 and [30]) for constant field acceleration parameter (γ), but the constant of 

proportionality depends on electric field used to extract the data. This electric field-

dependence is clearly seen in the deviation from inverse-EOT relationship in Figure 3.17 

due to the use of ‘different E1 and E2’ for different devices. For example, (E1-E2) are 

higher for EOT = 13Å device compared to EOT = 50Å device. As a result, when ~1/EOT 

line is drawn in Fig. 6 through EOT = 13Å data point, the drawn line falls below EOT = 

50Å data point. As a result, γV values are on and above the solid line drawn in Fig. 6 for 

the respective devices considered7. Our analysis of degradation measurements performed 

                                                 
7 As electric fields for transistors (taken from references) considered in Figure 3.17 is 

estimated, a distinction between Eexp(γE) and exp(γE) models may appear to be tentative. 
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by several groups validates the universality of the phenomenological Eexp(γE) field 

model. 
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Figure 3.17: γ and γV variation with EOT. As predicted for field-dependent NBTI 

model, γ remains almost constant (dashed) and γV  keeps around 1/EOT line (solid). For 

∆VT measurements, necessary delay corrections have been accounted for. 

3.7.4. Theoretical Estimation of a (Figure 3.18) 

According to Pauling scale [180], electronegativity difference between Si (xSi = 1.8) 

and H (xH = 2.1) is 0.3. The corresponding ionic bond energy is, UH-Si =1.3(xSi - xH)2 = 

0.1 eV allows one to estimate the effective charge transfer within Si-H dipole, i.e., 

√(4πε0rUH-Si) = 0.1q [177, 180], where q is the electron charge and r is Si-H Bond length 

(~1.5Å) 8. Resultant dipole moment in Si-H bond is, p = 0.15qÅ. Considering that Si-H 

                                                                                                                                                 
However, based on the discussion in section III-C and the prediction of deviation in Figure 3.17 

by equation (3.8), Eexp(γE) model appears more plausible.  

8 Similar charge transfer is also calculated in [181], based on Sanderson’s scale. 
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dipole resembles a dipolar orientation normal to a thin slab, local electric field [24] is 

given by, Eloc = (1+Lχint)Eox = εintEox = (3.9-8)Eox; where, L=1 (depolarization factor 

[24]), χint is dielectric susceptibility at interface and εint is dielectric permittivity (relative) 

at interface having values approximately 3.9 (SiO2) to 8 (average of SiO2 and Si) [182]. 

When Si-H bond is placed in an electric field, applied opposite to the polarization vector 

(which is the field polarity for NBTI stress), its energy will be increased by pEloc = 

pεintEox = aEox. Therefore, a = pεint = 0.6~1.2 qÅ. 

H-

Si+

p 
=

 0
.1

5
 e

Å

E
ox

+0.1e

-0.1e

Interface

Substrate

 

Figure 3.18: Polarization properties of Si-H bond provides an estimation of a = pεint. 

Here, the polarization vector is opposite in direction of the applied field Eox under NBTI 

stress. 

3.7.5. Theoretical Estimation of γγγγT 

To estimate γT in equation (3.3) theoretically for unstrained transistors, first we 

determine TH using self-consistent Schrödinger-Poisson solution of MOS electrostatics 

[178], which provides an energy band diagram similar to the one shown in Figure 3.15c. 

Electric field dependency of TH gives γT in the range of 0.16-0.18, approximately 

independent of the  nitrogen concentration in the dielectric (Figure 3.19a). 

Next, we simulate γT for different uniaxially compressive strained transistors (Figure 

3.19b), using the modified WKB approximation [183]. This involves calculation of ph 

using self-consistent Schrodinger-Poisson solver [178, 184] and the energy band profile 

of Figure 3.15d, with the effective mass and band-splitting information from Table 3.2. 

We further repeat the procedure (compute γT) for different biaxially tensile strained 
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transistors (Figure 3.19c), using energy band diagram of Figure 3.15e with effective 

mass and band-splitting information from Table 3.2. As observed in unstrained transistors 

(Figure 3.19a), theoretically extracted values of γT also show negligible variation with 

any type of strain. 
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Figure 3.19: Tunneling probability (TH) at 1.5Å (for clarity, the valence band-diagram 

in the inset of Fig. a is drawn upside-down) away from the MOS channel, calculated at 

different Eox either using self-consistent Schrödinger-Poisson solution of MOS 

electrostatics [178] (in Fig. a) or using modified WKB approximation [183] (in Fig. 

b,c). Field dependence of TH provides an estimation of γT for type-I transistors, having – 

(a) different %N within the dielectric, (a) variation of uniaxial compressive strain within 

the channel (a) variation of biaxial tensile strain within the channel. Theoretically 

extracted values of γT show negligible variation with any process technology. 
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Table 3.2: Band-structure information for strained transistors 

Strain Type Quantity of interest Expression  Reference 

[110] 
Uniaxial 

compressive 
on (001) 
substrate 

(as a function 
of strain, ε) 

Band gap [eV] 1.08 – 4.35ε [185] 

Band splitting: electron 
[eV] 

∆2: –140ε2-11.86ε 

∆4: –5.6ε2 – 1.77ε 

[186] 

Band splitting: hole 
[eV] 

∆ELH-HH = 6.426 ε 

Effective mass: 
electron [*m0]; where, 

m0 is free electron 
mass 

∆2: 0.19+4ε (mt,⊥); 
0.19-2ε (mt,||); 0.916 

(mz);  

∆4: 0.916 (ml); 0.19 (mt); 
0.916 (mz) 

Effective mass: hole 
[* m0] 

mHH = 0.214 + 1.36ε; 

mLH = 0.26 + 0.29√ε - 
0.54ε 

[187] 

Biaxial 
tensile strain 
using SiGe 

(as a function 
of Ge content, 
x in Si1-xGex) 

Affinity of strained-Si 4.05 + 0.58x [179] 

Bandgap of strained-Si 1.084 – x(0.31 + 0.53x) 

Affinity of Si 1-xGex 4.05 – 0.05x 

Bandgap of Si1-xGex 1.084 – 0.42x 

Dielectric constant of 
Si1-xGex 

11.9 + 4.1x 

Band-splitting between 
s-Si and Si1-xGex 

∆Ec: 0.63x; ∆Ev: x(0.74 
– 0.53x) 

Band splitting in s-Si ∆2- ∆4: 0.67x; LH- HH: 
0.4x 

[188] 

Band splitting in Si1-

xGex 
HH-SO: 0.238 x+0.044 [189] 

Effective mass in s-Si  ~ strain invariant [186] 

Effective mass in Si1-

xGex 
Electron: strain invariant 

Hole: Using Vegart’s 
law and Luttinger 

parameter 

[189] 
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3.7.6. Experimental Determination of γT and a 

In determining γT and a experimentally on type-I transistors, having ∆VT ~ ∆VIT, we 

use equation (3.2) to fit a wide range of experimental ∆VT vs. t data measured at different 

voltages and temperatures, as shown in Figure 3.20(a-d), which gives AIT, γ, n as fitting 

parameters for each temperature (effect of ED1 can be included in AIT). According to (3.3)

, a plot of γ vs. 1/kBT (Figure 3.20e) gives tunneling parameter, γT, as intercept at 

TSTS→∞, and the effective dipole moment, a, as slope. Alternately, as equation (3.6) 

suggests a change in EA,IT with Eox, 0.25dEA,IT/dEox can also be used to determine a 

(Figure 3.20f). A statistical summary of a, obtained using different experimental and 

theoretical approaches, is presented in Table 3.3, which shows remarkable consistency 

between the values obtained by our theory and measurements.  

Table 3.3: Comparing a determined by various methodologies 

a [qÅ] Obtained From  

0.8 γ = γT +a/kBTSTS Figure 3.20e 

0.98 (avg.) a = 0.25 dEA,IT/dEox Figure 3.20f 

1.47 a = (γ - γT )kBTSTS * [117] 

0.6~1.2 Si-H polarization Figure 3.18 

* γ obtained after delay correction and using γT ~ 0.27 (from Figure 3.20e). In [117], a = 
3.2 qÅ. 
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Figure 3.20: (a-d) Fitting ∆VT ~ ∆VIT (measured by OTF-ID,lin) vs. t (log-log scale) at 

different TSTS and VSTS by equation (3.2) gives A, γ, n as fitting parameters. Here n = 

0.15~0.16 and N2 dose: 8%. Data is obtained from Dr. Anand Krishnan of Texas 

Instruments. (e) Obtained γ  is plotted against 1/kBT, resulting γT = 0.27±0.05 

dec/MV/cm as intercept at TSTS→∞ and a = 0.8 ± 0.15 qÅ as slope. (f) Determining EA 

at different electric field enables estimation of a, hence γT using equation (3.3). 
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3.7.7. Summary: Field Dependence of ∆NIT 

In summary, we observe that part of the field-dependencies of ∆NIT arises from Eox-

dependence of TH and the other part, from Eox-induced thermal barrier lowering. Thus, we 

have provided the first consistent interpretation of field-dependence of ∆NIT within the R-

D framework. Previous analysis of delay-contaminated NBTI data [117] suggested 

experimental values of a that was 3~4 times larger than theoretically expected values. It 

appears that similar to the resolution of puzzles involving time-exponent (n=0.25�0.16) 

and temperature dispersion parameter (d = 1-kBTSTS/E0 = 0.6 �0, where E0 is the 

characteristic width for density-of-states of hydrogen trapping sites in dispersive transport 

[33, 130]), zero-delay measurements and partitioning γT into γT+a/kBT (previous work 

incorrectly assigns γ=a/kBTSTS [117] or to γ=γT [30] exclusively) hold the key for 

consistent estimation of field-acceleration of ∆NIT. 

In the next two sections, we further validate the proposed field model (section 3.7.2) 

of ∆NIT by studying transistors having different dielectric material and channel strain. 

3.8. Application of Eexp(γγγγE) Model: Dielectric Material Dependence of ∆NIT 

In this section, we use our ∆NIT generation model to explain the observed nitrogen 

(%N) dependency of ∆VT ~ ∆VIT in type-I transistors. As such, we identify the variation 

of model parameters with %N and provide physical explanation for the observed 

variations. 

3.8.1. Determining Eexp(γγγγE) Model Parameters 

We use equations (3.2)-(3.6) in estimating Eexp(γE) model parameters (AIT,γ, γT, a, 

ED1, n) for type-I transistors ( Table 3.4) by fitting ∆VT measured at various VSTS and TSTS. 

For example, using equation (3.2) one can use voltage dependent stress data (@ fixed 

TSTS) to obtain AIT,γ, n (Figure 3.21) or temperature dependent stress data (@ fixed VSTS) 

to obtain n, EA@VSTS [30, 130] (therefore, ED1 using equation (3.6)). Determination of the 
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remaining two parameters (γT, a) are done by analyzing both voltage and temperature 

dependent data and using either equation (3.3) and/or (3.6) [190, 191]. For example, an 

estimation of γ at different TSTS and a plot of γ vs. 1/kBTSTS (Figure 3.20e) gives γT as 

intercept at TSTS→∞ and a as slope, according to equation (3.3). Alternately, determining 

EA at different electric fields (Figure 3.20f9) and using equation (3.6) enables estimation 

of a. Later using previously obtained γ and equation (3.3), γT can be estimated.  

 Table 3.4: Properties (%N, TPHY and EOT) of plasma oxynitride dielectric for the type-I 
transistors used in section 3.8. 

 

 

 

 

 

                                                 
9 Although, negligible variation of EA vs. %N in Figure 3.20f (@ 1.9V) contradicts 

with the EA vs. %N  variation reported in [37, 192], we identify this as a signature of 

negligible hole trapping in the plasma oxynitride devices studied here, which have lower 

N2 concentration near substrate interface [129, 190], compared to the samples in [37, 

192]. 

Device 
N2 Dose 

[atomic %] 
TPHY [Å] EOT [Å] 

#1 0 13.6 13.6 

#2 14.45 15.05 13.0 

#3 19.00 16.27 12.5 

#4 21.24 16.69 13.0 



 

 

64

100 102 104 106 108
10-3

10-2

10-1

Dose ~ 14.5%
EOT ~ 1.3 nm

t
4

t
3

t
2

A
IT
 = 1.4x1014; γ = 0.6; n = 0.14

5 yearst
160 mV

 

 

 |V
1
|=1.55 V

 |V
2
|=1.75 V

 |V
3
|=1.90 V

 |V
4
|=2.10 V

 |V
safe

|=1.26V
∆V

T
 [V

ol
ts

]

Time [sec]
 

Figure 3.21: Voltage dependent ∆VT ~ ∆VIT ~ ∆NIT stress data (taken at 125 0C) fitted 

using equation (3.2) enables one to estimate A,γ, n for a device (ED1 ~ 0.9eV assumed, 

see section 3.8.2). Lifetimes (t1, t2, t3, t4) at different stress voltages (V1, V2, V3, V4) and 

safe operating voltage (VSafe) can also be determined, as discussed in Appendix A.4. 

3.8.2. Variation in Eexp(γγγγE) Model Parameters with %N 

Among four independent Eexp(γE) model parameters (AIT,γ, n, ED1), n ~ 0.14 is 

found to be constant (independent of %N) for the transistors under study.  The parameters 

AIT and γ, however, show systematic variation with %N (Figure 3.22). The source of 

variation in γ can be traced to variation in a and γT (see equation (3.3)). We find that the 

variation of a with %N is small (within the error margin of both methods of estimations 

in Figure 3.20). Therefore, we use a = 0.8 qÅ (Figure 3.20e) for all devices and we 

estimate γT using (3.3) for different %N (Figure 3.22); in other words, the %N-

dependence of γ is actually reflected in %N-dependence of γT.  

Finally, we use ED1 ~ 0.9eV, which is calculated (see eqn. (3.6)) using average value 

of EA (= 0.08eV) for devices tested at Eox = 7~10 MV/cm and 27~125 0C, which is 

considered as EA for all type-I transistors at an average Eox of 8.5 MV/cm. Note that 

constancy of n with %N reflects dominance of interface defect generation and diffusion 

of hydrogen species within poly-Si [143] as the main cause of ∆NIT for such transistors. 
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But constancy of ED1 with %N does not reflect any fundamental requirement, except that 

any variation is possibly embedded within the error-margin of the data. Thus ∆NIT with 

%N variation is attributed to two factors: AIT, γT.  
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Figure 3.22: Variation of Eexp(γE) model parameters (AIT, γ , γT ) with %N (a ~ 0.8 qÅ 

used) for transistor in  Table 3.4. The error margins in calculations are negligible. 

3.8.3. Eexp(γγγγE) Model Parameters: Physical Origin of %N Variation 

In order to understand the physical origin of variations in AIT and γT, we first 

calculate the theoretical estimates of these quantities. Both these quantities depend on 

tunneling probability (TH) and within WKB approximation it can be expressed as –  

 
( )int

0

2
~ exp 2 ,

t ox bh ox
H

qm xE
T dx

ϕ −
 −
  
∫ ℏ

 (3.9) 

where tint is the interfacial layer thickness (approximately equals Si-H bond length of 

1.5Å). By performing the integration in equation (3.9) and hence expanding the resultant 

terms in Taylor series, we have – 
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− + −
ℏ ℏ

 (3.10) 

which indicates PT ~  exp(-√moxφbh). This leads to AIT ~ [N0exp(-√moxφbh)]
2/3, as given in 

equation (3.5). Now the extracted values of oxide effective mass (mox) and barrier height 

for hole tunneling into Si-H bond (φbh), obtained from our gate leakage analysis, decrease 

with increase in %N (see section 7.4.2 for details). Therefore, according to equation (3.5), 

a decrease in mox and φbh with an increase in %N, is expected to increase AIT, which is 

consistent with the experimental observation in Figure 3.22. Note that it is also possible 

to have an increase in AIT due to an increase in N0; but we can’t distinctly identify such 

variation from our experimental observations. 

We confirm the variation γ, observed in Figure 3.22, by estimating the same using a 

second set of type-I transistors, having a broader range of %N (using transistors of Table 

6.1). Again, we observe a consistent decrease in γ (using both approximate or correct 

form of ∆VT estimation, see section 6.7.4) with increase in interfacial nitrogen 

concentration, Nint (Figure 3.23). Moreover, our study of mobility parameters (P1, P2 in 

Figure 6.23c,d and βIT in Figure 6.24), which are signatures of hole wavefunction 

interaction with NIT, indicates a decrease in these quantities (hence γT) with increase in 

Nint. This further indicates that the observed reduction in γ is mostly due to a reduction γT 

(as we used in Figure 3.22), i.e., the change in a due to change in %N or Nint is negligible. 

Thus, from all these experimental signatures, we conclude that hole wavefunction 

interaction with NIT (estimated either using γT or P1 or P2 or βIT) decreases with increase 

in Nint (i.e., with increase in %N for transistors having similar TPHY).  
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Figure 3.23: Variation of γ (where, ∆V
T
 is estimated either using classical method of 

equation (6.14), i.e., |∆V
T
| ~ |(V

G
-V

T0
) ∆I

D
/I

D0
| and also using Figure 6.18) for type-I 

transistors as a function of Nint (lines are guide to eye only). See Figure 6.23e for the 

definition of Nint. 

To explain the reduction of γ or γT with Nint, we go back to the equation being used 

for extracting γ (i.e., equation (3.2)), where we want to highlight the multiplication 

between γ and Eox terms. As a reminder, Eox represents an equivalent oxide electric field, 

referred to SiO2 dielectric. Now the dielectric in type-I transistors are nitrided and hence 

the interfacial dielectric constant εint should have a value higher than SiO2 (see Figure 

7.3a). Therefore, the actual interfacial electric field, Eint = εSiO2Eox/εint, will be less than 

the field (i.e., Eox) used for calculating hole tunneling in our Si-H bond dissociation 

model of Figure 3.16. As such, the reduction in γ or γT with Nint can easily be associated 

with the reduction in Eint (due to increase in εint) will Nint. In addition, there are also 

reports of Si-H bonds getting deeper into the dielectric, as Nint is increased [88, 97], 

which can also be partly responsible for the observed reduction in γ or γT for the type-I 

transistors under study.  
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3.9. Validation of Eexp(γγγγE) Model: Strain Dependence of ∆NIT 

Strain technology has been extensively used over the last three CMOS generations 

[193]. ESR experiments [95, 96] on these transistors confirm that regardless of strain, 

these transistors are initially characterized by the same type of NIT or Pb centers. 

However, it is still unclear whether the mechanism and the rate of NBTI-induced ∆NIT in 

these strained transistors are, in any way, different from that of unstrained ones. 

Empirically, even though NBTI activation energy is strain-independent [194-197], 

reported ∆VT due to ∆NIT, for similar Eox, are erratic (reported to be slightly 

decreasing/strain-invariant in [195, 198] or increasing with strain in [194, 196, 197, 199-

201]). So, the question is: “If the type and mechanism/ activation energy of ∆NIT is strain-

independent, why does ∆NIT@Eox (i.e. rate of NBTI-induced ∆NIT) depend on strain?” 

In this section, we answer the aforementioned question by applying our Eexp(γE) 

model (Figure 3.16) to a wide-variety of uniaxial-compressive and biaxial-tensile strained 

transistors. Also, by explaining the variation of γ, EA,IT and hole wave function interaction 

with NIT (i.e. γT), we justify the universality of our Eexp(γE) model (Figure 3.16). 

3.9.1. ∆NIT for Uniaxial Compressive Strain 

Before starting our analysis, we need to verify the dominance of ∆NIT in observed 

∆VT for these transistors, so that correction related to hole trapping (see section 6.7.5) can 

be safely ignored. For that, we measure ∆VT using MSM setup (see section 6.4) for 

various uniaxial-compressively strained transistors having lightly dosed plasma nitrided 

dielectric (EOT ~ 1.4nm). Hence, we estimate NIT’s contribution to ∆VT or ∆VIT using 

∆VIT = ∆m*EG,Si, which assumes uniform NIT generation within the Si bandgap (EG,Si 

~1.1eV). As sub-threshold slope is not effected by hole trapping (see Figure 8.1), 

presence of hole trapping is expected to make ∆m*EG < ∆VT [202], which is not observed 

for strained/unstrained transistors under study (Figure 3.24a-c). To reaffirm this 

conclusion, we perform on-the-fly ID,lin measurement, with 1ms time-zero delay and 

appropriate mobility correction (section 6.7.4), for both unstrained (Figure 3.24d) and 
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strained (Figure 3.24e) transistors. We find power-law time exponent (n) of ~1/6 at wide 

range of voltages and temperatures and an activation energy of ~0.09eV (Figure 3.25a), 

again suggesting ∆NIT dominates ∆VT [119, 129, 138, 154] in these transistors. 
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Figure 3.24: (a-c) Comparison of ∆VT and body-effect co-efficient degradation (∆m) 

indicates negligible hole trapping in the uniaxial devices under study. (d,e) Power-law 

time exponents of ∆VT in on-the-fly ID,lin measurements (time-zero delay, t0 ~ 1ms, see 

section 6.7.3 for a discussion on the importance of t0 in NBTI measurements) are close 

to ~1/6, again indicating negligible hole trapping [119, 129, 138, 154] in all the uniaxial 

compressively  strained transistors under study. 
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Next, we fit ∆VT using our field model (Figure 3.16) to determine γ as a function of 

uniaxial compressive strain (Figure 3.25b). In addition, we observe in section 3.7.5 and 

Figure 3.19b that γT is approximately invariant with uniaxial compressive strain. 

Therefore, according to equation (3.3) there would also be negligible variation in a, as 

well. Hence, SiH bond dissociation mechanism (i.e., a, γT) is independent of uniaxial 

compressive strain. 
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Figure 3.25: Uniaxial compressive strain causes: (a) negligible change in NBTI 

activation energy (EA,IT ~ 0.09 eV), thus indicating similar diffusing species, as well as 

negligible hole trapping [119, 129, 138, 154]; and (b) negligible variation for γ. Insets 

show the calculation procedure for EA,IT, γ. 

Similar to the analysis in section 3.8.3, we verify the independence of γT (i.e., hole 

wave-function interaction) with uniaxial strain by studying the effective mobility (µeff) 

variation in Figure 3.26. Later, empirical mobility model (µeff = µ0/[1+θ(VG-VT)
η] ; see 

section 6.4 for details) is used to extract variation in µ0 (∆µ0) and θ (∆θ) parameters using 

µeff vs. (VG-VT) data obtained before and after NBTI stress (Figure 3.26a). We then 

estimate parameters P1 and P2 using equation (6.17) (Figure 3.26b), which provide a 
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reliable signature of hole wave function interaction with NIT or γT (see section 6.7.4.5 and 

[203]). We find P1 and P2 essentially constant (Figure 3.26c), thus validating our 

conclusion that variation of γT with strain is negligible. 
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Figure 3.26: (a) Fitting µeff vs. (VG-VT) using well-known empirical mobility expression, 

we estimate µ0 and θ at different stress intervals. (b) Estimated degradation in µ0 (∆µ0) 

and θ (∆θ) correlate well with ∆NIT and can be used to calculate P1, P2. (c) Variation of 

P1 and P2 are independent of uniaxial compressive strain, within the error margin of 

estimation, which is an independent signature of the invariance in wavefunction 

interaction (γT) with strain (see section 6.7.4.5 and [203]). 



 

 

72

Given the independence in γT and a (hence γ) with uniaxial compressive strain, the 

observation that ∆VT at constant Eox (~VG-VT) decreases with increase in strain (Figure 

3.27a) can only be explained if the factor AIT ~ [N0PT]
2/3 ~ [N0exp(-√moxφbh)]

2/3 in 

equation (3.5) decreases with compressive strain. We know that under compressive strain 

sub-bands with higher confinement effective mass (mz), i.e., heavy hole (HH) bands, form 

the top of the valence band (Figure 3.15c). Also, these HH bands are well-separated from 

the light hole (LH) bands. Hence, carrier occupancy in HH bands increases with strain 

and these carriers face higher φbh, due to higher mz [193, 204]. As a result, AIT or PT 

decreases with increase in strain, which is consistent with the observed reduction in 

PMOS gate leakage (at fixed Eox) for these devices (Figure 3.27b, also see [193]). 

Moreover, compressive strain also enhances the lattice mismatch between Si substrate 

and oxide [95, 96], thus increases N0. In sum, since N0PT (thus ∆VT@Eox for fixed γ) in 

our compressively strained transistors decreases with strain (Figure 3.27a), we presume 

that the decrease in PT supersedes any increase in N0 for these transistors. Also, there are 

reports of transistors having increased ∆VT@Eox (hence, higher N0PT for same γ) with 

compressive strain [197, 199, 200]. This is due to an increase in N0 by incorporation of 

enhanced H during SiN deposition. Such increase in N0, exceeding the one expected from 

lattice mismatch [95, 96], is probably larger than the decrease in PT (Figure 3.27b), thus 

increasing ∆VT@Eox with strain for the devices in [197, 199, 200]. 
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Figure 3.27: Though uniaxial compressive strain does not alter field acceleration 

parameter γ (Figure 3.25b), (a) it decreases ∆VT, measured at similar electric field (or, 

VG-VT). This is shown here with three different strained devices, measured using on-the-

fly I D,lin (t0~1ms) at two different VG-VT. Decrease in ∆VT with strain, for similar γ, 

implies decrease in N0PT in equation (3.5). Similarly, (b) decrease in gate leakage (at 

same VG-VT) for similar devices signifies a reduction in PT, which should be dominating 

over any increase in N0 [95, 96] to give reduced N0PT with increase in compressive 

strain. 

3.9.2. ∆NIT for Biaxial Compressive Strain 

In section 3.7.5 and Figure 3.19c, we observed γT is approximately invariant with 

biaxial tensile strain. Since field acceleration (γ) is also independent of biaxial strain 

[194, 196], effective dipole moment for SiH bond (i.e., a) should be invariant with biaxial 

tensile strain, as well as uniaxial compressive strain (as discussed in section 3.9.1).  
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Figure 3.28: Biaxial tensile strain increases in ∆VT (with respect to that for unstrained 

devices, measured at similar electric field); line is guide to eye only. 

Moreover, contrary to compressive strain, tensile strain forces LH to form the top of 

the valence band (Figure 3.15d) [204]. Hence, occupancy in the LH band increases with 

tensile strain, which enhances gate leakage at fixed Eox [193, 196] (due to lower mz, hence 

reduced effective hole tunneling barrier for carriers in the LH band) – signifying an 

increase of PT in our field model (Figure 3.16). Tensile strain also reduces N0 due to 

reduced lattice mismatch between Si substrate and oxide [95, 96]. Hence, increased 

∆VT@Eox, observed in [194, 196, 201] (Figure 3.28), should have resulted from a 

dominant increase in PT with tensile strain, compared to the reduction in N0.  

3.9.3. Summary: Strain Dependence of ∆NIT 

Thus by critically examining the impact on NBTI-induced ∆NIT due to 

uniaxial/biaxial and compressive/tensile strain, we identify physical model parameter 

(N0PT) as the single parameter responsible for the observed strain dependency over a 

wide range of experiments. We also can consistently explain the increase/decrease of 

N0PT with tensile/compressive strain for the transistors under study. 
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3.10. Predicting Lifetime Using Field Model 

The field-dependent model of section 3.7 can be used to calculate the safe operating 

voltage for a given lifetime (say, 5 years) and failure criteria (e.g., 60mV of ∆VT) (Figure 

3.21).  Our calculation suggests that, neither exponential nor power law fit of ∆VT data 

(taken at higher stress condition) provide exact estimations of safe operating voltage 

(Figure 3.29). Exponential fit underestimates and power law fit overestimates the lifetime 

for the transistor being considered. The power law fit can provide good estimate if low 

stress field data is used in lifetime projection (which is time-consuming). 
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Figure 3.29: Comparison between exponential and power law fit of ∆VT data for 

obtaining safe operating condition using stress data. Exponential fit underestimates and 

power law fit overestimates lifetime. 

Finally, we consider the soft-saturation of ∆VT at long stress time (i.e., reduction of 

power-law time exponent n at tstress > 0), which is very important for predicting NBTI 

lifetime. Because a reduction in n can significantly increase the lifetime of a transistor at 

a certain operating condition, thus relaxes the reliability criteria for transistor designers. 

Figure 3.30 shows measured time exponent as a function of time for various stress bias. 

Note that the time exponent reduces from the robust n~1/6 value at long stress time (e.g., 

δn~0.005/dec), the reduction being higher for higher stress VG. This reduction arises from 

the decrease in oxide electric field at constant voltage stress due to increase in ∆VT over 
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time. The figure predicts a decrease in n to ~0.145 for stress condition @ 2.8V, 125 0C in 

Figure 3.5 and such exponent is consistently observed in experiments for type-I 

transistors [127, 128, 130, 140].  
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Figure 3.30: Decrease in long-term NBTI exponent results from the reduction of stress 

field (for constant voltage stress) with time. Here, thick lines consider such reduction in 

electric field over time, whereas thin lines do not consider such “self-saturation” effect. 

3.11. Summary 

In this chapter, we have systematically explored the time-dependent NIT generation 

for various types of transistors having wide variation in nitrogen concentration within the 

dielectric film, as well as strain within the channel. Our analyses over different varieties 

of Reaction-Diffusion (R-D) theory enable us to identify H-H2 R-D model to capture 

major features of NIT experiments. In the process, we develop the first physical 

explanation of field-dependence within the R-D framework for describing NIT generation. 

The model has been validated for type-I transistors (having dominance of NIT generation 

during NBTI stress), which has different amount of nitrogen within the dielectric and 

strain within the channel. Finally, the relevance of this analysis is explored in predicting 

the lifetime of a transistor. 
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4. STATISTICS OF INTERFACE DEFECT GENERATION 

4.1. Introduction 

Dimension of modern transistors are extremely small, e.g. transistors used in 6T-

SRAM for 45nm CMOS technologies have a gate area of 0.0048 µm2 [48]. As a result, a 

typical Si-H bond density of ~1012 cm-2 leads only to 48 Si-H bonds for the 45nm CMOS 

technology. Since Si-H bonds are the pre-cursor for interface defect NIT, NBTI-induced 

NIT will also be small (less than 10, for NIT ~1011 cm-2). This necessitates a designer to 

consider the statistical distribution of generated interface defects at a particular stress 

time tSTS, in addition to the median NIT (discussed in chapter 3). Here, one needs to 

estimate the spread of NIT-induced ∆VT up to transistor’s lifetime and thus ensure that the 

tails of ∆VT distribution do not cross the pre-defined reliability criteria.  

The importance of such ∆VT spread in circuit operation has already been analyzed in 

several publications over the last few years [49, 50, 205-209]. Nevertheless, (as we will 

see) the statistics of NBTI degradation, on which the circuit analysis is performed, 

requires better theoretical understanding. Though Poisson statistics was initially used 

(empirically) to interpret the spread of NIT-induced ∆VT [49], statistics like Gaussian or 

normal [48, 50, 205, 206], Skellam [207, 210], etc. have also been considered in 

subsequent years. Recently, negative ∆VT tails are also observed in small transistors [207, 

210], which has again been empirically explained by using the statistics of two 

uncorrelated Poisson-random process during NIT generation [207], namely the 

dissociation of Si-H bond during the creation process and annealing of broken bonds 

during the destruction process. However, no systematic study has so far analyzed the 

physical origin of NIT distribution in small transistors.  
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In this chapter, we obtain the statistics of NIT-induced ∆VT by performing Markov 

Chain Monte-Carlo (MCMC) analysis of Reaction-Diffusion (R-D) model both by 

analytical (section 4.3.1) and numerical (sections 4.3.2 and 4.4) calculations. We find that 

in small transistors, the distribution of tSTS@NIT follows a log-normal distribution and the 

distribution of NIT@tSTS in small transistors follows a skew normal distribution. However, 

at very long stress time or for large size transistors, both NIT@tSTS and tSTS@NIT statistics 

do revert back to the expected normal distribution. Therefore, we show that the statistics 

obtained from MCMC is consistent with the one obtained using analytical calculation. 

Moreover, contrary to the analysis in [207, 210], our MCMC R-D simulation establishes 

that the creation and destruction of NIT is a correlated process, hence NIT-induced ∆VT 

should always be positive (section 4.3.3).  

4.2. MCMC Transition Matrix 

In this section, we set up the Markov Chain transition matrix using the R-D systems 

of section 3.5 with atomic hydrogen (section 4.2.1) and both atomic and molecular 

hydrogen (section 4.2.2) as diffusing species. These simulation frameworks allow us to 

obtain the NIT distribution at different levels of tSTS and NIT. 

4.2.1. Transition Matrix: H Diffusion 

To create the transition matrix for H-diffusion based R-D system, we first discretize 

equations (3.2)-(3.4) for constant time step ∆t and constant grid size along the diffusion 

direction ∆x. This results the following discretized version of R-D equations: 

 ( ) ( ) ( ) ( ) ( 0)
01 / ,j

IT IT F IT R IT HN i N i t k N N i k N i N =+ − ∆ = − −        (4.1) 

 ( ) ( ) ( ) ( ) ( )2 1 11 / 2 ,j j j j j
H H H H H HN i N i t D x N i N i N i− + −   + − ∆ = ∆ + −     (4.2) 

 
( ) ( ) ( ) ( )

( ) ( )

0 0 1 0

( 0)
0

0.5 1 /

,

j j j j
H H H H H

j
F IT R IT H

N i N i x t D x N i N i

k N N i k N i N

= = = =

=

   + − ∆ ∆ = ∆ − +   

− −  

 (4.3) 
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where i and j indicate the time index and the space index, respectively (j = 0 indicates the 

Si/dielectric interface). Rearranging the terms in equations (4.1)-(4.3), we have – 

 ( ) ( ) ( ) ( 0)
0 01 / 1 / ,j

IT F IT R HN N i x p N N i x p N =− + ∆ = − − ∆ +        (4.4) 

 ( ) ( ) ( ) ( ) ( )1 11 1 2 ,
H H

j j j j
H D H D H HN i p N i p N i N i+ − + = − + +   (4.5) 

( ) ( ) ( )0 ( 0) 1
01 2 / 1 2 2 2 ,

H H

j j j
H F IT R D H D HN i p N N i x p p N p N i= = = + = − ∆ + − − +     (4.6) 

where pF = kF∆t, pR = kRNIT∆t/∆x, and 
HDp = DH∆t∆x-2. Equations (4.4)-(4.6) enable us to 

define the Markov model of Figure 4.1 for the R-D system of equations (3.2)-(3.4). We 

can also express equations (4.4)-(4.6) in the following matrix form: 

 

N0 - NIT NH
0 NH

1 NH
N

1 – 2pDH

1 – 2pDH–

2pR1 – pF

2pF
NH

2 NH
N-1

pDH

2pDHpR

………………...

NIT

2pF

pDH

pDH

pDH

pDH

1 – 2pDH 1 – pDH

 
Figure 4.1: Markov model for probabilistic motion in an R-D system having H 

diffusion. The model is based on equations (4.4)-(4.6). The model considers reflecting 

boundary at the interface of poly/SiN cap (at j = N). Such relection leads to saturation 

of NIT and is only expected to occur at very long stress time. 
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(4.7) 

In equation (4.7), [M] i is the Markov model transition matix defining the transition and 

staying probability of one particle after i-th time step, {ρ} i = [(N0-NIT)/∆x NH
j=0 NH

j=1  

…]T is a vector for storing the interface defect density and hydrogen concentration at 

different stress time tSTS. The diagonal elements of [M] i indicate the staying probability of 

each monte-carlo particle; whereas the off-diagonal elements indicate the transition 

probabilities in forward or reverse direction within the simulation domain.10 Now, in 

order to determine the mean value of NIT and NH at different tSTS = [t1 t2 t3 …], we define 

ρ(tSTS = 0) = {ρ} 0 = [N0/∆x 0 0 …]T and hence, obtain {ρ} i at different ti using {ρ} i = [M] 

i-1 { ρ} i-1. Next, we determine the statistics of {ρ} i through monte-carlo simulation. During 

monte-carlo simulation, we use {ρ} 0 = [N0LW 0 0 …]T and the transition, staying 

probabilities of equation (4.7) at each time step ti to determine the statistics of R-D 

system. 

                                                 
10 Equation (4.7) is an improvement over the formalism reported in [211], where the 

authors have ignored the multiplication factors at the interface between reaction and 

diffusion terms (defined by equation (3.4) or (4.6)). Moreover, [M] i is also assumed to be 

time-invariant in [211], which is not the case in the R-D system under study, where pR is 

time-dependent. 
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4.2.2. Transition Matrix: H-H 2 Diffusion 

To create the transition matrix for H-diffusion based R-D system, we first discretize 

equations (3.24)-(3.26) for constant time step ∆t and constant grid size along the diffusion 

direction ∆x. This results the following discretized (and rearranged) version of R-D 

equations: 

 ( ) ( ) ( ) ( 0)
0 01 / 1 / ,j

IT F IT R HN N i x p N N i x p N =− + ∆ = − − ∆ +        (4.8) 

 

( ) ( ) ( )
( ) ( )

( ) ( ) ( ) ( )
2 2

2 2 2 22

0 0
0 ,0

1 0
,0

0 0 0 1
,0 ,0

1 2 / 1 2 2 2

2 2 ,

1 1 2 2 ,

H

H

H H

j j
H F IT R D H H

j j
D H H H

j j j j
H H H D H H D H

N i p N N i x p p p N i

p N i p N i

N i p N i p p N i p N i

= =

= =

= = = =

 + = − ∆ + − − −    

+ +

 + = + − − +
 

 (4.9) 

 

( ) ( ) ( ) ( )
( ) ( )

( ) ( ) ( ) ( )
( ) ( )

2 2

2 2 2 22 2

22

1
,

1
,

1
,

1
,

1 1 2

,

1 1 2 0.5

0.5 ,

H H

H

H H

H

j j j
H D H D H j H

j j
D H H j H

j j j
H D H D H j H

j j
D H H j H

N i p N i p p N i

p N i p N i

N i p N i p p N i

p N i p N i

−

+

−

+

+ = + − −

+ +

+ = + − −

+ +

 (4.10) 

where 
2HDp =DH2∆t∆x-2, pH,j = kHNH 

j∆t, 
2 ,H jp = kH2∆t, DH2 is the molecular hydrogen 

diffusion co-efficient, kH is the conversion rate from H to H2, and kH2 is the conversion 

rate from H2 to H. Equations (4.8)-(4.10) enable us to define the Markov model of Figure 

4.2 for the R-D system of equations (3.24)-(3.26), having H-H2 diffusion. We can also 

express equations (4.8)-(4.10) in the matrix form of equation (4.11). 
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N0 - NIT NH
0 NH

1 NH
N

1 – 2pDH

– pH

1 – 2pDH–

2pR – 2pH1 – pF

2pF
NH

2 NH
N-1

pDH

2pDHpR

………………...

NIT

2pF

pDH

pDH

pDH

pDH

NH2
0 NH2

1 NH2
N

1 – 2pDH2

– 0.5pH2

1 – 2pDH2 

– pH2

NH2
2 NH2

N-1

pDH2

2pDH2

………………...
pDH2

pDH2

pDH2

pDH2

2pH2pH pH20.5pH pH20.5pH pH20.5pH

1 – 2pDH2

– 0.5pH2

1 – pDH2 –

0.5pH2

1 – 2pDH2

– 0.5pH2

pH20.5pH

1 – 2pDH

– pH

1 – 2pDH

– pH

1 – pDH

– pH

 
Figure 4.2: Markov model for probabilistic motion in an R-D system having H-H2 

diffusion. The model is based on equations (4.8)-(4.10). 
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The definition of matrix elements in equation (4.11) are similar to the one in 

equation (4.7), except equation (4.11) has some extra terms related to H2 diffusion and H-

H2 inter-conversion. Also, the steps for performing monte-carlo simulation are similar to 

the one stated at the end of section 4.2.1. 

4.3. Statistics of R-D System: H Diffusion 

In this section, we use the transition matrix, defined in equation (4.7), to obtain the 

statistics of NIT with H as the diffusing species. Here, one has to note that NIT generation 

under NBTI stress is actually governed by H2 diffusion (having power-law time exponent 

at long stress time, n~1/6), rather than H diffusion (having n~1/4) considered here. 

However, the statistical nature of R-D system does not depend on H or H2 or H-H2 

diffusion and R-D system with H diffusion is easier to track analytically using generating 

function (see section 4.3.1). Therefore, we use MCMC analysis with H diffusion to draw 

the main conclusions about the statistical nature of R-D system and later show that R-D 

system with H-H2 diffusion (see section 4.4) also has similar signature. We also 

artificially increase the magnitude of kF (beyond the one reported in Figure 3.5) to 

observe NIT statistics in the diffusion phase (commonly observed in experiment, having 

NIT ~ 1011 cm-2) within the simulation time-frame of 1 sec. For these parameter sets, we 

observe no reflection from the poly/SiN cap interface within the simulation time-frame. 

4.3.1. Analytical Calculation 

Before performing MCMC simulation, we obtain the statistics of H-diffusion based 

R-D system through an analytical calculation of the moments of the distribution. This 

calculation enables us to interpret the simulation results, shown in section 4.3.2.  
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4.3.1.1. Statistics for tSTS@NIT 

Power series generating functions [212] are well adapted to calculate the moments of 

tSTS@NIT distribution by using the transition and staying probabilities of the markov 

transition matrix of equation (4.7). It can be shown using generating function that the 

mean tSTS for a particular level of NIT is [213-215]: 

 
1 2 1

0,
0 0 1 1

1 1
,

iS S S
j

S
k k i k j kk k j

q
t

p p p
µ

− − −

= = = + = +

 
= + ∆ 
  
∑ ∑ ∑ ∏  (4.12) 

where p’s and q’s are the right (moving away from the Si/dielectric interface in the R-D 

system under study) and left (moving towards the Si/dielectric interface) transition 

probabilities, respectively; S is the average number of monte-carlo (or random walk) 

steps taken for generated NIT; for example, S = 0 means no Si-H bond dissociation, S = 1 

means Si-H bond dissociation with insignificant diffusion, and S > 1 means that the 

dissociated H has diffused (on average) a distance (S-1)∆x away from the interface. For 

equation (4.7), p0 ~ 2pF = 2kF∆t, q1 ~ pR = kRNIT∆t/∆x, and p1 ~ p2 = p3 = ……= pS-1 = q2 

= q3 = ……= qS = 
HDp = DH∆t∆x-2. Hence, using equation (4.12), we calculate – 

 0, 2

/1 1
.

2 2 2
R IT

S
F H F

k N xS S
t

k t D t x k
µ −

  ∆−= + + ∆  ∆ ∆ ∆   
 (4.13) 

Similarly, using generating function we can also calculate (see Appendix D for details) 

variance of tSTS@NIT distribution: 
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2 2 1
.

2 22
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2 23

F HF H
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F FH H

S S S S S

k t D t xk t D t x

k N x k N x S
t

k tk t

S S S k N x k N xS

k t k tD t x D t x

σ

−−

− −

 + + +
 − + +

∆ ∆ ∆∆ ∆ ∆
 
  ∆ ∆ +
 = − − ∆ 
 ∆∆  
 
 + +  ∆ ∆+ + +  ∆ ∆ ∆ ∆ ∆ ∆  

 (4.14) 

Now, in the reaction (when, S ~ 0) and diffusion (when, S >>  1) limits of the H-diffusion 

based R-D system, equations (4.13)-(4.14) reduces to – 
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 2
0, 0, 2

1 1
; , (Reaction regime)

2 4S S
F Fk k

µ σ≃ ≃  (4.15) 

 
( )

2 4
2

0, 0, 22 2
; . (Diffusion regime)

2 6
S S

H H

S S

D x D x
µ σ− −∆ ∆
≃ ≃  (4.16) 

Here, equation (4.15) reflects that if there were no diffusion or annealing (i.e., both DH 

and kR are negligible), Si-H bond dissociation will occur after a mean time of ~1/2kF, 

having a standard deviation of the same order. Interestingly, equations (4.15) and (4.16) 

suggest that both in the reaction and diffusion limits of the R-D system, 0, 0,~S Sµ σ . 

Remarkably, this is a general characteristics for a log-normal distribution, where 

2exp 1σ − ~ 1 in the following expression for probability distribution function (PDF): 

 
( )2

2

ln1
exp

22

x
PDF

x

µ
σσ π

 −
= − 

  
 (4.17) 

For the tSTS@NIT distribution, we calculate ( )2 2

0, 0, 0,
ln 0.5 ln 1

S S S
µ µ σ µ= − +  

0,
~ ln

S
µ  and 

( )2 2

0, 0,
ln 1

S S
σ σ µ= + ~ ln 2  (or 0.362 in the base-10 log-scale). Thus 2exp 1 ~ 1.16σ −  

for our case, such that, ( )2
0, 0,~ ~ exp / 2S Sµ σ µ σ+ . Therefore, the generating function 

calculation anticipates a log-normal distribution for tSTS@NIT, at any stress time, with an 

approximately constant σ. Obviously, for large tSTS or for large-area transistors, where µ0,S 

is very large, log-normal distribution of equation (4.17) reverts back to the well-known 

Gaussian or normal distribution.  

4.3.1.2. Statistics for NIT@tSTS 

Though we have developed an analytical formalism for predicting the distribution of 

tSTS@NIT in section 4.3.1.1, measurements are always performed to obtain the distribution 

of NIT@tSTS. To interpret such measurements, we use our analytical results of tSTS@NIT 

distribution and hence graphically predict the NIT@tSTS distribution using Figure 4.3.  
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We know that the R-D system with H-diffusion has a power-law time exponent n ~ 1 

in the reaction regime and n ~ ¼ in the diffusion regime. Such power-law behavior 

suggests that when the tSTS@NIT distribution is log-normal (following equation (4.17)) 

with constant σ, the NIT@tSTS distribution should also be log-normal with constant σ. 

Now, the σ for the NIT@tSTS distribution will be n times the σ for the tSTS@NIT distribution 

(as graphically illustrated in Figure 4.3). Thus, the NIT@tSTS distribution will have a 

constant σ ~0.362 (in base-10 log-scale) in reaction regime and σ~0.0905 in the H-

diffusion regime. Our MCMC simulation also suggests that one can readily observe a 

log-normal distribution for tSTS@NIT (see Figure 4.5). However, the constaints of NIT > 0 

and presence of small σ results in a skew-normal or normal distribution for NIT@tSTS (see 

Figure 4.4 and Figure 4.7), as discussed later. 

log10 tSTS

log10 NIT

101 103

( )2

2

ln1
exp

22

x
PDF

x

µ
σσ π

 −
= − 

  

σ:  ~0.36 for tSTS@NIT

~0.09 for NIT@tSTS

102

3σ for tSTS distribution

~101/4

NIT ~ tSTS
1/4

~103/4

~102/4

tSTS distribution

NIT distribution

 
Figure 4.3: Schematic illustrating the idea that a log-normal distribution for tSTS@NIT 

guarantees a log-normal distribution for NIT@tSTS with contant σ for the distribution 

expressed in the form of equation (4.17).  
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4.3.2. MCMC Simulation Results 

4.3.2.1. Consistency with Continuum Simulation 

Before studying the statistics of NIT generation, we first confirm that our MCMC 

results (simulated using equation (4.7)) is consistent with the continuum simulation 

results (obtained by numerically solving equations (3.2)-(3.4)). As shown in Figure 4.4, 

the average of about 100 MCMC simulations has remarkable consistency with the 

continuum simulation for a large (L = 100nm; W = 1um) transistor (Figure 4.4a), as well 

as for a small (L = 50nm; W = 100nm) transistor (Figure 4.4b). However, average NIT is 

not just the quantity that we care about in small transistors; we need to know the 

statistics. In the subsequent sections, we simulate the statistics of NIT generation using 

equation (4.7), both analytically and numerically.  

4.3.2.2. Simulated Statistics of tSTS@NIT 

After checking the consistency of our MCMC simulation with the continuum 

simulation, we use the MCMC simulation to obtain the distribution of tSTS@NIT. As 

shown in Figure 4.5, such distribution is symmetric around the median value in a 

semilog-x plot, while only being cut-off at the two ends by the sampling time and the 

simulation length (1 ms and 1 sec, respectively for Figure 4.5). As such, it is evident that 

the tSTS@NIT distribution follows a log-normal behavior (as predicted from our analytical 

calculation in section 4.3.1.1), having its median point being traced by the continuum 

simulation. More interestingly, the log-normal distributions of Figure 4.5 has a constant σ 

~ 0.5 (at all tSTS), which is a little larger than the one obtained from the approximate 

analysis in section 4.3.1.1. 
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Figure 4.4: Time dependence and PDF of interface defect generation for (a) large 

transistor (L = 100nm, W = 1um) and (b) small transistor (L = 50nm, W = 100nm) using 

kF = 3 sec-1, kR = 2x10-16 cm-3sec-1, and DH = 10-13 cm2-sec-1. For the large transistor, the 

PDF evolves from skewed normal (in the reaction phase) to a normal (in the diffusion 

phase) distribution. However, for the small transistor, the distribution stays skewed 

normal, even in the diffusion phase, which is commonly captured within the 

measurement window of NBTI measurement scheme (like MSM). 
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Figure 4.5: Distribution of tSTS at different levels of NIT obtained from 1000 MCMC 

simulation in the small transistor under study. The distribution is clearly log-normal, 

having cut-off at tSTS = 1 msec (sampling time) and tSTS = 1 sec (maximum length of 

MCMC simulation). The distribution also has constant standard deviation in the 

semilog-x plot, as expected from analytical calculation. 

4.3.2.3. Simulated Statistics of NIT@tSTS 

Given that the tSTS@NIT distribution is log-normal, let us study the distribution of 

NIT@tSTS (commonly measured in NBTI experimetns) for the large transistor (L = 

100nm, W = 1um). Though the distribution is clearly Gaussian at longer simulation time, 

it shows significant skewness at shorter time (insets of Figure 4.4a). However, such 

skewness is only observed at a mean NIT, µIT <<1010 cm-2 (or ∆VT,mean < 1mV for a 

transistor with EOT ~ 1nm), which is seldom reported in conventional NBTI statistics 

measurement. On the other hand, for small transistor (L = 50nm, W = 100 nm), NIT@tSTS 
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distribution do not become Gaussian, even for a µIT ~2x1011 cm-2 (insets of Figure 4.4b), 

commonly measured in NBTI experiments. The standard deviation of the NIT distribution 

(σIT) always increases with mean µIT (see Figure 4.6a), which is also consistent with 

experimental observations [48, 49, 206, 208]. More importantly, NIT@tSTS distribution in 

small transistor has significant positive skewness γIT (see Figure 4.6), also reported in 

many NBTI measurements [207, 208, 210]. Therefore, the following expression of 

skewed Gaussian distribution [216] best fits the NIT@tSTS distribution in small-size 

transistors: 

 ( ) 2 ,IT IT IT IT
IT IT

IT IT

N N
f N

ξ ξφ α
ω ω

   − −= Φ   
   

 (4.18) 

where φ(x) and Ф(x) indicate the probability distribution function (PDF) and cumulative 

distribution function (CDF) of a Gaussian distribution, and ξIT, ωIT, αIT have the following 

relationship with the µIT, σIT, and γIT of the NIT@tSTS distribution [216]: 
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Now for fitting the NIT@tSTS statistics using equation (4.18), we first estimate µIT, σIT, 

and γIT of the NIT@tSTS distribution. Then, we estimate the skew-normal distribution 

parameters ξIT, ωIT, and αIT using equation (4.19)  and hence check the goodness of 

equation (4.18) in matching the NIT@tSTS distribution. Figure 4.7 shows the NIT@tSTS 

distribution, obtained from 10000 MCMC simulations, in the small transistor (L = 50nm; 

W = 100nm) under study at µIT ~1011 cm-2 and skew-normal distribution (equations (4.18)

-(4.19)) indeed shows the best match compared to other distribution functions. Sum of 

squares due to error for skew-normal distribution is ~4.6x10-5, which is at least an order 

of magnitude smaller than the same obtained for other distribution functions. 
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4.3.2.4. Comparison Between Analytical and Numerical Results 

Thus, the NIT@tSTS distribution follows either a skew-normal or normal distribution, 

depending on the size of the transistor. However, the interpretation of Figure 4.3 suggests 

that both NIT@tSTS and tSTS@NIT statistics should follow a log-normal distribution. 

Whereas, MCMC simulation suggests a log-normal behavior only for the tSTS@NIT 

distribution (Figure 4.5), but not for the NIT@tSTS distribution (see insets of Figure 4.4 and 

Figure 4.7). This is because σ of equation (4.17) for the NIT@tSTS distribution is quite 

small compared to µ, which was not the case for the tSTS@NIT distribution. As explained 

in Figure 4.5, σ for NIT@tSTS in the diffusion regime is 4 times smaller than the σ for 

tSTS@NIT. As a result of this small σ for the NIT@tSTS distribution in the diffusion regime, 

the log-normal distribution for the NIT@tSTS statistics approaches a normal distribution, as 

observed for the large transistor in Figure 4.8a.  

It would have been possible to observe log-normal NIT@tSTS distribution in the 

reaction-regime for large transistor (where, σ for the NIT@tSTS distribution is 

comparatively larger), however, in that regime the NIT@tSTS distribution is skewed 

towards the positive side (see Figure 4.8b) due to the constraints of NIT > 0 (as is also the 

case in small transistor, see Figure 4.7). Therefore, though log-normal distribution is 

physically expected for the NIT@tSTS statistics, due to the constraints of small σ (for 

equation (4.17)) the NIT@tSTS statistics approaches a normal distribution at comparatively 

larger µIT. Also, for the constraints of NIT > 0, the NIT@tSTS statistics for small µIT (as the 

case in small transistors) approaches a skew-normal distribution. 
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Figure 4.6: (a) Though the mean (µIT) and standard deviation (σIT) increases with tSTS 

with a power-law time exponent (~0.25 for µIT and ~0.1 for σIT), skewness (γIT) reduces 

with tSTS. Such reduction in γIT indicates that the distribution is approaching towards a 

Gaussain one at longer tSTS. (b) The normal probability plot also confirms the existence 

of skewness at tSTS = 1sec for Figure 4.4b. The PDF has a shape similar to the one 

reported in [207, 208, 210]. 
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Figure 4.7: Both PDF and CDF of NIT@tSTS = 1sec can consistently be explained using 

the skewed normal distribution of equations (4.18)-(4.19). Other statistics (Gaussian, 

Poisson, and log-normal) are fitted with the simulated data using maximum likelihood 

estimation (MLE). SSE for different distribution functions are: 4.6x10-5 for skew-

normal, 4x10-4 for Gaussian, 11.4x10-3 for Poisson, and 2x10-3 for log-normal.  
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Figure 4.8: (a,b) PDF and CDF for a large transistor in the diffusion regime showing no 

distinction between a log-normal and normal distribution. (c,d) Log-normal was 

expected for the same transistor in the reaction regime; however, in this reaction 

regime, the distribution gets constraint by NIT > 0 and gets skewed towards positive side 

of NIT as in Figure 4.7.  
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4.3.3. On The Existence of Correlated NIT Creation 

As evident from our discussions so far, the statistics of a R-D system follows a log-

normal distribution of equation (4.17), unless it is modified to a normal distribution for 

small σ, or is modified to a skew-normal distribution due to the NIT > 0 contstraints. Let 

us now discuss the correlation between the creation (Si-H bond dissociation) and 

destruction (Si- bond annealing) processes of NIT. Such correlation was neglected to 

interpret the recently observed negative ∆VT tails in NBTI experiments [207, 210].  

In all our MCMC R-D simulations, the creation and destruction of NIT, as well as 

diffusion of H, are considered as separate random processes. However, destruction of NIT, 

through the second term in right-hand side of equation (3.2), is only possible for NIT > 0. 

This dictates that the creation and destruction processes in R-D model can not be 

uncorrelated (as presumed in [207]) and consequently generated NIT (hence ∆VT) can not 

be negative. In support of this argument, none of our MCMC R-D simulation show 

negative NIT-induced ∆VT, suggesting a correlation between the creation and destruction 

processes in the R-D system.11 Thus, the observation of negative ∆VT tails in [207, 210] 

may be a consequence of NIT relaxation in transistors having pre-existing NIT or higher 

VT, before the application of NBTI stress. As a result, the pre-existing NIT of these high 

VT transistors gets annealed during the NBTI stress and results negative ∆VT (see Figure 

4.9). 

                                                 
11 Similarly, we also expect a correlation between the hole trapping and detrapping 

processes and, therefore, a non-negative ∆VT due to the overall trapping-detrapping 

mechanism. 
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Figure 4.9: (a) PDF and (b) CDF of NIT-induced ∆VT for a small transistor having pre-

existing interface defect. The distribution can explain the observation of negative ∆VT 

tails in the experiments of [210]. 

4.4. Statistical Signatures of R-D: H-H2 Diffusion 

In the last section, we have analyzed the statistical signature of R-D system having 

atomic hydrogen as the diffusing species. Here, we repeat the same steps for the R-D 

system having both atomic and molecular hydrogen as the diffusing species. Such H-H2 

R-D system results in a power-law time exponent, n ~ 1/6, and hence more relevant for 

NIT generation under NBTI stress. As we did for the H-based R-D system, we use a 

transition matrix (this time, we use the [M] i of equation (4.11) to simulate the statistics of 

NIT. The R-D parameters chosen in the MC simulation ensures that we observe the NIT 

statistics in the diffusion phase (commonly observed in experiment, with NIT ~ 1011cm-2) 

within the simulation time-frame of 1 sec.  

After setting the simulation framework, we check the consistency of our MCMC 

simulation (obtained using equation (4.11)) with the continuum simulation (obtained by 

numerically solving equations (3.24)-(3.26)). As shown in Figure 4.10a, the average of 

about 1000 MCMC simulations has remarkable consistency with the continuum 
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simulation results for a small (L = 50nm; W = 100nm) transistor. Next, we study the 

distribution of NIT for the small transistor at different time steps. Again, similar to the H-

based R-D system, NIT distribution only reach a normal distribution for higher density of 

NIT (insets of Figure 4.10a). Moreover, an analysis of the moments of the NIT@tSTS 

distribution shows an increase in the standard deviation of the distribution (σIT) with the 

increase in mean (µIT) (see Figure 4.10b). The distribution also has positive skewness at 

lower µIT (see Figure 4.10b), which reduces with increase in µIT.  
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Figure 4.10: (a) Time dependence and PDF of interface defect generation for a small 

transistor (L = 50nm, W = 100nm) using kF = 30 sec-1, kR = 2x10-15 cm-3sec-1, DH = DH2 

= 10-13 cm2-sec-1, kH = 9x10-15 cm-3sec-1, and kH2 = 600 sec-1. Similar to the observation 

in Figure 4.4b, the distribution stays skewed normal, unless the magnitude of mean NIT 

(µIT) is quite large. (b) Both mean and standard deviation increases with tSTS with a 

power-law time exponent (~0.17 for µIT and ~0.04 for σIT), however, positive skewness 

γIT reduced with tSTS. 
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Now, let us review the tSTS@NIT statistics for the H-H2 R-D system. Similar to the 

case for H diffusion based R-D system (Figure 4.5), H-H2 R-D system also follows a log-

normal distribution (Figure 4.11) and is curtailed at the two ends by the sampling time 

and the simulation length. Thus, we conclude that R-D system with H-H2 diffusion has 

similar statistical nature as the R-D system with H diffusion. 
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Figure 4.11: Distribution of tSTS at different levels of NIT obtained from 1000 MCMC 

simulation (for R-D system with H-H2 diffusion) in the small transistor under study. 

The distribution is clearly log-normal, having cut-off at tSTS = 1msec (sampling time) 

and tSTS = 1sec (maximum length of MCMC simulation). 

4.5. Summary 

In summary, we perform MCMC analysis of the R-D system in small transistors and 

show that both the tSTS@NIT and NIT@tSTS distributions should follow log-normal 
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behavior. One can readily observe such log-normal distribution for the tSTS@NIT 

distribution, which is only cut-off by the sampling time at lower end and simulation 

length (or equivalently measurement window) at the higher end. However, due to the 

constaints of NIT > 0 and smaller (log-scale) standard deviation, log-normal behavior is 

seldom seen in NIT@tSTS distribution. The distribution is either skewed towards the higher 

NIT side (from constaints of NIT > 0) or approaches a Gaussian distribution (due to smaller 

log-scale standard deviation). Such behavior is universally observed in the R-D system, 

irrespective of the diffusing species being H or H2. Moreover, our analysis also suggests 

that NIT@tSTS distribution should always have non-negative values, unless it is 

contaminated by pre-existing NIT in certain statistically rare transistors.  

The statistical distribution, presented in this chapter, considers Si-H bond 

dissociation and resultant hydrogen diffusion as an 1D problem; i.e., we have a point 

source of hydrogen at the interface and the hydrogen is diffusing along an 1D line. 

However, Si-H bonds (and generated NIT) are distributed along the 2D surface at the 

interface and generated hydrogen species diffuses in a 3D (gate and poly-Si) region. So 

for the same amount of NIT, the corresponding ∆VT will have its own distribution, 

depending on the spatial distribution of NIT over the entire transistor structure [217, 218]. 

Because the number of dopants in modern nanoscale transistor is so small that different 

channel region of the transistor can have different VT, which depends on whether that 

channel region has a dopant or not. As a result, if NIT is created right on top of a dopant 

(i.e., in the channel region having higher VT), then that region will be completely depleted 

of inversion carriers, giving rise to large ∆VT [kaczer]. However, if the same NIT is 

created in a place away from the dopant, then ∆VT can be significantly smaller. This 

aspect of spatial distribution of NIT and its effect on ∆VT can be a part of future study. 
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5. PRE-EXISTING OXIDE DEFECTS 

5.1. Introduction 

This chapter will cover dynamics of hole trapping into pre-existing oxide defects 

NHT, which is especially important for type-II transistors having dominance of hole 

trapping during NBTI (see section 6.7.5). As usual, we first start by summarizing the 

existing views of NHT dynamics in section 5.2, which is followed by a discussion in 

section 5.3 on the suitability of these models in explaining hole trapping experiments. 

Following these, in sections 5.4 and 5.5, we develop a hole trapping model within 

Shockley-Read-Hall trapping/detrapping framework and explained the importance of 

considering carrier fluxes from gate electrodes. The developed model is well-supported 

by experiments on transistors having a wide range of plasma and thermal nitridation 

within the dielectric. 

5.2. Existing Views of NHT Dynamics 

Dynamics of oxide defects have been studied since 1970s’ [219-221], when Metal-

Nitride-Oxide-Semiconductor (MNOS) structure became a popular memory element, 

because of its simple structure and nonvolatile nature. Detrapping of carriers from pre-

existing charged defects in the nitride layers was identified as the main mechanism for 

limiting the retention time in these memories. Moreover, discharge time was observed to 

increase with the increase in oxide thickness of the oxide layer, which proves that 

tunneling of carriers from charged defects within the nitride layer is getting reduced with 

increase in oxide thickness [219].  

Similarly, pre-existing oxide defects was also considered as a source of threshold 

voltage instabilities in MOS transistors during the same period [222-224]. However, the 
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concept become quite popular in terms of hole trapping for explaining ∆VT during NBTI 

stress, after the incorporation of nitrogen within the dielectric of MOS structures [136, 

140, 141, 169, 202, 225-227]. Presence of similar trapping (sometimes with additional 

mechanisms [44, 228, 229]) of both electrons and holes, during NMOS PBTI (Positive 

Bias Temperature Instability) and PMOS NBTI respectively, is also reported in the 

recently used high-κ MOS transistors. 

In terms of modeling of charge trapping (detrapping) into (out of) pre-existing oxide 

defects, three possible mechanisms are considered by Tewksbury et al. in [230]; which 

are (Figure 5.1): (a) elastic tunneling of carriers from the conduction band and valence 

band, (b) interfacial defect assisted trapping/ detrapping of carriers, and (c) phonon-

assisted trapping/ detrapping of carriers. All these mechanisms consider carrier injection 

and emission only from the substrate into and out of the defects, respectively. Similar 

mechanism has also been used in [136, 140, 169, 225, 231, 232] for modeling trapping in 

MOS transistors, having both oxynitride and high-κ dielectric. In addition to this, the 

literature is replete of trapping/ detrapping models utilizing the concept of negative-U 

defects [228], hopping of carriers between the defects [44], defects having variable 

capture cross-section [230, 233], defects having energy-level shift [229], etc. Suitability 

of these models, mostly applied for MOSFET’s having high-κ dielectric, is yet to be 

verified and is a topic of future research. However, in MOS structures having oxynitride 

dielectric studied in this chapter, only Tewksbury’s approach is commonly used for 

explaining hole trapping (during NBTI stress) involving pre-existing oxide defects [136, 

140, 169, 225]. 
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(a) (b) (c)  

Figure 5.1: Three possible mechanisms for trapping/ detrapping of carriers into/ out of 

oxide defects considered in [230]. (a) elastic tunneling of carriers from the conduction 

band (cb) and valence band (vb), (ii) interfacial defect (it) assisted trapping/detrapping 

of carriers, and (iii) phonon-assisted (through lattice relaxation, lr ) trapping/ detrapping 

of carriers. 

5.3. Tewksbury’s Model [230] 

As stated earlier, this model considers the contribution from substrate carrier fluxes 

(through the three mechanism presented in Figure 5.1) in calculating trapping dynamics. 

This worked well for the thick dielectric (TPHY = 25~75nm) structures for which it was 

originally proposed. However, transferring the same concept in case of ultra-scale MOS 

structures having quite thin dielectric (TPHY = 1.5~3nm) becomes questionable [119, 129, 

234]. In these thin dielectric structures, carriers from gate can also interact with the 

defects, thus making trapping dynamics a bit complicated. In the following section, we 

discuss the importance of incorporating carrier fluxes from gate electrode, within 

Tewksbury’s trapping/detrapping model. Using such modified version of Shockley-Read-

Hall trapping dynamics [235, 236], we model hole trapping (NHT) in type-II transistors 

(section 5.4.1). Thus, we explain the effect of NHT in NBTI degradation, in terms of 

power-law time-exponents and activation energies (section 5.4.2). 
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5.4. Effect of Gate Electrode in Hole Trapping 

5.4.1. Shockley-Read-Hall (SRH) Analysis 

To investigate the effect of NHT in type-II transistors, we use a simple elastic 

trapping/de-trapping model, in which holes from the inversion layer are first trapped in 

the pre-existing defects within the oxide and then these trapped holes detrap towards the 

empty states in poly-Si and channel. Trap filling probability (fT) evolves with time 

according to the following modified version of Shockley-Read-Hall (SRH) equation:  

 ( )1 1 21- ,T
th h T S T G T

df
v p T f n T f n T f

dt
σ= − −    (5.1) 

where ph is the inversion layer hole density, vth is thermal velocity; nS, nG are 

concentration of detrapping states at substrate and poly-Si respectively; T1, T2 are 

tunneling probability (obtained using WKB approximation) of holes from Si/Dielectric 

interface to the defect and defect to poly. Let us again emphasize that the role of 

detrapping towards the poly-gate – while negligible in thick films (as for the case in [219, 

230]) – are fundamentally important in the trapping dynamics of thin films. The 

detrapping process in thin oxides limits the possibility of hole trapping in sites located 

near the gate – an important consideration that remains poorly appreciated in NBTI 

literature.  

Analytical solution of (5.1) gives, 

 ( )
( )( )

( )
1 1 1 2

1 2

1 exp
.

1

th h s G

T

S h G h

T v p T n T n T t
f t

n p T n T p

σ − − + + =
+ +

 (5.2) 

We estimate maximum occupancy, ( )(max) 1 1 21= + +  T S h G hf T n p T n T p  at different 

trapping sites, involving elastic tunneling of carriers into and out of defects (named as 

elastic traps) with tunneling probability T1 for trap/substrate transition and T2 for 

trap/gate transition (inset of Figure 5.2), for a nitrided sample. Here, we assume σ = 10-17 

cm2 (which is within the range of ~10-13 cm2 [237] and ~10-20 cm2 [233] used in literature 
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for bulk trapping), ph = 1020 cm-3 slightly above the substrate Fermi level at the 

Si/dielectric interface (typical value in an inverted channel, verified using [178]), nS~0 

(i.e., no electrons in the substrate valence band slightly above EFS, because these states 

are already occupied by holes), and nG = 1020 cm-3 (approximate electron concentration in 

the valence band of poly within an energy range of ~ kBT, which can act as elastic hole-

detrapping sites). Using  TPHY = 37Å (corresponding to EOT = 24Å for nitrided oxide 

having ~25% N2 dose [128]), calculated (max)Tf for hole traps located at 20Å is ~ 4 order 

of magnitude lower compared to that for site located at 10Å. Hence, the time constant (or 

trapping saturation time, tsat) for the hole trapping component of ∆VT (∆VHT) will be 

dominated by the time constant of individual defects, ( )1 1 21 th h s Gv p T n T n Tτ σ= + + , 

located close to the substrate.  
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Figure 5.2: Simulated time evolution of ∆VIT, ∆VHT and total ∆VT for a transistor, having 

thick oxide with uniform distribution of defects. Only elastic hole trapping is 

considered in calculation of ∆VHT. As a result, hole-trapping controls total degradation 

at short stress time and saturates at tsat. It also results in decrease in n at intermediate 

stress time. Inset shows tunneling probabilities T1 (into/out of defects from/towards 
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substrate) and T2 (into/out of defects from/towards gate) for elastic hole trapping/ 

detrapping model considered in the text. 

5.4.2. Verification of Hole Trapping Model  

We now verify the hypothesis of hole trapping discussed above by systematically 

exploring the thickness dependent time-exponents n (within the range of 1-103 s) and 

activation energies EA of ∆VT for oxides with low- (type-I transistors having plasma 

nitrided dielectric [238, 239]) and high- (type-II transistors having thermal nitrided 

dielectric [239]) interfacial nitrogen. We assume that hole traps are distributed 

proportionally to the (presumed) N-profile (see Figure 5.3a) within the dielectric. This 

simple model involving elastic hole traps results saturation of ∆VHT within ~ 1ms (i.e., tsat 

~ 1ms in Figure 5.2). Thus overall ∆VT shows n < 1/6 due to additional contribution from 

∆VHT within the time-scale of ~ 1-1000 sec. Our calculations show that both type-I 

plasma nitrided (see Figure 5.3b) and type-II thermal nitrided (see Figure 5.3c) transistors 

have contributions from hole trapping, but of different magnitudes. The profile decays 

from Si/oxide interface towards oxide/poly-Si interface because of hole detrapping into 

empty states of poly. For thicker oxides, the number of trapped holes increases, because 

detrapping to empty-states in poly is difficult. Moreover, since the centroids of the 

trapped charges shift away from the poly/oxide interface, in general thicker oxides have 

larger contributions to ∆VT from ∆VHT. However, the N-profile in the type-I plasma 

nitrided transistors, having peak near oxide/poly-Si interface (Figure 5.3a), makes the 

contribution from hole trapping in type-I transistors approximately two orders of 

magnitude smaller than that in type-II thermal nitrided transistors, with peak near 

oxide/substrate interface (Figure 5.3a). As such, the n and EA,VT for type-I transistors 

continue to be dominated by ∆VIT and remains essentially unchanged with thickness (see 

Figure 5.4 and Figure 5.5). However, the contributions from hole trapping in type-II 

transistors is significant enough (Figure 5.3c) to reduce the overall ∆VT time-exponent 

(Figure 5.4), activation energy (Figure 5.5), and one anticipates a reduction of both n and 

EA,VT with increasing oxide thickness. In short, the role of hole trapping in the transistors 
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studied is significant for any thick film with significant interfacial N concentration and 

must be accounted for as an additional contribution to overall NBTI degradation. So, n < 

0.1 reported in [240] can be attributed to the existence of increased amount of defects 

within the oxide. In addition, this can also be due to the suppression of relative 

contribution from NIT to ∆VT in room-temperature. 
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Figure 5.3: (a) Typical nitrogen profile in Plasma and Thermal nitrided gate dielectric 

[238, 239]. Trapped hole profile for (b) type-I plasma and (b) type-II thermal nitrided 

transistors, having similar %N2 dose. Thermal nitrided oxides trap more holes compared 

to plasma nitrided oxides. Only elastic traps are considered in simulation. 
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Figure 5.4: a) Experimental thickness dependence of average power law time exponents 

obtained from OTF-ID,lin in type-I plasma-nitrided transistor and type-II thermal-nitrided 

transistor (lines are guide to eye only). b) Simulated (involving elastic hole traps) 

thickness dependence under same condition. In Fig. b, it is assumed that NIT-induced 

∆VIT in type-I transistor has n ~ 0.145, as observed in Fig. a. 

12 16 20 24
0.04

0.06

0.08

0.10

0.12

PNO
TNO

E
A
 fo

r 
∆V

T
 a

t t
=

10
0s

 (
eV

)

EOT (AO)

(a) Measured

10 15 20 25
0.06

0.07

0.08

0.09

0.10

(b) Simulated

PNO
TNO

A
ct

iv
at

io
n 

en
er

gy
 (

fix
ed

 ti
m

e)

EOT (AO)

Type-I
Type-II

Type-I
Type-II

 

Figure 5.5: (a) EOT dependence of EA,VT obtained from OTF-I
D,lin

 in type-I plasma-

nitrided and type-II thermal-nitrided transistors (lines are guide to eye only). (b) 

Simulated EOT dependence of EA,VT for similar cases. In Fig. b, it is assumed that NIT-

induced ∆VIT in type-I transistor has EA ~ 0.095, as observed in experiments. 
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5.5. Detailed Hole Trapping Model 

In the last section, we presented a simple elastic hole trapping model, which 

explained the thickness dependent experiments on type-I and type-II transistors. 

Obviously, hole trapping can also have some inelastic components [230], as shown in 

Figure 5.1. Here, we present a detailed hole trapping model, which contains the inelastic 

components, along with the contributions from gate and substrate fluxes considered in 

section 5.4.  

5.5.1. Computational Framework 

When inelastic components are added in a hole trapping-detrapping model, the time 

dynamics of fT can be obtained using: 

 ( ) ( ) ( )1 2 3 4 51- 1 1T
T T T T T

df
F f F f F f F f F f

dt
= − − + − + −  (5.3) 

Equation (5.3) considers contributions from hole emission flux towards substrate valence 

band (F3), hole capture flux from substrate conduction band (F4), and gate conduction 

band (F5); in addition to the F1 and F2 fluxes, considered in equation (5.1). Moreover, 

hole emission towards conduction bands of substrate and gate are considered negligible. 

Using information related to energy band profile and Eigen-energy states (Eij) from a 

QM-CV simulator [178], we can calculate the above fluxes using – 

 ( )

*

2

*1

2

ln 1 exp

ln 1 exp exp

σ
π

σ
π

 − 
+ >∑  

  =  − −−  + <∑    

ℏ

ℏ

j FS ij

th ij T ij
j

B

T ijj FS ij

th ij T ij
j

B B

m kT E E
v T for E E

k T
F

E Em kT E E
v T for E E

k T k T

 (5.4) 

 ( )
2

2
2 exp

σ
σ

<=  − − >  

th G T VG

th G T VG B T VG

v T n for E E
F v T n E E k T for E E  (5.5) 
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 (5.6) 

 ( )
1

4
1 exp

σ
σ

>=  − <  

th S T CS

th S T CS B T CS

v T p for E E
F v T p E E k T for E E  (5.7) 

 ( )
2

5
2 exp

σ
σ

≥=  − <  

th G T CG

th G T CG B T CG

v T p for E E
F v T p E E k T for E E  (5.8) 

where the related additional variables (i.e., addition to the ones used in equation (5.1)) are 

defined in Figure 5.6. In addition, Tij indicates tunneling co-efficients calculated from Eij 

energy levels (for the j-th sub-band in the i-th valley), mj*  is the in-plane effective mass 

of the j-th subband, pS is the hole concentration in the substrate conduction band, and pG 

is the hole concentration in the gate conduction band.   
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Figure 5.6: Carrier fluxes considered in the hole trapping model of equation (5.3)

.Related additional variables, over the one used in equation (5.1), are also defined. 

5.5.2. Simulation Results 

Using equations (5.3)-(5.8), we simulate hole trapping in a type-II transistor (thermal 

nitrided dielectric; TPHY = 22.97Å; EOT = 13.5 Å; %N = 39.22 using XPS). Pre-existing 

oxide defects are considered within a limited region of the dielectric (see Figure 5.7b, c) 

and outside these regions defects are observed to be insensitive to any variations in 

voltage or temperature. Now for simulating hole trapping dynamics, we first match 

experimental CG-VG for this transistor using QM-CV simulator [178], thus calculate the 

carrier fluxes using equations (5.4)-(5.8). Next we solve equation (5.3) for estimating 

occupancy of hole trapping sites at different time steps of the timing diagram in Figure 

5.7a. The trap occupancy at two different time intervals, i.e., after the application of VG = 

-2.1V (Figure 5.7b) and -1.0V (Figure 5.7c) for 1000sec, we observe the following main 

features of trap occupancy (fT): 

� fT near the substrate and gate is dominated by EFS and EFG, respectively. 

� In the intermediate region (i.e., for x = 0 to TPHY) and at a certain energy (ET), fT is 

limited by tunneling of carriers into and out of the trapping site 
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� Defects at energies much lower than EVS or much higher than ECS are either 

completely empty of holes (i.e., filled with electrons) or completely filled with 

holes (i.e., empty of electrons), respectively. 
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Figure 5.7: (a) Timing diagram used in the hole trapping simulation using the 

framework of section 5.5.1. (b) Occupancy of defects or, hole trapping sites (assumed 

to have existence within the colored region only), after the transistor is kept at VG = -

2.1V for 1000 sec. (c) Occupancy of hole trapping sites after the transistor is switched 

to VG = -1.0V at 1000 sec and kept at that voltage up to 2000 sec. 

Next, we study the voltage and temperature dependencies of the hole trapping 

process. Our simulation shows that although hole trapping is voltage (or electric field) 

dependent (Figure 5.8a), it is entirely temperature independent (Figure 5.8b). Voltage 

(negative) or field dependency of hole trapping arises from the fact that when |Eox| is 

increased, more trapping sites will go above EFS (see the change of trapping sites fT 

values from Figure 5.7b to Figure 5.7a), thus contribute to ∆VHT. Moreover, the 



 

 

111

observation of temperature invariant of hole trapping is consistent with our experimental 

study (see section 6.7.5), which is also observed experimentally by several other groups 

[140, 241]. However, there are reports of temperature dependent electron trapping in 

PBTI experiments [47, 242], the origin of which is still unknown. The final important 

outcome of our simulation is the fact that response of hole trapping sites (i.e., the increase 

of ∆VH with time) is extremely fast and it saturates within ~µs, at any voltage and 

temperature used in simulation (Figure 5.8). 
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Figure 5.8: (a) Voltage and (b) Temperature dependent simulation of hole trapping. 

Although, hole trapping shows significant voltage or electric field dependency, it is 

independent of temperature. 

5.6. Summary 

Our simulation of hole trapping, which involves an integration of QM-CV simulator 

[178] and modified SRH modeling, enables us to make the following remarks: 

� Hole trapping within a ultra-scaled thin dielectric used in today’s CMOS 

technology is fundamentally different from those studied previously for thick 

dielectric. 
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� Trapping into pre-existing defects in case of thin dielectric transistors should 

saturate quickly within ~ µs.  

� Our study of trapping clearly verifies the voltage dependence and temperature 

independence of hole trapping, observed in experiments. 
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6. DEFECT CHARACTERIZATION 

6.1. Introduction 

In this chapter, we analyze the techniques that are recently being used for 

characterizing interface/bulk defects of a transistor. In section 6.2, we present the 

importance of measurement duration in the defect characterization techniques and thus 

identify their suitability for different purposes. Later in sections 6.3-6.6, we explain the 

measurement procedure and commonly extracted parameters in these techniques, 

currently used for characterizing interface/bulk defects of a transistor. Then in section 

6.7, we identify the correction steps needed for proper interpretation of measured 

quantities in different defect characterization techniques. As such, we can extract 

information related to time dynamics of defect generation, its physical nature and its 

impact on observables. More specifically, we highlight the importance of considering 

corrections related to (i) body effect co-efficient (m), (ii) valence band electron trapping 

in Ultra-fast VG (UFV) measurement [140], and (iii) time-zero (t0) delay, (iv) effective 

mobility variation (∆µeff) in On-the-fly ID,lin (OTF-ID,lin) measurement [129, 130, 139, 

141, 143]. Later in section 6.7.5, we present a novel methodology for separating 

contributions of interface defects and oxide defects by studying defect generation over a 

wide variety of transistors having plasma-nitrided dielectric. We explain how the 

proposed separation methodology can significantly resolve the issues raised in section 

3.6.5 for explaining NBTI relaxation experiments using R-D theory. And finally in 

section 6.8, we use our understanding to propose a guideline for appropriate defect 

characterization that can be extended for future technologies. 
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6.2. Defect Characterization Techniques 

Measurement duration (tmeas) is an important criterion in defect characterization. 

Since generated defects relaxes or recovers within a short time (see section 3.6 for 

relaxation of interfacial defects, NIT and section 5.5 for relaxation of oxide hole trapping, 

NHT), capturing the time dynamics of defect formation requires one to use a 

characterization technique, having tmeas ~ 0. However, for the identification of the nature/ 

properties of defects and finding its impact on other transistor parameters like sub-

threshold slope (SS), threshold voltage (VT), effective mobility (µeff), etc. tmeas does not 

need to be that small. In general, tmeas for different defect characterization techniques vary 

widely from micro-seconds to several minutes. For example, 

Electron Spin Resonance (ESR) technique [76, 86] and its electrically detectable 

version (EDMR: Electrically Detected Magnetic Resonance) [88, 243-248] 

allow one to identify the physical and chemical nature of defects present at the 

oxide/semiconductor interface or within the oxide bulk. Since, measurement 

steps in ESR experiments are quite sophisticated, tmeas is normally several 

minutes [88] and study of exact time dynamics of defect generation (which 

relaxes quickly after removal of stress, like the case for interface defects, see 

section 3.6) is not possible using this technique. 

Linear ID-VG characterization [249] enables one to determine parameters like 

SS, VT, and µeff and requires sufficient time (order of seconds) for stable 

measurements. Taking such ID,lin-VG sweeps at different stress levels [89, 203, 

250], known as Measure-Stress-Measure or, MSM technique enables one to 

estimate the impact of defect generation on SS, VT, and µeff. Measurement 

duration in MSM can be reduced to orders of milliseconds by limiting the 

sweep interval around VT (hence, avoiding the determination of SS and µeff) 

[33]. Alternately, one can also employ an ultra-fast ID,lin-VG (UFIV)  scheme 

[141, 251] of taking ID,lin-VG sweeps at or above VT within tmeas ≤ 1µs, thus 

avoiding the determination of SS in such process. 

Ultra-fast V G measurement technique, having tmeas ~ µs, has recently been 

proposed [140] for characterizing defect generation through an approximate 
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measurement of VT degradation (∆VT) by monitoring shift of ID,lin-VG plot (i.e., 

degradation in VG) at constant ID.  

On-the-fly (OTF) defect characterization are performed, through an indirect 

estimation, without any interruption of stress (i.e., tmeas ~ 0). OTF techniques 

avoid the use of time-consuming ID-VG sweeps for transistor’s VT 

characterization and indirectly estimate ∆VT (or the signature of defect 

formation) by monitoring – (a) ID,lin degradation (∆ID,lin) at constant stress VG 

[129, 130, 139, 141, 143], or (b) gm/ID,lin degradation at constant stress VG 

[137, 252]. If the ∆VT estimation is perfect, these OTF techniques are ideal for 

obtaining time dynamics of defect’s generation and recovery.  

In the next few sections (6.3-6.6), we explain the measurement procedure and 

commonly extracted parameters in the above techniques. Then in section 6.7, we identify 

the correction steps needed, in general, for proper interpretation of measured quantities. 

6.3. Spin Resonance Techniques (tmeas ~ minutes) 

6.3.1. Electron Spin Resonance (ESR) 

ESR (also called Electron Paramagnetic Resonance, EPR) experiment was first 

reported in [76] for characterizing metal-oxide-semiconductor structure. Subsequently, 

different research groups [68, 253-256] experimentally demonstrated the existence of 

paramagnetic defects near the Si/SiO2 interface (known as Pb centers), as well as within 

the bulk of oxide (known as E' centers). In conventional ESR measurement (Figure 6.1), 

the transistor under study is placed between a large magnet at low temperature, whose 

magnetic field (B) is varied at a comparatively slower rate. Application of B splits the 

normally (for B = 0) degenerate energy levels of unpaired electron within the defect by 

gµBB; where, g is spectroscopic splitting factor [24], µB = qh/4πme is Bohr magneton, q is 

the electron charge, h is the Planck’s constant and me is the electron mass. Here, electron 

having spin, Se = -1/2 constitutes the lower energy state and can readily absorb an 
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electromagnetic signal (usually have microwave frequency, ν ~ 10’s of GHz and is 

applied in a direction perpendicular to B), provided hν = gµBB (i.e., resonance) condition 

is satisfied. Therefore, the transistor under test absorbs larger amount of electromagnetic 

signal at resonance, where the first derivative of absorption spectrum indicates a zero-

crossing or peak in the absorption line. Finally, knowledge of ν and B at resonance allows 

one to estimate g, whose value for different types of defects are tabulated in [86].   

 

Figure 6.1: Basic principles for obtaining resonance in an ESR/EPR experiment. Device 

under study is placed in a slowly varying magnetic field (B), along with an 

electromagnetic signal (having frequency, ν) applied perpendicular to B. At resonance, 

there is significant absorption of electromagnetic signal. From the peak position of the 

absorption line (zero-crossing point of the first derivative) one estimates g, thus the 

nature of defect. This figure is taken form http://images.google.com.    

6.3.2. Electrically Detected Magnetic Resonance (EDMR) 

Conventional ESR spectrometers are sensitive to defect density of ≥ 1011/cm2 [257] 

and also requires large sample area (~ 1 cm2) for obtaining detectable absorption of the 

electromagnetic signal [258]. Thus, ordinary ESR measurement on industry standard 

MOSFET’s, which normally have defect density less than 1011/cm2 and effective 

transistor area in the range of ~ µm2, becomes impossible. Optically Detected Magnetic 
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Resonance (ODMR) [259] and Electrically Detected Magnetic Resonance (EDMR) [88, 

244, 257] overcome this problem by providing higher spin sensitivities compared to 

conventional ESR by detecting electronic transition at resonance either optically (in 

ODMR through luminescence) or electrically (in EDMR through source/drain currents of 

a transistor). Among these two techniques, EDMR has recently been extensively used for 

characterizing interface/bulk defects in MOSFET structures, subjected to Bias 

Temperature Instability (BTI) [88, 260], Hot Carrier Injection (HCI) [261] and radiation 

damage [257, 262]. 

In EDMR experiment, a MOSFET is connected as gate-controlled diode 

configuration [263] (i.e., source/drain shorted together, see Figure 6.2a). The p-n junction 

of the gated-diode is slightly forward biased (VF > 0), which splits the quasi-Fermi levels 

of channel electrons and holes (FN and FP respectively) near the source/drain (Figure 

6.2b,c). As a result, electrons coming from n+ substrate contact and holes coming from p+ 

source/drain recombine through interface/near-interface defects. The recombination 

current, measured at the substrate terminal (Isub), varies with applied gate bias (VG) and 

reaches maximum, when the concentration of electron and hole near the recombination 

center are similar (which is the case during depletion mode of a MOSFET, see Figure 

6.2b). Application of a slowly varying magnetic field (B), along with electromagnetic 

radiation having microwave frequency (ν), increases Isub significantly at resonance (i.e., 

for hν = gµBB). The exact mechanism behind the increase in the spin-dependent Isub at 

resonance is still debated [243-245, 248, 264]. However, the explanation involving 

singlet-triplet formation during the recombination and magnetic field dependency of the 

triplet recombination is generally used for explaining EDMR. Moreover, since EDMR 

measures the recombination current of a MOSFET in gate-diode configuration and this 

current depends on spin configurations of electrons, holes and traps taking part in 

recombination, EDMR is also widely known as Spin Dependent Recombination (SDR) 

technique. 
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Figure 6.2: (a) Schematic of PMOS connected in gated-diode configuration for EDMR 

or SDR measurement. Here, a forward bias (VF) is applied to shorted source/drain and a 

change in substrate current (Isub) at resonance (i.e. at hν = gµBB) is monitored. (b,c) 

Band diagrams are drawn respectively along gate/oxide/substrate and 

drain/substrate/substrate-contact directions. 

6.4. Measure-Stress-Measure (MSM) Technique (tmeas ~ msec-sec) 

Defect characterization using MSM technique starts by taking ID,lin(0)-VG(0) sweep 

(tmeas ~ 2 sec in our MSM setup), and then stressing the transistor for a pre-defined 

duration (tSTS,i). Subsequently, the stress is interrupted for tmeas to take another ID,lin(i)-

VG(i) sweep. So, the measurement of ID,lin-VG and application of stress continues for the 

desired period of defect characterization. Later on, the ID,lin(i)-VG(i) sweeps taken at 

different stress time, tSTS,i (where, i = 0, 1, 2, 3, … etc., with tSTS,0 = 0), are used for 

determining VT(i), SS(i) (hence, m(i)) and µeff(i)@VG, using the procedures mentioned 

below. Changes in these parameters illustrate the impact of defect formation on 
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transistor’s performance. An empirical mobility modeling of µeff [89, 165, 249, 265] and 

hence determining the changes in the model parameters are also useful for better 

understanding of µeff variation due to defect generation. Moreover, a physical 

characterization of µeff mandates one to estimate effective electric field (Eeff) and thus 

study changes in the physical model [266] parameters. 

The timing diagram for MSM technique is shown in Figure 6.3a. Here, we apply 

MSM for observing the impact of NIT formation during NBTI stress in type-I PMOS 

transistors (where, ∆VT ≈ ∆VIT ~ q∆NIT/Cdi), having lightly dosed plasma-oxynitride 

(PNO) dielectric. Table 6.1 provides the list of type-I transistors used in this study. As 

schematically shown in Figure 6.3b, generation of NIT shifts the ID,lin-VG characteristics in 

negative direction, which indicates an increase in |VT|, a decrease in ID,lin, and also change 

in other parameters e.g., µeff, SS, m. 

t

|VSTS|

|VG|

|VT0| 

VG

I D
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in

∆∆∆∆VT

|VT0| 

tSTS,1

tSTS,2

(a) (b)
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Figure 6.3: (a) Timing diagram for MSM experiment on a PMOS transistor for 

characterizing parametric degradation during NBTI stress. After taking initial ID,lin-VG at 

tSTS,0, stress voltage (VSTS) is applied. The stress is later interrupted at tSTS,1, tSTS,2, …, etc. 

time intervals for taking subsequent ID,lin-VG sweeps. (b) Under NBTI stress, ID,lin-VG 

shifts in negative direction, which indicates an increase in |VT|, a decrease in ID,lin, and 

also change in other parameters e.g., µeff, SS, m. 
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Table 6.1: Properties of plasma oxynitride dielectric of the type-I transistors used in 
sections 6.4, 6.7.1, 6.7.3, and 6.7.4: N2 Dose (%N), physical oxide thickness (TPHY), 

effective oxide thickness (EOT) 

Device N2 Dose [%] TPHY [Å] EOT [Å] 

#1 22.64 18.48 14.0 

#2 19.45 22.34 17.7 

#3 16.67 28.13 23.5 

#4 10.22 18.60 15.1 

#5 16.55 18.60 14.6 

 

6.4.1. Determination of Eeff 

Characterization of µeff and its changes with NIT require us to determine Eeff(VG) at 

different time interval tSTS,i by using [249, 267], 

 
( )2

( / 3) / ~ ,
3 9

G TT FB B
eff dep inv Si

ox ox

V VV V
E Q Q

T T

ψε
−− −= + +  (6.1) 

where Qdep is the depletion charge, Qinv is the inversion charge (or holes), εSi is relative 

dielectric constant for Si, and ψB is the difference between the substrate Fermi level and 

the intrinsic Fermi level of silicon. Determination of Eeff in pre-stress (tSTS,0) condition 

involves calibration of QM-CV simulator [178] with pre-stress CG-VG data (Figure 6.4a) 

and then using this calibrated simulator to estimate inversion (Qinv(t=0)) and depletion 

(Qdep(t=0)) charges. Later, Eeff in post-stress (tSTS > 0) condition is estimated by 

incorporating the effect of uniform NIT generation within the band-gap. Presence of 

donor-type NIT due to NBTI stress over the entire silicon bandgap [90] shifts CV curve 

towards left (Figure 6.4a), thereby reduces surface potential, ψS (Figure 6.4b) (with 

corresponding reduction in Qdep, Qinv and Eeff) at a particular VG. 
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Figure 6.4: Uniform generation of donor-type NIT causes left-shift of CG-VG. Pre-stress 

CG-VG is calibrated with experimental data. (b) Relationship between ψS and VG before 

and after stress. Interface defect causes ψS to decrease at constant VG (movement along 

vertical line). Increase in VG during NBTI degradation (moving along horizontal line) 

can keep ψS constant (needed in determining ∆m) with degradation. In this figure, we 

use device #3 of Table 6.1 for illustrating the impact of NIT generation. 

6.4.2. Determination of VT, SS, m, µµµµeff 

We use ID,lin(i)-VG(i) characteristics, obtained at different tSTS,i during MSM 

experiment, to determine VT(i), SS(i), m(i), µeff(i)@VG, and its changes with NIT 

generation. First, we estimate m(i) at specific VG (or VG,m) by using –   

 ( )  2.3 ( ) / .BSS i m i k T q=  (6.2) 

Now, assuming uniform NIT generation within the bandgap, we have  
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 ( ) ( )1 ,S D S IT oxm C C Cψ ψ= + +    (6.3) 

where Cox, CD and CIT are oxide, depletion and interface trap capacitances respectively. 

As we desire changes in m with NIT only (through CIT), possible variation in CD is 

suppressed by estimating m at constant ψS (horizontal line in Figure 6.4b). Next, VT(i) is 

calculated from the x-axis intercept (VX) of the slope on ID,lin(i)-VG(i) curve, drawn at 

maximum transconductance (gm,max) point (Figure 6.3b) and using |VT|= |VX| + m|VDS|/2 

[249]. Estimated VT(i) and m(i) 12 enable us to determine µeff(i) using the following 

expression, commonly used for modeling ID,lin-VG at |VG| >> |VT|:  

 ( ), , ,0.5 .D lin eff G G T DS lin DS linI C W L V V mV Vµ= − −  (6.4) 

Using m(i), we estimate ∆m = m(i) - m(0), which increases with NBTI and shows good 

correlation with ∆VT for all the transistors used in this study (Figure 6.6).  

6.4.3. Variation in µµµµeff Model Parameters 

To investigate the effect of NIT on µeff, we interpret the measured µeff (section 6.4.2) 

through a well-known empirical mobility model. This mobility model  

 ( )0 1 ,eff G TV V
ηµ µ θ = + −

 
 (6.5) 

(where µ0, θ, η are empirical constants) is appropriate for |VG|>>|V T| and has been 

widely used in circuit simulations [89, 249, 265, 268]. We de-embed the constants µ0 and 

θ by fitting µeff vs. (VG-VT) in both pre- and post- NBTI stress conditions (Figure 6.5). 

Thus, we determine ∆µ0 = µ0(t>0) - µ0(t=0) and ∆θ = θ(t>0) - θ(t=0), which show 

systematic variation with ∆VT for all the transistors studied here (see Figure 6.6). 

                                                 
12 Note that we have used a constant m, calculated from sub-threshold characteristics, 

in estimating µeff above threshold using equation (6.4). Thus, any variation in m from sub-

threshold to super-threshold (according to equation (6.3)) is ignored here.   
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Figure 6.5: Modeling µeff vs. (VG-VT) using empirical mobility model of equation (6.5) 

with η = 1 before (NIT = 0) and after (NIT > 0) NBTI degradation. Here, device #5 of 

Table 6.1 is used. 
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Figure 6.6: Variation of mobility parameters (∆µ0 and ∆θ), obtained using equation 

(6.5) with η = 1 (Figure 6.5), and ∆m have good correlation with ∆VT. Here, device #5 

of Table 6.1 is used. 

Next, estimated variation of ∆µ0(∆VT) and ∆θ(∆VT) are used to evaluate ∆µeff(∆VT) 

using equation (6.5) at different gate voltage (Vmeas) (shown for transistors having θ0 = 

1.34 V-1 and θ0 = 0.8 V-1 in Figure 6.7a and Figure 6.7b respectively). Though interface 

defect always causes a reduction of µeff due to enhanced coulomb scattering [89], when 

measured at constant Eeff (Figure 6.7c), we observe both an increase/decrease in µeff at 
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constant VG, depending on the θ0 of the transistor under study (see Figure 6.7a, b). The 

puzzling increase of µeff with ∆VT for Figure 6.7a is easily explained (using equation (6.5)

) by realizing that µ0 degradation due to NIT (∆µ0) is over-compensated by reduced θ (∆θ) 

and increased ∆VT (i.e., decreased Eeff [165, 269]). On the other hand, such compensation 

is not present in transistors with lower θ0 (Figure 6.7b) – which shows a degradation of 

µeff at constant Vmeas. In sum, although ∆µeff could either be positive (Figure 6.7a) or 

negative (Figure 6.7b) when measured at constant VG (Vmeas), it is always negative [89] 

when measured at constant Eeff (Figure 6.7c). 
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Figure 6.7: µeff (a) increases for device #5 of Table 6.1 (having θ0 = 1.34V-1) or (b) 

decreases for device #2 of Table 6.1 (having θ0 = 0.8V-1) during NBTI when measured 

at constant gate voltage (Vmeas), although it shows (c) a decreasing trend when measured 

at constant Eeff. 
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6.4.4. Determining Physical Basis of ∆∆∆∆µµµµeff(NIT) 

MSM experiment not only allows us to analyze the influence of interfacial defects 

(generated during NBTI stress on type-I transistors) on the empirical mobility model 

parameters of equation (6.5), it also helps us to obtain a physical understanding for the 

µeff variation. To explore the physical basis of ∆µeff(NIT), here we use a comparatively 

more rigorous mobility model [266, 267, 270, 271], where three dominant components of 

carrier scattering – phonon scattering, surface roughness scattering, and coulomb 

scattering both due to positively charged ionized donors and interface defects – are 

explicitly accounted for. Using Mathiessen’s rule13, µeff is then expressed as – 

 
1 1 1 1

eff coul ph srµ µ µ µ
= + +  (6.6) 

where  

 ( )1

1 ,coul inv dep IT inv ITQ Q Q Nαµ µ β= +  (6.7) 

 2
2 ,ph effE αµ µ= and 3

3 .sr effE αµ µ=   

We use α1 = 1, α2 = -0.3 [267, 270], α3 = -1.5 and the remaining coefficients (µ1, µ2, 

µ3, βIT) as fitting parameters. Pre-stress µeff vs. Eeff relationship (solid line in Figure 6.8) is 

used to estimate µ1, µ2, and µ3. Later, βIT (proportional to the square of the hole 

wavefunction at the location of interface states [266]) is determined by fitting post- NBTI 

stress µeff vs. Eeff data (dashed line in Figure 6.8). Hence, by using a more physically 

based mobility model (i.e., using equations (6.6)-(6.7)), we can characterize the effects of 

interface defects on ∆µeff(∆NIT) using a single physical parameter, βIT. 

                                                 
13 Validity of Mathiessen’s rule is based on the assumption that independent 

scattering mechanisms have similar energy dependence, which is seldom justified in 

practice [272]. Nevertheless, it is often used in literature [266, 267, 270, 271] for self-

consistent mobility calculation for different scattering mechanisms, which is also 

appropriate in our case. 
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6.5. Ultra-Fast VG or UFV (tmeas ~ 0.5 µs) 

UFV technique is recently proposed [140] for characterizing defect generation 

through an approximate measurement of ∆VT by monitoring shift of ID,lin-VG plot at 

constant ID. Timing diagram for UFV experiment applied to a PMOS transistor for 

estimating ∆VT during NBTI stress is shown in Figure 6.9a. After choosing a particular 

current level, ID,lin(UFV) = 10-5 A in Figure 6.9b, one estimates VGi required for having 

ID,lin(UFV) by interrupting VSTS (for tmeas ~ µs [140]) at different stress interval (tSTS,i; where, 

i = 0, 1, 2, 3, … etc. with tSTS,0 = 0). Later, ∆VT(i) is assumed to be equal to ∆VG(i) = VGi - 

VG0 [140]. Moreover, UFV technique supports NBTI relaxation measurement for any 

recovery voltage (VREC), provided appropriate corrections are made (see sections 6.7.1 

and 6.7.2), thus offers an advantage over the OTF-ID,lin technique (discussed in section 

6.6) in relaxation measurements, which only allows NBTI relaxation measurement for 

|VREC| > |VT|. 
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Figure 6.9: (a) Timing diagram for UFV experiment applied to a PMOS transistor for 

estimating ∆VT during NBTI stress [140]. (b) In UFV, one chooses a particular current 

level, ID,lin(UFV) and then estimate VGi required for having ID,lin(UFV) by interrupting VSTS at 

different stress interval. Generation of interface/bulk trap during NBTI increases |VGi| 

within time. Later, ∆VT(i) is assumed to be equal to ∆VG(i) = VGi – VG0. Recovery 

voltage (VREC) in UFV can have any magnitude and polarity. 

6.6. On-the-fly I D,lin or OTF-I D,lin (tmeas ~ 0) 

OTF-ID,lin is one of the most widely used defect characterization technique now-a-

days [128-130, 141, 143, 154, 169], because it eliminates the possibility of undesirable 

recovery during characterization, which is crucial requirement for obtaining exact time 

dynamics of defects (see Figure 6.10 for the timing diagram). OTF-ID,lin starts by taking 

an initial short-range ID,lin-VG (i.e., VG is chosen to have a range just around VT), enough 

for estimating VT0 by drawing slope at maximum transconductance point. Later, VSTS is 

applied and ID,lin0 is measured after t0 (≥ 1ms for standard OTF [128-130, 141, 143, 154, 

169] and ~1µs for fast-OTF [154]). Finally, through a continuously monitoring of ID,lin at 

constant VG [139], ∆VT is indirectly estimated using ∆ID,lin = ID,lin – ID,lin0 through 

appropriate ∆ID,lin � ∆VT conversion technique (see section 6.7.4 for a discussion on this 
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conversion issues). Moreover, for OTF-ID,lin, recovery voltage |VREC| is always above 

threshold and measurement voltage, |Vmeas| is same as |VSTS| or |VREC|. 
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Figure 6.10: (a) Timing diagram for OTF-ID,lin measurement. (b) Hypothetical ID,lin-VG 

sweeps are shown at different time steps during OTF-ID,lin. In OTF-ID,lin, only the initial 

short (VG)-range ID,lin-VG is measured for estimating VT0. Later, VSTS is applied and ID,lin0 

is measured after t0. Finally, ∆VT is indirectly estimated using ∆ID,lin. Moreover, |VREC| is 

always above threshold and |Vmeas| is same as |VSTS| or |VREC|. 

6.7. Interpreting Measurements 

Measurement of a quantity generally involves monitoring certain observables (e.g., 

absorption of electromagnetic signal in ESR, increase in recombination current in SDR, 

change in ID,lin-VG in MSM, change in VG for constant ID,lin in UFV, change in ID,lin at 

constant VG in OTF-ID,lin, etc.), which are easily accessible through the apparatus being 

used. In most of the cases, these observables only provide an indirect estimate of the 

desired quantity and sometimes get corrupted due to different measurement artifacts. 

Therefore, proper interpretation of the observables and de-embedding the desired 

information is a challenge one needs to overcome during any measurement. For example,  
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� EDMR technique involves the measurement of recombination current through 

the substrate of a MOSFET, connected in gate-diode configuration (Figure 

6.2a). Here, the microwave (electromagnetic) radiation, used to satisfy the 

resonance condition (Figure 6.1), can induce some unintentional forward-bias 

between the source/drain to substrate diode [88]. Therefore, the effect of this 

unintentional forward-bias needs to be corrected by the application of a 

counter bias using external supply. Otherwise, significant confusion may rise 

about the origin of spin-dependent current being measured, i.e., whether it is 

coming from spin dependent tunneling (SDT) or spin-dependent 

recombination (SDR) [88]. 

� Mobility measurement using ID,lin-VG in a MOSFET, having high gate leakage, 

is another challenging issue [273-275]. As shown in Figure 6.11, presence of 

high IG in MOSFETs with ultra-thin dielectric opposes the flow of ID,lin. 

Therefore, measured ID,lin at high VG decreases and extracted µeff indicates an 

unphysically low magnitude at high Eeff. Such effect is more dominant in 

transistors with long-channel length, which has comparatively higher gate 

leakage due to larger gate area. Different correction techniques [273-275] are 

available in literature to handle this problem; among them the one proposed in 

[274] is the simplest. As IG is unaffected by small lateral field [276], corrected 

ID,lin can be calculated using – 

 ( ) ( ), ( ) , ,@ 0.01 @ 0.01D lin corrected D lin DS DS meas D DSI I V V I V= = + − =  (6.8) 

      where VDS,meas is the VDS at which ID,lin-VG sweep is intended to be measured. 

We followed the same procedure in measuring ID,lin-VG sweeps during our 

MSM experiments.  
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Figure 6.11: (a) During a ID,lin-VG measurement, extremely popular in µeff calculation, 

presence of high IG (in MOSFETs with ultra-thin gate dielectric) will assist IS and will 

oppose ID,lin. (b) Different current components measured during the ID,lin-VG 

measurement in such a p-channel transistor. Excessive IG reduces ID,lin (at high VG), thus 

corrupts the extracted µeff at higher Eeff (inset). Here, ID0 represents the corrected drain 

current, using the algorithm proposed in [273]. 

� Significant corrections steps are also necessary for the interpretation of UFV 

and OTF-ID,lin measurements, which will be discussed in the following 

sections. Initially, we address the corrections related to body-effect coefficient 

(section 6.7.1) and valence band electron trapping (section 6.7.2) for UFV. 

Later, we discuss the effect of time-zero (t0)-delay (section 6.7.3) and the need 

for ∆µeff corrections (section 6.7.4) in OTF-ID,lin measurements.  

6.7.1. Ultra-fast V G (UFV): Body-effect Coefficient (m) Correction 

UFV measures change in VG (∆VG) required for maintaining constant ID (within tmeas 

~ µs) and hence estimate ∆VT using, ∆VT ~ ∆VG [140]. As shown in Figure 6.12a, such 

approximation significantly under-estimates |∆VT|, when ID,lin(UFV) is chosen in the sub-

threshold regime [165, 277]. Similarly, when ID,lin(UFV) is chosen with |Vmeas| slightly 

above threshold, the use of |∆VT| ~ |∆VG| over-estimates |∆VT| [165].  
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Limitation of using ∆VT ~ ∆VG in sub-threshold region can be explained by starting 

with the expression for ID,lin commonly used in this region, which is – 

 , ~ exp - .D lin G T BI q V V mk T    (6.9) 

As ID,lin is kept constant (at ID,lin(UFV)) during UFV, we need to differentiate equation (6.9) 

for constant ID,lin for obtaining the following relationship between ∆VT and ∆VG:  

 / .G T G TV V V V m m∆ − ∆ = − − ∆  (6.10) 

Equation (6.10) clearly indicates that for positive ∆m (Figure 8.1), |∆VG| in sub-threshold 

regime will always be less than |∆VT| (Figure 6.12a). Thus, estimation of ∆VT using UFV 

in sub-threshold regime should involve appropriate ∆m correction according to equation 

(6.10), only when the estimated ∆VT becomes consistent with the one (section 6.4.2) 

measured by drawing slopes at gm,max (Figure 6.12b). 

Similarly, a qualitative explanation for |∆VG| > |∆VT| (at constant ID,lin) above 

threshold can be obtained by differentiating equation (6.4) for constant ID,lin (i.e., for 

constant Eeff). Hence, we obtain – 

 .
2 2

eff

eff DS DS
G T G T

eff E

V V
V V V V m m

µ
µ

∆
∆ − ∆ = − − − + ∆  (6.11) 

Now, for ID,lin = ID,lin(UFV) or constant Eeff, ∆µeff is negative (Figure 6.8) and ∆m is positive 

(Figure 6.6). Hence, according to equation (6.11), |∆VG| is always greater than |∆VT| for 

above threshold UFV measurement (Figure 6.12a). Lack of appropriate mobility models 

near threshold restricts us in obtaining a quantitative correction above threshold, as it is 

possible in the sub-threshold region (Figure 6.12b). 
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Figure 6.12: (a) |∆VG| ≠ |∆VT| for UFV, as assumed in [140]; at sub-threshold, 

|∆VG|<|∆VT| and at slightly above threshold, |∆VG|>|∆VT|. (b) Appropriate ∆m 

correction using equation (6.10) and Figure 6.6 enables us to have a refined estimation 

of ∆VT (using ∆VG), which becomes more consistent with the one obtained by drawing 

slopes at gm,max (section 6.4.2). 

6.7.2. Ultra-fast V G (UFV): Valence Band Electron Trapping 

One of the advantages of UFV over OTF-ID,lin is its capability of measuring ∆VG 

relaxation for any VREC within tmeas ~ µs (Figure 6.9a). Later ∆VT can be estimated using 

appropriate correction, discussed in section 6.7.1. Thus UFV allows NBTI relaxation 

measurement at VREC < VT0 and the measured relaxation, in most of the transistors, starts 

from a recovery time (tREC) of ~ µs and has a distinct logarithmic nature [140]. This 

motivated many researchers [115, 140, 168, 278] to believe that NIT relaxation in type-I 

transistors, where ∆VT ~ ∆VIT ~ q∆NIT/Cox (due to the dominance of ∆NIT over hole 

trapping during NBTI stress), starts from ~ µs. However, we observe that NIT relaxation 

does not always start at ~ 1µs, as measured using UFV at VREC ~ 0V. When relaxation is 

measured using OTF-ID,lin at VREC < VT0 in a PMOS transistor, the start of relaxation can 

be as large as 10ms for tSTS = 103 sec (Figure 6.13). 
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Figure 6.13: NBTI relaxation measured using OTF-ID,lin at VREC < VT0 predicts measured 

∆VT recovery to start later compared to the one measured using UFV at VREC = 0. 

To resolve the discrepancy between UFV and OTF-ID,lin measurements in Figure 

6.13, we identify that there is VREC dependency of measured ∆VT relaxation. As such the 

relaxation measured in UFV at VREC = 0, and starting at ~ µs, may not be the actual NIT 

relaxation. Because for the ranges of VREC used in UFV, the ultra-fast ∆VT relaxation can 

result from the neutralization of dangling bonds by electron capture (Si+ + e- �Si) from 

valence band. As a result, in spite of having negligible amount of ∆VT relaxation by 

hydrogenated re-passivation of dangling bonds (NIT recovery) within 1µs-10ms time 

range, these neutralized dangling bonds (denoted by Ne) can also give rise to measured 

∆VT recovery. 

6.7.2.1. Valance Band Electron Trapping: Process 

In order to explain the process of valence band electron trapping for the fast-transient 

relaxation observed in UFV, we first need to identify the Fermi-level within the substrate 

(EFS) at the bias conditions of UFV (Figure 6.9a). This will help us to identify the fraction 

of donor-type NIT going below EFS, as the transistor is switched from VSTS to VREC. These 
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donor-type NIT going below EFS during relaxation will contribute to ∆VT relaxation (with 

no NIT relaxation) by capturing electron from the valence band. As shown in Figure 6.14, 

the following cases need to be considered for explaining such valence band electron 

trapping: 

� In stress phase, i.e., VG = VSTS, EFS is well below valence band edge, 

considering that more than 2φF surface potential is needed to invert the 

substrate due to QM effects [178, 279-282] (where φF is the separation 

between EFS and the intrinsic level within the bulk of substrate). So the 

generated NIT’s over the entire energy range within the bandgap will be 

positively charged (or empty of electrons, see Figure 6.14a) and thus will 

contribute towards VT.  

� In measurement phase, i.e., VG = Vmeas (normally ≤ VREC), pushes part of the 

NIT’s below EFS (Figure 6.14b). In the meantime, carriers (electrons/holes) in 

valence band of the PMOSFET’s inverted channel can quickly equilibrate 

with source/drain within majority carrier diffusion time. However, electron 

trapping in the donor-type NIT’s, which has gone below EFS, will require some 

time. Among these NIT’s, the ones closest to the valence band can capture 

electrons and become neutral within ~µs. Thus these (near valence band) NIT’s 

cannot be measured by UFV. As such, even in stress-phase measurement, we 

will be able to estimate ∆VT (only) due to those NIT’s which have not captured 

electrons within ~µs. This phenomena of capturing only a fraction of 

generated NIT’s during measurement has also been discussed in [168].  

� In recovery phase, i.e., VG = VREC, EFS is either pushed further up towards the 

conduction band (for Vmeas < VREC, Figure 6.14c) or stays the same as in 

measurement condition (for Vmeas = VREC, Figure 6.14b). In both cases, NIT’s 

below EFS gets more time (i.e., the entire recovery phase) to become neutral, 

thus contribute to ∆VT relaxation. In addition, when Vmeas is less than VREC 

(i.e., EFS is closer to valence band for VG = Vmeas compared to that for VG = 

VREC), a fraction of NIT’s (already in neutral state at VG = VREC) may release 
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the captured electron within tmeas ~ µs. These NIT’s, which release captured 

electrons during the switching of transistor from VREC to Vmeas, will not 

contribute to ∆VT relaxation.  

Substrate hole

Substrate electron

Empty donor-type interface states (- Si+)

Filled donor-type interface states (- Si)

(a) (b) (c)

EFS,STS

EC(bulk)

EV(bulk)

EFS,meas

EC(bulk)

EV(bulk)

EFS,REC

EC(bulk)

EV(bulk)

(d)

EFS,STS

EFS,REC

EFS,meas

Occupancy
10

 

Figure 6.14: Energy band diagram for a PMOS transistor biased in (a) NBTI stress (VG 

= VSTS, substrate inverted), (b) NBTI measurement (VG = Vmeas ~ VT) and (c) NBTI 

recovery (VG = VREC = 0, substrate moderately depleted) condition for the UFV scheme. 

EFS is substrate Fermi level and EC(bulk), EV(bulk) are conduction and valence band level in 

bulk of the substrate. Arrow indicates valence band electron trapping during recovery 

and measurement conditions. (d) Movement of Quasi-Fermi level as the transistor is 

switched from stress to recovery, then to the measurement mode. Energetically 

suppressed substrate electron capturing makes the trap filling a log-t process from tREC = 

~µs to ~ms. 

Therefore, it is evident that some of the NIT’s, located at energy levels closer to the 

valence band edge and also below EFS, can capture valence band electrons at VG = VREC 

and keep neutralized for tmeas ~ µs without releasing the captured electron at VG = Vmeas. 

With the increase in tREC, NIT’s located away from valence band edge starts to capture 

electrons (Figure 6.14d). Overall, valence band electron trapping into NIT’s, going below 

EFS at VG = VREC, can have a wide spread of trapping time constant, thus resulting in 
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logarithmic time (log-t) dependence of NBTI recovery. Evidently, the fraction of NIT’s 

contributing to the log-t dependence or, the fraction of defects neutralized through 

electron trapping will depend on EFS positions at VG = VSTS, VREC, Vmeas; which ultimately 

depends on doping density in the substrate and poly-gate, EOT, work-function for metal-

gate, etc. 

6.7.2.2. Valence Band Electron Trapping: Numerical Model 

In order to verify the significance of valence band electron trapping into NIT’s in 

explaining ultra-fast log-t relaxation, measured in UFV, we consider that donor-type NIT’s 

are generated uniformly throughout the band gap. Here, we model the generation and 

recovery of NIT within a direct H-H2 Reaction-Diffusion (R-D) framework (see sections 

3.4.1 and 3.5 for details). Let us also define nIT (= DIT∆E) as the concentration of 

interface traps within an energy range of ∆E generated at time t. Therefore, total interface 

trap density can be expressed as: NIT = 
g

IT
E

n∑ . At stress condition, all the generated 

interface states will be positively charged (–Si+) (Figure 6.14a), and thus contribute to 

measured ∆VT. As the transistor is switched to recovery mode (VG = VREC), ∆VT 

relaxation can occur in the following two ways: 

� Charged interface traps (–Si+) can capture atomic hydrogen that diffuses back 

towards the interface. In this case, recovered H-Si+ bond go to an energy state 

well below the valence band edge [147] and hence can easily capture an 

electron to complete the passivation process (–Si+ + H + e- � H-Si). Such ∆VT 

relaxation process directly impacts ∆NIT by reducing nIT at appropriate energy 

levels closer to the valence band edge. 

� Alternately, –Si+ can capture an electron from valence band and thus form a 

neutral donor state (–Si+ + e- � –Si) with a concentration of ne. In such case, 

these neutralized donor interface states will reflect as ∆VT recovery in UFV 

measurement. Moreover, neutralized defects ne have their energy levels within 

Si band gap and may release the captured electron during ∆VT measurement 
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(when Vmeas < VREC) or show up as a fast ∆VT generation in subsequent stress 

phase. These neutralized dangling bonds (ne) can also anneal through re-

passivation by the back-diffused hydrogen species. 

Thus, valence band electron-capture process splits interface defects within the band-

gap into two parts: empty/positively-charged nIT and filled/neutral ne. The time dynamics 

of these defects at certain energy Et are governed by: 
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where kF, kR, NH
(0) are Si-H bond-breaking rate, Si-H bond-annealing rate and hydrogen 

density at the Si/dielectric interface, respectively; n0 is the initial annealed dangling bond 

at the beginning of stress within energy range ∆E (in other words, total Si-H bond density 

available before stress is N0 = 0
gE
n∑ ); cIT is the capture coefficient for valence band electron 

trapping into and out of nIT; nS (pS) is surface electron (hole) density contributing to 

trapping (detrapping) process; and ES is the energy level for surface electrons. Here, it is 

important to note that kF, kR, NH
(0) and n0 are terms commonly used in classical R-D 

model (see chapter 3 for details), whereas the remaining terms take care of extra 

contribution from valence band electron trapping.  

6.7.2.3. Valence Band Electron Trapping: Simulation Results 

We perform QM-CV simulation [178] to calculate nS, pS and ES for the transistor 

under consideration at different VG, which are fed into equations (6.12) and (6.13), along 

with the hydrogen diffusion terms. This enables us to determine nIT(Et) and ne(Et) at 

different stress/recovery time intervals. In the simulated stress-phase, we apply VSTS = -

2.2V and TSTS = 1250 C on a PMOS transistor having device parameters (VT0 ~ -0.4V, 
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EOT ~ 2.2nm, substrate doping density ~ 1018 cm-3, etc.) similar to the one used in [140]. 

After tSTS = 105 sec, the transistor is allowed to recover at VREC = 0V. Both ∆VT = 

q
g

IT
E

n∑ /Cox and ∆NIT = q ( )+∑
g

IT e
E

n n /Cox are monitored at pre-defined stress/recovery 

intervals. In addition, capture co-efficient (cIT) for valence band electron trapping 

simulation considers capture cross-section, σIT ~ 10-18 cm2 (which is similar to the value 

reported in [283]) and thermal velocity, vth ~ 107 cm/sec. Also valence band electrons 

from quantized energy levels are considered to tunnel an interfacial layer thickness of ~ 

1.5 Å [69] before getting captured by interface defects.  

Comparison of ∆VT and ∆NIT relaxation in Figure 6.15a shows that due to the extra 

contribution from valence band electron trapping component, fractional ∆VT recovery is 

much larger than ∆NIT recovery. More importantly, though ∆NIT starts to relax by back-

diffused hydrogen species at ~102 s, relaxation of measured ∆VT starts much earlier. 

Moreover, since Vmeas (~ -0.4V) < VREC (~ 0V) in our simulation, some NIT’s can release 

the captured electrons within tmeas ~ µs. As such, this electron release process during tmeas 

will result reduced ∆VT recovery in the relaxation measurement (see Figure 6.15b).14 In 

both cases irrespective of Vmeas, we get a log-t dependence in measurable ∆VT relaxation, 

which happens before the NIT’s achieve total re-passivation (i.e., NIT recovery in classical 

R-D model) through the back-diffusion of hydrogen species.  

                                                 
14 This also proves that if tmeas were significantly higher or Vmeas were smaller than 

VT0 (as is the case for ultra-fast ID-VG setup [141]), no effect from valence band electron 

trapping will be observed in measured ∆VT relaxation. 
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Figure 6.15: Simulation of fractional recovery (tSTS = 105 sec) in UFV measurement 

scheme (tmeas ~ µs) on a PMOS transistor having parameters similar to the one used in 

[140]. Our simulation indicates EFS,rec (@VREC= 0V) to be ~ 0.45eV above the valence 

band edge at the interface. In (a), EFS,meas is considered to be same as EFS,rec (i.e., Vmeas = 

VREC); whereas in (b) EFS,meas (@ Vmeas = VT0 ~ -0.4V) ~ is considered to be 0.2eV above 

valence band edge at the interface. Figure (b) also indicates actual ∆VT recovery (blue 

line), measured ∆VT recovery (red line) and actual ∆NIT recovery (black line: predicted 

from classical H-H2 R-D model). 

6.7.2.4. Valence Band Electron Trapping: Resolving UFV vs. OTF-I D,lin Relaxation 

For UFV relaxation measurement [140], Figure 6.15a indicates that valence band 

electron trapping can contribute to 20% ∆VT relaxation from 1µs-10ms. Considering this 

information, we can subtract of the contributions of electron trapping from ∆VT relaxation 

data. The corrected ∆VT relaxation for UFV at VREC ~ 0V shows remarkable agreement 

with the one obtained from OTF-ID,lin measurement at VREC < VT0 (Figure 6.16). This 

proves the necessity of valence band electron trapping in explaining ultra-fast NBTI 

relaxation measurements at VREC > VT0 and confirms that actual NIT relaxation does not 

start at ~µs, when considerable amount of stress is applied. Thus for tSTS = 103 sec, we 

predict the NIT relaxation to start at ~10ms, which is confirmed by two different types of 

experiments in Figure 6.16. Moreover, Figure 6.16 also shows significant differences 
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between the experimentally measured start of relaxation tREC,start and the one calculated 

tNIT,start using Reaction-Diffusion (R-D) model. This difference is attributed to the 

existence of hole detrapping from oxide defects, as discussed in section 6.7.5.  
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Figure 6.16: Consideration of valence band electron trapping in UFV makes start of 

recovery consistent with OTF-ID,lin measurement. 

6.7.3. On-the-fly I D,lin: Time-zero (t0)-delay Effect 

As discussed in section 6.6, OTF-ID,lin primarily measures VT0 and ∆ID,lin and thus 

make a zeroth-order estimate of ∆VT using [127, 129, 130, 139, 169, 284, 285] 15 – 

 ( ) ( ) ( ) ( )( ) ( ), , 0 , 0 0 , , 0 0 .T D lin D lin D lin G T D lin D lin G TV t I t I t I t V V I I V V ∆ ≅ − − = ∆ −  (6.14) 

A crucial point that is not always obvious in OTF-ID,lin measurement, hence ignored, is 

the use of t0 in the above calculation. Exact ∆VT measurement using OTF-ID,lin mandates 

the use of t0 = 0. Yet OTF-ID,lin setups require some time (≥ 1ms for standard OTF [128-

                                                 
15 Please see section 6.7.4 for a better estimate of ∆VT through proper mobility 

correction. 
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130, 141, 143, 154, 169] and ~1µs for fast-OTF [154]) before measuring Idlin(t0), as a 

result t0 (termed as time-zero delay) ≠ 0 in such measurements. Therefore, while solving 

the issue of unintentional recovery at each measurement step present in any other 

measurement technique (e.g., MSM, SDR, etc.), OTF-ID,lin introduces an error in 

degradation estimates due to non-zero t0, the effect of which will be particularly 

important at short stress times.16 To observe the effect of time-zero (t0)-delay in the OTF-

ID,lin results, we have used the experimental data from [140] (measured at VSTS = -2.2V, 

TSTS = 125 0C), with a specified tmeas ~µs (hence very small recovery) and t0 ~ 0 (similar 

to MSM), as reference. Once correction due to t0 is accounted for, we can explain n for 

all OTF-ID,lin data in Figure 6.17a, having various t0 ≠ 0. Thus, Figure 6.17a indicates that 

the use of t0 ≠ 0 in calculating ∆VT(t) for OTF-ID,lin, results in an “apparent and artificial” 

increase of power-law time exponent, n (when ∆VT is expressed as, ∆VT ~ tn) mainly in 

short-term NBTI degradation. Indeed, if t0 is very high (> 1 sec), even the longer-term 

stress data will be affected by t0-delay. Thus, t0-delay can explain the discrepancy of 

OTF-ID,lin results from different experimental groups [130, 139, 286].  

To be more convincing, we vary t0-delay in OTF-ID,lin experiments, performed on 

type-I transistors having dominance of NIT over NHT in NBTI degradation, i.e., ∆VT ~ NIT 

[119, 129] (see Figure 6.17b). We fit the lowest t0 (= 1µs; hence assumed to be 

negligible) measurement using classical H-H2 R-D model (see section 3.5 for details). 

The other measurements having higher t0 nicely follows the simulation trend, once the 

effect of t0 is considered using ∆VT(t – t0) ~ [NIT(t) – NIT(t0)]/N IT(t0) with no additional 

fitting parameters. Thus, one can estimate power-law time exponent n (when the 

degradation is plotted in log-log format) for any value of t0 by differentiating log(tn – t0
n) 

with respect to log(t – t0), which results – 

                                                 
16 Such t0-error is not present either in MSM (which is erroneous due to recovery 

issue, discussed earlier) or in the UFV measurement, because in these cases VT0 is 

obtained before the device is stressed. 
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where n0 is the power-law time exponent for t0 = 0. Figure 6.17b also shows that 

although n at a particular tSTS increases with t0, all the degradation curves tend to merge at 

long tSTS. Thus as a matter of practical interest, if such t0-delay correction in OTF-ID,lin is 

difficult, our analysis suggests that lifetime prediction [128, 175] and projection back to 

operating condition [128] in type-I transistors must be carried out using long-term NBTI 

stress data, obtained at tSTS ≥ 10 sec with t0 ≤ 1 ms; because higher-exponents in short-

term degradation can result in unnecessarily pessimistic projections. Whereas, in case of 

type-II transistor (having dominance of NHT over NIT), t0 needs to be as small as 1µs for 

proper characterization of ultra-fast NHT part. Overall, t0-delay effect can obviously be 

minimized by using small t0 [141, 154, 161, 287].  
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Figure 6.17: (a) Effect of t0-delay on OTF-ID,lin compared with UFV, where OTF-ID,lin is 

performed on transistors from different technologies. Here, ∆VT is scaled along Y-axis 

for clarity. Next, in (b) the possibility of technology to technology variation is avoided 

by studying the effect of t0 on similar transistors. In both cases, measurement with 

lowest t0 is fitted using classical H-H2 R-D model (section 3.5) and other measurements 

require no additional fitting parameter, except the consideration of t0. These 

measurements indicate that for higher t0, there is an increase in n at a particular (tSTS – 

t0) mainly in the short-term stress. 
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6.7.4. On-the-fly I D,lin (OTF-I D,lin): Mobility Correction in ∆∆∆∆VT estimation 

This is one of the more challenging problem in OTF-ID,lin, because OTF-ID,lin needs 

to perform an indirect estimation of ∆VT using the measured quantities like ∆ID,lin and VT0 

[127, 129, 130, 139, 169, 284, 285]. In the following discussions, we show that these two 

quantities are not sufficient for estimating ∆VT and hence establish the importance of 

considering ∆µeff in such estimation. We also show that although ∆m has significant 

contribution in ∆VT estimation for UFV (see section 6.7.1), it has negligible impact on 

∆VT estimation for OTF-ID,lin. In determination of ∆µeff (which is generally not available 

in OTF-ID,lin measurements), we use a theoretically-justified and well-calibrated 

∆µeff(NIT) model, which has been developed for type-I PMOS transistors (having 

dominant NIT generation during NBTI) in section 6.4 using MSM experiment. 

Consequently, we propose an algorithm for estimating ∆VT in OTF-ID,lin using prior 

knowledge of VT, m and µeff in pre-stress (tSTS = 0) condition (section 6.7.4.1). The 

proposed algorithm is a significant improvement over the one presented in [169], where 

each device needs individual characterization to obtain the mapping between ∆ID,lin and 

∆VT. We verify the algorithm using both MSM and OTF-ID,lin experiments (sections 

6.7.4.2 and 6.7.4.3) and hence show the importance of this algorithm in robust lifetime 

projection using OTF-ID,lin measurement (section 6.7.4.4). Finally, we generalize this 

algorithm for type-I transistors having wide range of nitrogen concentration (section 

6.7.4.5). 

6.7.4.1. Algorithm for ∆VT Estimation from ∆ID 

For developing the ∆VT estimation algorithm (from ∆ID,lin), first we differentiate (6.4) 

to obtain – 
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Relationship between ∆µeff and ∆m with ∆VT (obtained in sections 6.4.2 and 6.4.3) – 

along with the prior knowledge of µ0(0), θ0, and m0 – are used in equation (6.16) to 

calculate correct-∆VT 
17 from measured ∆ID,lin/ID,lin0. In sum (see Figure 6.18), MSM 

study of section 6.4 enables us to calculate ∆m(∆VT), ∆µ0(∆VT) and ∆θ(∆VT) (Figure 6.6), 

thus ∆µeff(∆VT) using (6.5) (Figure 6.7). These values are subsequently used in equation 

(6.16) to obtain a relationship between ∆ID,lin and ∆VT – which can be used in ∆VT 

estimation for OTF-ID,lin.  

MSM: ID,lin(i)-VG(i)
@ different tSTS,i

VT(i), SS(i)(hence, m(i)), 
µeff(i) (hence µ0(i), θ(i))
[Using eqns. (6.2)-(6.5)]

∆VT, ∆µ0, ∆θ, ∆m

Correlate ∆µ0, ∆θ, ∆m
with ∆VT (Figure 6.6)

∆VT = f --1(∆ID/ID0)

∆µeff(∆VT) (Figure 6.7)
∆ID,lin/ID,lin0 = f(∆VT)

Equation (6.16)  

Figure 6.18: Algorithm for ∆VT estimation in OTF-ID,lin from ∆ID,lin/ID,lin0. 

6.7.4.2. Verifying ∆∆∆∆ID,lin ���� ∆∆∆∆VT Algorithm Using MSM 

The proposed algorithm is used to estimate ∆VT from ∆ID,lin/ID,lin0, measured at 

different Vmeas using MSM experiments. Estimated ∆VT (using information from Figure 

6.6, Figure 6.7 into Figure 6.18) correlates very well with ∆VT calculated by drawing 

                                                 
17 VT calculation by determining the intercept for the line drawn at gm,max, is widely 

used in device characterization [33, 89, 90, 168, 169, 249, 288, 289]. Thus, correcting 

OTF-ID,lin using the ∆VT calculated from gm,max technique is considered appropriate.  
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slopes at gm,max (Figure 6.19a) – suggesting that the algorithm is unique and self-

consistent for |Vmeas| >> |VT| 
18. We verify this uniqueness and consistency for all the 

type-I transistors under study (see Table 6.1 for device details). This is an improvement 

over popular classical estimate, where both ∆µeff and ∆m are neglected and ∆VT is 

estimated using equation (6.14). Figure 6.19b proves that classical calculation is under-

estimating ∆VT [89, 169, 290] by neglecting contribution from ∆µeff and ∆m (estimation is 

poorer at higher Vmeas), thereby making theoretical interpretation of OTF-ID,lin 

experiments difficult. Similar calculation involving devices, where ∆µeff@VG degrades 

(Figure 6.7b) indicates classical calculation to over-estimate ∆VT (Figure 6.19c). Such 

over-estimation can also be corrected using our algorithm of Figure 6.18. 

To observe the relative significance of ∆µeff and ∆m in ∆VT estimation from ∆ID,lin, 

we now ignore the contribution from ∆m in estimating ∆VT. Figure 6.19d shows that 

estimated ∆VT in such condition compares pretty well with ∆VT obtained at gm,max. Thus 

∆VT estimation algorithm for OTF-ID,lin (Figure 6.18) seems to work well without 

considering sub-threshold slope (SS) degradation. This is because for small VDS,lin all the 

terms in equation (6.16) related to SS (and m) becomes negligible. 

                                                 
18 Despite its self-consistency, the proposed algorithm should not be used for low 

|Vmeas|, because the mobility model (i.e., equation (6.5)) will not be valid at that 

condition. Instead, one could use higher order empirical mobility models (suggested in 

[268]) to reconstruct Figure 6.18 at lower |Vmeas|. 
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Figure 6.19: (a) Estimation of ∆µ
eff

 and ∆m enables one to evaluate ∆V
T
 using Figure 

6.18; which is in good agreement (closer to solid line representing 1:1 relation) with 

∆V
T
 obtained from g

m,max
. (b) (c) Classical estimate of |∆V

T
| ~ |∆I

D
/I

D0
(V

G
-V

T0
)| neglects 

∆µ
eff

 and ∆m, thus under/over-estimates |∆V
T
|. (d) Neglecting contribution from m does 

not affect ∆V
T
 estimation significantly. Information for the devices used in this figure 

can be found in Table 6.1.  

6.7.4.3. Verifying ∆∆∆∆ID,lin ���� ∆∆∆∆VT algorithm using OTF-ID,lin 

Effectiveness in ∆VT estimation using algorithm in Figure 6.18 might lead one to 

presume that the proposed methodology is only self-consistent, but not universal. In other 

words, as we have used the same MSM experiment in determining correlation between 

∆µeff, ∆m and ∆VT (Figure 6.6 and Figure 6.7) and later used these information in 

equation (6.16) to estimate ∆VT itself (section 6.7.4.2), the entire process is expected to 

show consistency (as obtained in Figure 6.19a). Thus effectiveness of Figure 6.18 might 
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appear to be valid only for this MSM experiment, not for OTF-ID,lin in general! To 

disprove this, we use information in Figure 6.6 and Figure 6.7 in doing ∆VT estimation 

for NBTI recovery experiments, measured at different recovery voltage (Vrec) after 

stressing the transistors for same duration (1000 sec) under same stress condition (Vstress = 

-2.3V; Tstress = 125 0C). Figure 6.20 suggests that use of algorithm in Figure 6.18 in ∆VT 

estimation correctly predicts similar start of relaxation, whereas classical ∆VT estimation 

in equation (6.14) incorrectly shows that the relaxation is getting started at different 

point. This further proves the robustness of our ∆VT estimation algorithm, which we will 

later generalize for the whole range of type-I transistors (section 6.7.4.5). 
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Figure 6.20: (a) Estimated ∆VT using algorithm in Figure 6.18 provides similar ∆VT at 

start of recovery for the same VSTS, TSTS, but different V
REC

; whereas (b) equation (6.14) 

incorrectly estimates different ∆VT at start of recovery. Information for the device used 

in this figure can be found in Table 6.1.  

Moreover, we have used parameters extracted from MSM experiment (Figure 6.6 

and Figure 6.7) to correct OTF-ID,lin in Figure 6.20a. As MSM has inherent delay during 

its measurement, one might wonder if MSM and OTF-ID,lin (having no delay) probe the 
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same type of defects for these type-I transistors. And as such, one might question the 

validity of using extracted MSM parameters in correcting OTD-ID,lin. Figure 6.20a 

responds to such concern by showing that in spite of having different delay, parameters 

from MSM, when used in OTF-ID,lin, predicts similar start of recovery. Thus, we believe 

that the type of defects probed by MSM and OTF-ID,lin are indeed similar. In other words, 

measurement delay in MSM is not affecting the ∆VT estimation algorithm for type-I 

devices. 

6.7.4.4. Reliability Implications of Proper ∆∆∆∆VT Estimation 

To illustrate the importance of making proper ∆VT estimation in OTF-ID,lin (using 

Figure 6.18) over its classical counterparts, i.e., equation (6.14), we compare reliability 

parameters, e.g., power-law time-exponent (n), lifetime (tlife), voltage acceleration (ΓV), 

safe operating voltage (Vsafe), and activation energy (EA) 19 obtained using both methods. 

Figure 6.21a (Figure 6.21c) suggest that while the algorithm in Figure 6.18 estimates 

higher (lower) ∆VT compared to the classical calculation of equation (6.14), it causes 

negligible change in power-law time-exponents (∆VT ~ tn). Thus, by under (over)-

estimating ∆VT, classical prediction over (under)-estimates tlife (Figure 6.21a,c). 

Moreover, since this over (under)-estimation of tlife is more (less) dominant at higher 

Vmeas (as evident from Figure 6.19b,c), classical ∆VT calculation under-estimates ΓV 

compared to the value obtained using Figure 6.18 (see Figure 6.21b,d). Hence, 

determination of Vsafe is either lower/higher for classical calculation, depending on the 

specified lifetime criteria (Figure 6.21b,d). 

                                                 
19 See Appendix A for the definition/determination of parameters like tlife, ΓV, Vsafe. 
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Figure 6.21: Although power-law time exponent remains unaffected, when ∆µ
eff

 and ∆m 

are neglected in ∆VT estimation (for OTF-ID,lin) compared to the case, where ∆µ
eff

 and 

∆m are considered, lifetime is (a) over-estimated or (c) under-estimated. As a result, 

voltage acceleration (b), (d) is always under-estimated and Vsafe is over- or under-

estimated in classical estimation. Information for the devices used in this figure can be 

found in Table 6.1. 

We also perform MSM at wide range of temperatures (55 0C - 175 0C) to investigate 

the effect of ignoring ∆µeff and ∆m on measured NBTI activation energy. Figure 6.22a-c 
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indicates that the correlation for mobility model parameters (∆µ0, ∆θ) and ∆m with ∆VT is 

unaffected due to change in temperature. Thus, the difference between estimated ∆VT 

using Figure 6.18 and equation (6.14) is observed to be same at all temperatures, which 

implies that the measured EA will be independent of ∆µeff and ∆m corrections (see Figure 

6.22d). 
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Figure 6.22: (a-c) Correlations for ∆µ
0
, ∆θ and ∆m with ∆VT are independent of TSTS. 

Hence, no change in NBTI activation energy (EA) is observed before and after 

considering ∆µ
0
, ∆θ and ∆m in ∆VT estimation for OTF-ID,lin (d).  

Therefore, we conclude that ∆µeff (also ∆m to some negligible extent) are playing an 

important role in ∆VT estimation for OTF-ID,lin. Ignoring these effects will significantly 

impact the estimated lifetime, voltage acceleration and safe operating condition and keeps 

power-law time exponent and activation energy the same. 
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6.7.4.5. Compact ∆∆∆∆VT Estimation Algorithm for Type-I Transistors 

So far we have discussed the methodologies for analyzing ∆µeff(∆NIT) for transistors 

having specific EOT and N2 dose (see Table 6.1). Utilizing this information, we proposed 

an algorithm for estimating ∆VT from ∆ID,lin, which is one of the major challenges in 

OTF-ID,lin technique. However, the question is, “Can this algorithm be generalized so that 

we can eliminate the steps related to MSM experiments?”. In other words, “Can we avoid 

measurement of Figure 6.7 (which is obviously found to be different for devices having 

different EOT and N2 dose) and replace it with a theoretical formula?”, thus simplifying 

the process of obtaining ∆VT in OTF-ID,lin measurements. Obviously, predicting the 

results of Figure 6.7 will make the algorithm for ∆VT estimation from ∆ID,lin (Figure 6.18) 

more compact.  

To develop this compact algorithm, first we generalize ∆µeff(∆NIT) variation for type-

I transistors. Similar to the analysis in Figure 6.6, we determine ∆µ0/µ0(0) and ∆θ/θ0, and 

hence – 

 
( ) ( )
( ) ( )

1 0 0(0)

2 0

,  

,

IT

IT

P d d N

P d d N

µ µ

θ θ

= ∆ ∆

= ∆ ∆
 (6.17) 

for all the type-I transistors (see Table 6.1) under consideration. Comparison of these 

quantities (i.e., P1 and P2) for different type-I transistors eliminates any EOT and 

substrate doping (ND) dependency of µ0 and θ [249, 265] – hence P1 and P2 only contain 

information related to nitrogen dependence within the dielectric of these transistors. 

Figure 6.23a,b show insignificant correlation for P1 and P2 with total N2 dose (%N) for 

different type-I transistors. On closer examination, it appears that this discrepancy can be 

traced to differences in TPHY for these transistors. As nitrogen profile within plasma 

oxynitride dielectric decreases exponentially [238, 239] (Figure 6.23e), interfacial 

nitrogen concentration (Nint) for devices having same %N, but different TPHY, will be 

different (for example, among device #3 and #5 in Table 6.1, device #3 is expected to 

have less Nint compared to device 5). So, a better correlation for P1 and P2 is expected for 

type-I transistors if Nint is estimated using – 
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 ( )[ ]int
 ~  (% ) exp / -1,

N PHY N
N N T T T  (6.18) 

where, TN is the characteristic decay length of nitrogen profile within the plasma 

oxynitride film (~5Å [238]). Figure 6.23c,d show that both P1 and P2 have consistent 

decreasing trend with increase in Nint. In other words, for same amount of ∆NIT, 

transistors having higher Nint will have reduced change in mobility parameters, µ0 and θ – 

thus reduced change in µeff. This further proves that Nint (rather than %N) governs NIT 

dynamics for type-I transistors.  
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Figure 6.23: EOT and ND independent parameters, P1 =d(∆µ0/µ0(0))/ d(∆NIT) and P2= 

d(∆θ/θ0)/d(∆NIT), obtained using equation (6.5) and Figure 6.6 show better correlation 

with (c, d) N
int

, compared to the one with (a, b) %N. Lines in (c, d) are guide to eye 

only. (e) Nitrogen profile in a type-I transistor, having plasma nitrided dielectric, shows 

nitrogen concentration [N]  to drop exponentially from poly/oxide interface towards 

oxide/substrate interface [238]. This information helps us to estimate Nint from %N and 

TPHY using equation (6.18). 

In order to understand the physical basis of the variation in P1 and P2, we estimate 

the variation of βIT (see section 6.4.4) with Nint. Figure 6.24 indicates βIT for type-I 

transistors also reduces with Nint, which signifies that interaction of holes with interface 



 

 

154

states [266] is indeed getting reduced with increase in Nint. Now, using the systematic 

variation of P1 and P2 in Figure 6.23c, d and neglecting the effect due to SS or, m (which 

is shown in Figure 6.19d to have negligible effect in ∆VT estimation from ∆ID,lin), we can 

estimate ∆µ0, ∆θ (hence, ∆µeff) vs. ∆NIT (similar to Figure 6.6 and Figure 6.7) for 

transistors having any Nint (hence, %N using equation (6.18)), ND and EOT. Thus the 

algorithm proposed in Figure 6.18 can indeed be made more compact obviating the need 

for any MSM measurement. The resultant algorithm, therefore, becomes generally 

applicable for any type-I transistors. 
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Figure 6.24: Variation of β
IT
 for type-I transistors (lines are guide to eye only) indicates 

a decrease, similar to the decrease of P1 and P2, observed in Figure 6.23c,d. 

6.7.5. NHT/NIT Separation for NBTI Degradation 

There is an intense debate in recent literature regarding the magnitude of hole 

trapping in pre-existing oxide defects (NHT) during NBTI degradation. Some consider NIT 

generation as the only component in NBTI degradation [33, 115, 128, 130, 143]; whereas 

others have reported dominance of NHT over NIT in their transistors [32, 141, 202, 291]. 

Our recent study on transistors having wide range of nitrogen concentration [119, 129, 

138, 154, 166] reveals that contribution of NHT in NBTI degradation mainly depends on 

the amount of nitrogen concentration at the oxide/substrate interface and also on the 

physical thickness of the dielectric (TPHY). In type-I transistors, which includes transistors 
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having: a) SiO2 dielectric, b) dielectric with less than ~20% plasma N2 dose, and c) thin 

(i.e., small TPHY) dielectric with thermal N2 dose, NBTI degradation is dominated by NIT 

generation with negligible amount of NHT. Whereas in type-II transistors, which includes 

transistors having: a) dielectrics with more than ~20% plasma N2 dose, b) thick dielectric 

with thermal N2 dose, and c) high-κ dielectric, NHT plays the dominant role in NBTI 

degradation. In general terms, both NIT and NHT play critical role in NBTI degradation 

(one dominating over the other, depending on the type of transistors under study) and 

corresponding ∆VT can be expressed as: 

 0 ( , , )( )
,

ρ∫ ∫∆∆ = ∆ + ∆ = +
PHYT

HTEIT
T IT HT

di di PHY

x x E t dE dxq N t
V V V

C C T
 (6.19) 

where ∆VIT and ∆VHT refer to the contributions to ∆VT from NIT and NHT, respectively; 

ρHT(x,E,t) represents trapped holes at location x (measured into the oxide from the 

poly/oxide interface) and at energy ET; and <E>  represents the range of trap energy 

levels within the dielectric bandgap.  

It is very important to separate out components of NIT and NHT from ∆VT, especially 

for type-II transistors. Otherwise, it will be difficult to comprehend and theoretically 

model the dynamics of ∆VT (and its components), measured during NBTI stress. Without 

performing such decomposition of NIT and NHT components, recently several efforts [141, 

170, 292, 293] have been made to understand the differences between NBTI-induced ∆VT 

relaxation (measured using ultra-fast methods [140, 141, 294]) and the NIT relaxation 

predicted by the R-D theory. Though, R-D model explains many experimental NBTI 

signatures for p-MOSFETs having lightly nitrided oxides (including stress-phase time 

exponent, activation energy, field acceleration, frequency independence, etc. [119, 129, 

167]), recent reports of ultra-fast NBTI relaxation that initiates at ~µs time-scale is 

inconsistent with NIT dynamics, predicted by the R-D model (Figure 6.25a), where H-H2 

conversion takes place at poly-Si/dielectric interface and long-term diffusion of H2 occurs 

in the poly-Si gate [31] (see section 3.5.5 for details). This inconsistency has raised 

questions regarding the general validity of the R-D theory [31]. Many alternative theories 
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[293, 295] have also been proposed to explain ultra-fast NBTI relaxation, although their 

ability in predicting the features of NBTI stress remains questionable.  
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Figure 6.25: (a) tREC,start in UFV measurement [140], commences  ~5 decades earlier in 

time compared to the prediction of H-H2 R-D theory. Our OTF-ID,lin (with t0 = 1µs) 

measurement also shows similar relaxation trend. The slight difference between UFV 

and OTF-ID,lin can be attributed to the valence band electron trapping phenomena, 

explained in section 6.7.2. (b) Resolution between the measured ultra-fast ∆VT 

relaxation and comparatively slower NIT relaxation becomes possible, after 

decomposing ∆VT (solid line) into ∆VIT (dotted line), ∆VHT (dashed line) components; 

each having separate time-dynamics. 

In this section, we present a phenomenological decomposition method [166, 296] for 

isolating NIT and NHT components from ∆VT measured during NBTI stress and relaxation. 

To establish the decomposition procedure, we measure NBTI stress and relaxation on 

transistors having a wide range of thickness (EOT of 1.2-2.2 nm) and plasma N2 dose 

(16-42 %N). We identify the signatures of NBTI (section 6.7.5.1), measured during the 

stress and relaxation phase. Applying such decomposition in NBTI stress-phase 

experiments (section 6.7.5.2), it is shown that once NHT has been subtracted out, the time 

and temperature dependence of the extracted NIT part are fully consistent with the R-D 

model having non-dispersive molecular H2 diffusion (see sections 3.5 and 3.7). Later, the 

same decomposition scheme is applied to explain NBTI relaxation experiments (section 

6.7.5.3). We show that NIT relaxes slower compared to overall NBTI and this NIT 
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relaxation is consistent with the predictions of R-D theory. Thus, the decomposition 

enables us to explain the difference between the start of overall NBTI relaxation (tREC,start 

~µs) and NIT relaxation (tNIT,start ~sec). The proposed method anticipates the duty-

cycle/frequency dependencies of AC NBTI stress (section 6.7.5.4) and establishes the AC 

NBTI dependencies on nitrogen content (%N), temperature (TSTS), and stress time (tSTS). 

Finally, we conclude the discussion on NIT/NHT decomposition by comparing our 

proposed technique with the one available in literature [140, 208, 241, 297] (see section 

6.7.5.5). 

6.7.5.1. Basis for NHT/NIT Decomposition Method 

The dielectric properties of PMOS transistors (W/L=15/0.16µm) used for 

establishing this decomposition method are shown in Table 6.2. On these transistors, we 

measure NBTI stress and relaxation using OTF-ID,lin, having t0 ~ 1µs [154], and later use 

equation (6.14) for estimating ∆VT. Mobility correction (discussed in 6.7.4) is difficult, 

especially for the type-II transistors (device #2,4,5,7,8 in Table 6.2) used in this section, 

hence ignored in the ∆VT estimation. As time exponent (n) and activation energy (EA) are 

the main parameters for establishing the separation algorithm and since both of them 

remain unaffected by mobility correction (see section 6.7.4.4), mobility correction should 

have no impact on the conclusions obtained in the subsequent discussions. 
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Table 6.2: Properties (%N, TPHY and EOT) of plasma oxynitride dielectric for the 
transistors used in section 6.7.5. 

Device 
N2 Dose 

[atomic %], 
%N 

TPHY [Å] EOT [Å] 
Type 

#1 22.64 18.48 14.0 I 

#2 41.27 21.12 12.3 II 

#3 19.45 22.34 17.7 I 

#4 34.58 23.16 15.6 II 

#5 42.48 24.37 14.6 II 

#6 16.67 28.13 23.5 I 

#7 29.42 28.53 21.4 II 

#8 35.92 28.85 19.9 II 

 

Stress Phase Signatures 

Figure 6.26a-c show the measured ∆VT at two different TSTS and identical Eox on 

transistors, having similar TPHY (~ 24 Å) but different %N. As %N is increased, transistors 

tend to show more ∆VT at similar Eox, especially at short tSTS.
20 Moreover, temperature 

dependence of NBTI degradation at a particular tSTS (or EA@tSTS) reveal the existence of a 

short-time, temperature-independent fast component (that saturates within ~ms) in 

transistors having high %N plasma nitrided oxide (Figure 6.26c). Decrease in %N within 

the dielectric reduces the contribution from this fast component (Figure 6.26a) and shows 

the existence of temperature-activated slow component, even at short tSTS. Moreover, at 

long tSTS (>1s), all transistors of Figure 6.26 show some degree of temperature activation, 

which is less in higher %N transistor. Since ∆VHT is fast and TSTS independent compared 

                                                 
20 Similar results are also presented in [138] using different types of nitridation 

process, where it is shown that increase in Nint plays the major role in the observed 

behavior. 
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to slow and TSTS dependent ∆VIT [119, 129], the NBTI stress experiments on nitrided 

transistors indicate the dominance of ∆VHT at short tSTS and the dominance of ∆VIT at long 

tSTS. At short tSTS (<ms), the dominance of ∆VHT over ∆VIT (more for higher %N 

transistors) can explain the observed temeprature insensitivity in ∆VT. On the other hand, 

at long tSTS, dominance of ∆VIT results significant temeprature dependence for ∆VT. 

Moreover, the increase in ∆VHT with the increase in %N is also consistent with the 

decrease in power-law time exponent (n for ∆VT ~ tn; see Figure 6.26d) for higher %N 

transistors [129]. Similar temperature independence at short tSTS was also observed in 

[Reisinger]. However, corresponding %N for the transistor in [140] (Figure 6.26d) is 

much lower than the one in Figure 6.26c, which has similar temperature independence at 

short tSTS. To explain this, note that in addition to %N, the quality of post-nitridation 

anneal (PNA) plays significant role for the presence of ∆VHT [138], which leads to 

reduced n, even for low %N transistors (see Figure 6.26e). Possible presence of such low-

quality PNA can explain the observation of temperautre independent ∆VT at short tSTS in 

[140], even for smaller %N.  

Thus, Figure 6.26 allows us to conclude that there is significant amount of ∆VHT in 

∆VT for type-II transistors and ∆VHT/∆VT increases with the increase in %N or Nint. 

Presence of this weakly temperature dependent ∆VHT component is responsible for the 

observed reduction in EA (with increase in %N) for ∆VT (= ∆VHT + ∆VIT) in these 

transistors, especially at short tSTS. Moreover, the reduction in long-tSTS n with the 

increase in %N indicates that the weakly temperature dependent ∆VHT component has 

saturated at long-tSTS (presumably before tSTS ~ 1sec, see Figure 6.25b). Such saturation of 

hole trapping at long-tSTS is also supported by our modified Shockley-Read-Hall (SRH) 

analysis [119, 129] of hole trapping, presented in section 5.4. Based on these, we can 

approximate equation (6.19) with – 

 1/ 6 ,∆ = ∆ + ∆ = +T IT HT ITV V V A t B  (6.20) 
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where, interface trap component of ∆VT (i.e., ∆VIT) is assumed to follow power law 

dependence with n ~ 1/6 as observed by very long-tstress measurements [128, 175, 298]21, 

which is less affected by saturated ∆VHT, and which is also supported by a classical H-H2 

R-D model (see section 3.5.6). 

 

Relaxation Phase Signatures 

Similar to the stress phase NBTI experiments, our NBTI relaxation measurements 

also indicate the co-existence of NIT and NHT. As shown in Figure 6.27a, OTF-ID,lin 

measurement of fractional NBTI relaxation indicates a dependence on %N of the 

dielectric, as well as on the difference between stress and recovery voltages (VSTS−VREC). 

Start of significant NBTI relaxation (tREC,start) is larger (~ms) for low %N and smaller 

(VSTS-VREC). This is due to the existence of different (NHT and NIT) species during stress 

[299], having very different dynamics during NBTI relaxation. We can easily identify the 

presence of such separate relaxation dynamics for NIT and NHT from temperature 

dependent OTF-ID,lin measurement of Figure 6.27b. These relaxation measurements 

clearly indicate weak temeprature dependence up to tREC ~ ms, which indicates the 

presence of hole detrapping from pre-existing oxide defects as the predominant 

mechanism upto tREC ~ ms at VREC = -1.3V. Therefore, the start of significant amount of 

temperature dependent NIT relaxation (tNIT,start, defined in Figure 6.25b) is also ~ ms for 

the transistor in Figure 6.27b. Moreover, OTF-ID,lin at VREC ≤ −1.8V shows insignificant 

relaxation up to ~ms (Figure 6.28a) and also indicates significant consistency with the 

relaxation, predicted by R-D theory. This enables us to the conclude that hole detrapping 

occurs predominantly for VREC > −1.8V, and that the amount of hole detrapping is similar 

                                                 
21 Reduction of electric field at constant VG stress (see section 3.10) will definitely 

reduce long-tstress time exponent below 1/6 [119], especially for type-II transistors having 

large ∆VHT. So, without using appropriate correction due to this electric field reduction, 

the NHT/NIT separation algorithm presented in 6.7.5.2 will underestimate ∆VHT or 

overestimate ∆VIT. 
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from VREC = −1.3V to −1.6V (Figure 6.28a). Thus, trapping sites within the quasi-Fermi 

levels at VREC = −1.8V and −1.6V (shown schematically by the hatched region in Figure 

6.28c) will detrap all the holes that were captured during stress within a timescale of ~ms.  
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Figure 6.26: (a-c) Time evolution of degradation under NBTI stress at identical Eox, but 

different TSTS, for plasma nitrided transistors having similar TPHY (~ 24 Å) but different 

%N (hence, different Nint) and EOT. (d) Power-law NBTI time exponent (n) decreases 

with increase in %N, indicating the presence of ∆VHT for higher %N. In addition, n 

shows an increment with increase in t0-delay (see section 6.7.3). (d) Similar temperature 

independence was also reported for lightly dosed nitrided transistors, using UFV [140]. 

Moreover, the effect of un-optimized PNA (leading to significant ∆VHT, even at low %N 

[138]) is also evident in Fig. e. 



 

 

162

10-7 10-5 10-3 10-1 101 103-0.04

-0.03

-0.02

-0.01

0.00

Temp, 0C
      
           55
           85
    
    
         125

23% Plasma N
2

V
STS

 = -2.3V

t
STS

 = 103 sec

V
REC

= -1.3VR
ec

ov
er

ed
 ∆

V
T
 [V

ol
ts

]

t
REC

 [sec]

Weak T 
dep.

StrongT 
dep.

(b)

10-6 10-4 10-2 100 102 104
0.00

0.25

0.50

0.75

1.00

        t
STS

=1000s

        V
STS

 / V
REC

 (V)

-2.3 / -1.8
-2.3 / -1.3

t
REC

[sec]

∆V
T
(t

R
E

C
)/

∆V
T
(t

S
T

S
)

Open: Low %N
Crossed: High %N

(a)

tREC,start

 
Figure 6.27: (a) Though tREC,start is considered to be ~ µs in several reports [168, 278, 

293], our OTF-ID,lin measurements on nitrided transistors, at different VREC, demonstrate 

that tREC,start depends on %N and (VSTS – VREC). (b) Similar to NBTI stress phase (Figure 

6.26), early relaxation phase (up to ~ms) is approximately temperature independent. 

Stress (VSTS) Relaxation (VREC)

Substrate Oxide Gate Substrate Oxide Gate

EC

EF

EV

EC

EF

EV

Hole 
trapping 

sites

Hole 
detrapping 

sites(b) (c)

10-6 10-4 10-2 100 102 1040.00

0.25

0.50

0.75

1.00

R-D: -1.3V

-1.3V
-1.6V

-1.8V
t
STS

=103sec

V
STS

=-2.3V

T = 125 0C

t
REC

 [sec]

∆V
T
(t

R
E

C
)/

∆V
T
(t

S
T

S
)

R-D: -2.0V

-2.0V

(6a) V
REC

 Dependence: ∆V
T

(a)

 
Figure 6.28: (a) NBTI relaxation at different VREC show significantly different tREC,start. 

Since relaxation for VREC ≤ -1.8V is very close the R-D theory, there is an additional 

relaxation mechanism for VREC > -1.8V. Our observation suggests hole detrapping to be 

the additional mechanism. (b) Schematic (based on simulation within a Shockley-Read-

Hall trapping-detrapping framework [119]) for expected hole trapping sites (hatched 

region) at VSTS. (c) When gate bias is switched from VSTS to VREC, the hatched region will 

detrap the captured hole in a temperature independent manner. 
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Similar temperature independence at short tREC and larger (VSTS-VREC) is also observed in 

transistors of Table 6.2. As shown in [300], tNIT,start demonstrates %N dependence and is 

generally larger for transistors with higher %N. 

6.7.5.2. NHT/NIT Separation: NBTI Stress Phase 

Based on the observations in section 6.7.5.1, we use equation (6.20) and estimate 

∆VIT by subtracting a constant (saturated) ∆VHT from ∆VT for tSTS > 1s in such a way that it 

provides time exponent n ~ 1/6 for ∆VIT at tSTS of 1-1000sec (Figure 6.29a). Our 

temperature dependent extraction at constant Eox (Figure 6.29b) shows that EA (at fixed 

tSTS) for ∆VIT or, EA,IT is ~ 0.094eV; which is expected for R-D model based interface 

defect generation with H2 diffusion [119, 129, 299]. On the other hand, EA for ∆VHT or 

EA,HT is ~ 0.04eV, which is typically expected in any hole trapping process, involving 

elastic tunneling (see section 5.5.2). The signature of EA,IT > EA,HT is also evident from 

Figure 6.29c, which indicates an increase in the extracted ∆VIT/∆VT (i.e. decrease in 

∆VHT/∆VT) with increase in temperature, at fixed tSTS. The error bars in Figure 6.29 result 

from noise in ID,lin0 measurement for OTF-ID,lin [294], which causes a ±0.005 error in n 

for ∆VT and a ±1mV error in estimated ∆VHT. 

Identical procedure is followed to isolate ∆VIT and ∆VHT for the transistors of Table 

6.2, at all voltages and temperatures. The extracted EA,HT (supported by R-D theory of 

section 3.5.3) and EA,IT (supported by hole trapping theory of section 5.5) is similar for 

these transistors (see Figure 6.30a). Moreover, extracted ∆VHT for these nitrided 

transistors at a particular Eox, TSTS and tSTS (Figure 6.30b) is observed to increase 

significantly with the increase in %N (with a very rapid increase seen for %N > 30), 

which is indeed a signature of higher hole trapping for higher %N. In addition, ∆VIT is 

also observed to increase slightly with %N. Therefore, we observe clear signatures of %N 

dependent ∆VHT in the transistors under study. Based on these observations, we 

decompose the NHT and NIT components for NBTI stress experiments and show that the 

extracted parameters for both NHT and NIT are consistent with the theoretical predictions.  
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Figure 6.29: (a) Measured ∆VT and extracted ∆VIT and ∆VHT components for device #1 

in Table 6.2. ∆VIT and ∆VHT are extracted according to the decomposition method 

proposed in 6.7.5.2. Here, the effect of mobility [165] and electric field-reduction [119] 

is taken into account in estimating ∆VT. (b) Temperature dependence and corresponding 

activation energies (EA) of ∆VT, ∆VIT and ∆VHT components for the same transistor. (c) 

Estimated ∆VHT/∆VT and ∆VIT/∆VT at different temperature indicate an increase 

(decrease) in ∆VIT/∆VT (∆VHT/∆VT) at higher temperature, which is primarily due to the 

temeperature independence of the ∆VHT component. 
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Figure 6.30: (a) Activation energy for extracted ∆VIT and ∆VHT components indicates 

negligible %N dependence. (b) %N Dependence of measured ∆VT and extracted ∆VIT 

and ∆VHT components for a particular stress time, temperature and electric field. Lines 

are guide to the eye only. 

6.7.5.3. NHT/NIT Separation: NBTI Relaxation Phase 

So far we have used a phenomenological NHT/NIT separation technique during NBTI 

stress phase for obtaining individual defect components. Temperature independence of 

short-term tSTS NBTI measurement is the main empirical feature, used in this separation 

technique. Similar temperature independence is also observed in the early part of NBTI 

relaxation for both type-I (up to tREC ~ ms in Figure 6.27b and Figure 6.31) and type-II 

(up to tREC ~1sec in Figure 6.31) transistors.  
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Figure 6.31: Time evolution of NBTI relaxation at different temperature for both type-I 

(device #3 in Table 6.2) and type-II (device #5 in Table 6.2) transistors. Initial 

relaxation, up to tREC ~ 10ms in type-I and ~1s in type-II transistor, is temperature 

independent, thus indicating a hole detrapping process. 

Now, let us apply the NHT/NIT decomposition in relaxation measurements on the 

type-I transistor (device #1 in Table 6.2), where we have also performed a stress-phase 

decomposition (see Figure 6.29). Moreover, as discussed in Figure 6.28, for VSTS = -2.3V, 

NHT starts to show significant amount of temperature independent relaxation for VREC > -

1.6V. Considering such total hole detrapping at VREC= −1.3V, tNIT,start ~ ms is obtained at 

all VREC, which is comparable with the relaxation predicted by R-D theory (Figure 6.32a). 

Remaining theory-experiment gap (x10 in tSTS, or 10% in NIT relaxation) is reduced 

(Figure 6.32b), if it is realized that NBTI is also TDDB stress on p-MOSFETs [156]. 

Hence, in addition to pre-existing oxide defects, small amount of oxide defect generation 

is also possible during NBTI stress. As shown in Figure 6.33a, time exponent of NBTI 

degradation increases at higher VSTS, thus indicating generation of oxide defect [156] or 

NOT (and associated ∆VOT) at higher VSTS. Considering negligible ∆VOT at lower VSTS (i.e., 
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∆VT ~ ∆VIT)22 and calculating field acceleration for ∆VIT, we can estimate ∆VIT and hence 

calculate ∆VOT = ∆VT – ∆VIT at at higher VSTS (Figure 6.33b). The calculated ∆VOT for the 

measurements in [15] shows a decrease in time exponent for ∆VOT at higher VSTS, as also 

observed in [114]. Interestingly, the estimated ∆VOT at different VSTS scales universally 

and can be fitted (see Figure 6.33c) using [114, 301] – 
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Figure 6.32: (a) Considering total hole detrapping at VREC = -1.3V in the early phase of 

NBTI relaxation brings tNIT,start at all VREC closer to the relaxation, predicted by R-D 

theory. The error bar along the x-axis for VREC = -1.3V is due to the ID,lin0 error in 

calculating ∆VIT/∆VT (see Figure 6.29). (b) Furthermore, if one assumes negligible 

amount of oxide defect generation during NBTI stress (with ∆VOT ~ 3mV at tSTS =103 

sec, having the time dependence similar to Figure 6.33c), then consideration of hole 

detrapping from these generated oxide defect brings tNIT,start more closer to the 

predictions of R-D theory.  

 

                                                 
22 Note that these are slow measurements (like MSM), hence should not have any 

∆VHT component in ∆VT. 



 

 

168

 

( )
( ) ( ) ( )( )

( ) ( )

( ) ( )
( )( )

0 0

0

2

0

  ,  

  1 exp * ,

  exp / ,

exp /1
 ~  

1 exp /

OT OT

OT F

F F

OT

OT OT

N n E dE

n E g E k E t

k E k E E kT

E E
g E

E E

σ
σ σ

=

 = − − 

= − −  

−  

 + − 

∫

 (6.21) 

 

 ∆
V

T
 [a

.u
.]

t
STS

 [a.u.]

(a)

VG5

VG4

VG3

VG2

VG1

n > 1/6

n ~ 1/6

field 
acceleration of 
∆VIT

Solid line –
Dashed Line

        V
STS

2.3V
2.5V
2.7V

EOT~ 1.2 nm; T ~ 125 0C

∆V
O

T
 [a

.u
.]

t
STS

 [a.u.]

(b)

        V
STS

    Scaling

      factor
2.3V   1.0
2.5V   10.0
2.7V   100.0

∆V
O

T
 [a

.u
.]

Scaled t
STS

 [a.u.]

Fitting parameters:
σ = 0.1 eV
n = 3.38
kf

0
 = 3x10-6

(c)

 
Figure 6.33: (a) Time exponent of NBTI degradation (fitted solid lines) increases at VSTS 

≥ VG4 [175], thus indicating clear presence of NOT (or ∆VOT) at these VSTS. By assuming 

negligible ∆VOT at VSTS ≤ VG3, we can estimate ∆VIT at VSTS ≥ VG4 (dashed lines) and 

hence calculate ∆VOT (= ∆VT – ∆VIT) at VSTS ≥ VG4. (b) Similar calculation of ∆VOT for 

the measurements in [175]. (c) Estimated ∆VOT at different VSTS scales universally 

(similar to the observation in [114]) and can be fitted using equation (6.21). 

where E0 is the average bond-dissociation energy and σOT is its standard deviation. Based 

on this, let us assume a negligible amount of NOT-induced ∆VOT ~ 3mV at tSTS =103 sec 
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for the transistor of Figure 6.32 (having the time dependence similar to Figure 6.33c). 

Considering hole trapping/ detrapping from these generated oxide defects, Figure 6.32c 

suggests that tNIT,start will come more closer to the relaxation, predicted by R-D theory. 

Therefore, decomposition of contributions from interface and oxide defects enables us to 

explain the NBTI relaxation features in a theoretically consistent way.  

6.7.5.4. Implications for AC/DC Ratio 

So far, we have applied the decomposition procedure to identify the NHT and NIT 

components of NBTI-induced ∆VT. Our analysis reveals that hole trapping and detrapping 

occurs at similar time-scales (for example, compare time-scale of the temperature 

independent hole trapping component in Figure 6.26c, and hole detrapping component in 

Figure 6.31). Therefore, we expect total hole detrapping for a AC NBTI stress (measured 

at the end of OFF-state) with ≤ 50% duty cycle (Figure 6.34a). In other words, AC/DC 

ratio for ≤50% duty cycle in high %N transistors will measure ∆VT,AC/∆VT,DC ~ 

∆VIT,AC/[∆VHT,DC + ∆VIT,DC]  and hence will always be less than the contribution from 

NIT’s component, AC/DC(NIT) = ∆VIT,AC/∆VIT,DC, predicted by R-D theory [167] (Figure 

6.34b). Moreover, as ∆VHT decreases for smaller %N, low %N transistors will have 

∆VT,AC/∆VT,DC ~ ∆VIT,AC/∆VIT,DC, and thus the measured AC/DC ratio should be consistent 

with the one, obtained from R-D theory (Figure 6.34b).  
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Figure 6.34: (a) Since hole trapping and detrapping happens at similar time-scale, we 

expect total hole detrapping, at the end of OFF-state during AC NBTI stress. Therefore, 

(b) AC/DC ratio (with ∆VT for AC NBTI measured at the end of AC cycles) will show 

consistency with R-D theory only for transistor having lower ∆VHT or lower %N.  

Indeed, our ∆VT,AC/∆VT,DC measurement on nitrided transistor show significant 

consistency with the predictions from R-D theory for low %N (Figure 6.35a), where ∆VT 

~ ∆VIT. Consideration of ∆VHT for DC NBTI stress, in addition to ∆VIT, can also explain 

the cases for high %N transistors. The shape of ∆VT,AC/∆VT,DC vs. duty cycle plot is 

similar to the R-D’s prediction for high %N transistors, even up to ~80% duty cycle; 

which indicates that time scale for hole-detrapping is much less than the time scale for 

hole trapping for this type-II transistor. Moreover, consideration of total hole detrapping 

happens at ~50% duty cycle can also explain why R-D theory can explain the widely 

observed frequency independence in NBTI measurements, while overestimating the 

measured ∆VT,AC/∆VT,DC at different frequencies. Since ∆VHT will be absent for AC NBTI 

stress with ~50% duty cycle, the frequency independence of ∆VIT,AC/∆VIT,DC (following 

R-D theory [167]) will also result in frequency independence of ∆VT,AC/∆VT,DC ; except, 

the magnitude of ∆VT,AC/∆VT,DC will be lower than ∆VIT,AC/∆VIT,DC due to the presence of 

∆VHT in ∆VT,DC. Therefore, ∆VT,AC/∆VT,DC measurement on nitrided transistor show 

frequency independence, irrespective of %N (Figure 6.35b); while the magnitude of 

∆VT,AC/∆VT,DC is only consistent with R-D theory for low %N transistors. Thus the co-
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existence of NHT and NIT and their decomposition can explain both the duty cycle and 

frequency dependent NBTI experiments on nitrided transistors. Moreover, as the effect of 

∆VHT is higher at lower temperature (see Figure 6.29) or at lower tSTS (Figure 6.26), 

AC/DC ratio (or ∆VT,AC/∆VT,DC) for lower temperature or lower tSTS will always be less 

than AC/DC(NIT) = ∆VIT,AC/∆VIT,DC in high %N transistors.  
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Figure 6.35: (a) AC/DC ratio (when ∆VT is measured at the end of AC cycles) vs. duty 

cycle plot for different nitrided transistors. The experiments show significant 

consistency with the prediction of R-D theory (solid line) for low %N. (b) Though 

AC/DC ratio for any %N is always frequency independent, there is significant %N 

dependency due to the presence of ∆VHT in DC NBTI stress. 

   In general, Figure 6.35 can be used to roughly estimate ∆VHT, which appears to be 

significant for the transistor reported in [278, 292, 293]. This is again consistent with n ~ 

0.11 for t0 ~ 1ms [293] in this transistor; such small n is expected for high %N or un-

optimized PNA dielectrics (see Figure 6.26d). Thus R-D theory – appropriately 

augmented with the effects of hole trapping/detrapping – can explain both the duty-cycle 

and the frequency dependent NBTI degradation in any nitrided oxide. 
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6.7.5.5. Comparison with Existing NHT/NIT Separation Techniques 

Finally, we compare/contrast the proposed NHT/NIT separation technique with the 

ones already available in literature. Separation technique proposed in [140, 208, 297] 

(technique-1) uses long-tSTS time exponent of ~1/4 for the ∆VIT component, as predicted 

by classical R-D model with H diffusion (see section 3.5 for details on this model and its 

inconsistency with experimental data). We repeat the procedure of technique-1 and 

observe that the extracted EA(IT) values (in the range of 0.075-0.1eV as %N is varied) are 

not consistent with the one expected from classical H-diffusion based R-D model, which 

predicts 4EA(IT) (activation energy for H diffusion) in the range of 0.1-0.2eV [302]. 

Moreover, technique-1 extracts EA(HT) of ~0.06-0.07eV, which cannot be physically 

justified without assuming a strong phonon-assisted hole trapping process. 

On the other hand, NHT/NIT separation technique (technique-2) proposed in [241] 

assumes ∆VHT to be equal to ∆VT obtained at tSTS = 1sec. As such, extracted ∆VIT(tSTS) = 

∆VT(tSTS) – ∆VT(tSTS = 1sec) shows power-law time exponent of ~0.19, which is higher 

than the one obtained from long-term stress data [128, 175, 298]. Repetition of technique-

2 in our transistors also provides EA(HT) of >0.06eV, which again cannot be physically 

justified without assuming a strong phonon-assisted hole trapping process. 

6.8. Suggestions for NBTI Characterization 

Based on the above analysis of NBTI characterization techniques, we provide the 

following guidelines for characterizing interface trap/oxide defects, present in MOS 

transistors during NBTI stress (which can be extended/ modified for other reliability 

phenomena, as well): 

� Spin Dependent Recombination (SDR) experiment is suitable for identifying the 

physical nature of defects. Though it cannot be used for obtaining the time 

dynamics of defects, hence for lifetime estimation for NBTI. 

� Measure-Stress-Measure (MSM) experiment identifies the effect of defect 

generation on parameters like effective transistor mobility (µeff), sub-threshold 
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slope (SS), etc., which can later be used in indirect estimation of parametric 

degradation in UFV and OTF-ID,lin techniques. However, similar to SDR, MSM 

cannot be used for lifetime estimation of NBTI. 

� UFV and OTF-ID,lin are ideally suitable for lifetime prediction during NBTI stress, 

provided appropriate corrections are made in the ∆VT estimation. Later, MSM 

experiment can be used to estimate the time dynamics of changes in µeff, SS, etc. 

Finally, one needs to separate out the components of interface and hole trapping to 

obtain the correct dynamics of these components, which can be used to compare with the 

theoretical models for these two components. 

6.9. Summary 

In this chapter, we have discussed different time-critical defect characterization 

techniques that are recently being used in literature. We illustrated the measurement of 

different transistor parameters, which are performed directly or indirectly using these 

techniques. As such, we identified the limitations of indirect parameter estimation in on-

the-fly (OTF)-ID,lin and Ultra-fast VG (UFV) measurement techniques. Moreover, since it 

is impossible (at present) to directly measure the time dynamics of interface and hole 

trapping components, we proposed a phenomenological technique for separating out 

these components, which has been verified using a wide set of experiments. 
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7. DEFECT FORMATION AND OFF-STATE POWER 

DISSIPATION (GATE LEAKAGE) 

7.1. Introduction 

In chapters 3-5, we have discussed models that can predict the rate of defect 

generation within a transistor at given stress voltage/electric field and temperature. 

Though some part of the models still requires some work (see discussions in section 

3.6.5), we can still use the predictability of the classical H-H2 R-D model (in terms of 

electric field dependence, temperature dependence, and frequency independence) for 

resolving a very important problems in recent CMOS technology. In section 7.2, we 

present the importance of studying the optimization between defect generation and static-

power dissipation (gate leakage) in current-day CMOS transistors, which uses plasma 

oxynitride materials as gate dielectric (similar to type-I transistors discussed earlier). To 

achieve this objective, we 

� measure gate leakage (current density, JG) and NBTI (using OTF ID,lin) over 

broad range of %N in type-I transistors (section 7.3), 

� model gate leakage as a function of EOT and %N by calibrating measurements 

with detailed numerical simulation [178] and physically based analytical 

expression (section 7.4), 

� model NBTI degradation in these type-I transistors, which has dominance of 

NIT generation over hole trapping, within a theoretically consistent framework 

of R-D model [190, 191], by taking into account the voltage, temperature and 

frequency dependencies of NBTI (section 7.5), 

� establish a compact analytical approach for predicting transverse electric field 

in MOS structures, useful for analyzing NBTI degradation (section 7.5.1), and 
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� finally, construct a design diagram for co-optimization of JG and NBTI in 

type-I transistor technology for arbitrary %N and EOT combinations (section 

7.6). 

Based on this study [128, 184], we conclude that although there is no optimum %N 

for plasma oxynitride CMOS technology that can simultaneously reduce both gate 

leakage and NBTI, the reduction in JG at NBTI-limited %N can be significant and would 

reduce power dissipation without affecting NBTI-margin.  

7.2. Motivation 

Over the last few decades, aggressive scaling in transistor dimensions has resulted in 

dramatic improvement in IC performance [35]. Before the introduction of 130 nm 

technology node, SiO2 (with little or no nitrogen) was used as a gate dielectric and such 

pure SiO2 offered excellent interfacial properties with Si-substrate [35, 38, 39]. However, 

as the dielectric thickness were scaled below 2nm, higher static power dissipation (due to 

increase in gate leakage [35, 38, 39, 303]) and increased flat-band voltage (due to boron 

penetration from p+ poly-Si to PMOS substrate [38, 39, 303]) necessitated the use of 

dielectrics other than pure SiO2. Different high-κ dielectrics were proposed to replace 

SiO2 [39]. Of these, oxynitride dielectrics appeared to be the near-term alternative (which 

some industries intend to use in transistors down to 28nm CMOS technology node), 

offering convenient processing and better reliability compared to other high-κ 

counterparts [38, 39, 303]. 

However, the advantages of oxynitride gate dielectric (namely, lower gate leakage 

and resistance to boron penetration) are counterbalanced by its poorer reliability 

characteristics, especially NBTI, which is observed to get enhanced by the inclusion of 

nitrogen within gate dielectrics [6, 34, 37, 129, 191, 303-305]. In general, numerous 

studies have established the importance of the nitrogen spatial profile in dictating the 

boron penetration and NBTI characteristics [303, 304, 306, 307]. Such studies show that 

reduction of both NBTI and boron penetration requires a nitrogen profile having 

(comparatively) lower nitrogen near substrate-dielectric interface (for optimum NBTI) 
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and higher nitrogen near gate-dielectric interface (for reduced boron penetration). Plasma 

nitridation with decreasing nitrogen concentration from poly-Si/dielectric interface to 

substrate/dielectric interface, therefore, became an ideal choice [238, 304, 306, 307] for 

oxynitride gate dielectrics. Adjustment of nitrogen profile within the dielectric of devices 

having plasma nitrided oxide (PNO) ensures improved device performance in terms of 

boron penetration and NBTI, even down to an EOT  (effective oxide thickness) of 1.1nm 

[306, 307]. 

Thus among the three design considerations (gate leakage, boron penetration, and 

NBTI) for PNO devices, several studies reported the gate leakage vs. boron penetration 

[38, 39, 303] and boron penetration vs. NBTI [303, 304, 306, 307] issues. However, the 

remaining, and perhaps equally important optimization of gate leakage and NBTI in 

current CMOS technology (the topic of this chapter) has never been considered. Indeed, 

reduction of gate leakage under certain limit necessitates a minimal nitrogen 

concentration [38, 308-311], but whether such nitrogen concentration keeps NBTI within 

a desired limit (so that device lifetime meets the required criteria) has never been 

investigated. In the subsequent sections of this chapter, we perform a quantitative analysis 

of leakage/NBTI trade-off (as a function of nitrogen concentration) to address this question: 

whether or not co-optimization of gate leakage/NBTI is possible at any nitrogen 

concentration.23  

7.3. Experimental Detail 

Sample preparation for devices used in this study are discussed in detail in [307, 308] 

and will not be repeated here.  Physical thickness (TPHY) and %N for the PNO samples are 

determined using X-ray Photoelectron Spectroscopy (XPS) [239] with repeatability better 

than 3% and 2% for TPHY and %N respectively [308]. For each sample, we measure the gate 

capacitance (CG) and JG at different gate voltage (VG). This is followed by NBTI 

                                                 
23 We have ignored boron penetration in our study, which is shown to be negligible 

for EOT ≥ 1.1nm [306, 307]. 
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degradation measurement at various stress condition (voltage and temperature) using 

OTF-ID,lin technique (section 6.6), with t0 of ~1ms, where ∆VT is estimated using (6.14). 

Thus, estimated ∆VT ignores the necessary mobility correction (see section 6.7.4). So, the 

reported lifetime (tlife), field acceleration and safe operating condition (see section 7.5) 

should be interpreted as a qualitative illustration for NBTI-leakage optimization.  

7.4. Gate Leakage in Plasma Oxynitride Transistors 

7.4.1. Estimation of device model parameters 

Leakage analysis involving MOS structures first necessitates the determination of 

approximately nine model parameters that characterizes the gate dielectric. These 

parameters and the measurements (CG-VG, JG-VG) necessary for extracting them are 

summarized in Table 7.1. We use quantum mechanical (QM) analysis (multi-subband 

electron/hole quantization, wave-function penetration within the dielectric, and poly-

depletion features are used in this study) [178] of  experimental CG-VG and JG-VG 

characteristics to extract these parameters. Excellent agreement between experiment and 

QM simulation similar to that shown in Figure 7.1 is obtained for each sample used in 

this work.  
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Table 7.1: Model parameters used for characterizing MOS structures. 

Symbol Definition Extracted From 

EOT Effective Oxide Thickness CG-VG 

VFB Flat-band voltage CG-VG 

εdi Relative dielectric constant for the 
dielectric (= εSiO2 TPHY / EOT; where εSiO2 is 

the relative dielectric constant for SiO2) 

CG-VG 

Nsub Substrate doping (assumed uniform) CG-VG 

Npoly Poly-gate doping (assumed uniform) CG-VG 

mdi Carrier effective mass within dielectric JG-VG 

Eg,di Dielectric band-gap JG-VG 

φbe Electron barrier height at the substrate-
dielectric interface 

JG-VG 

φbh Hole barrier height at the substrate-
dielectric interface 

JG-VG 

7.4.2. Variation of Parameters with %N 

The procedure of parameter extraction discussed in the previous section can now be 

repeated to extract the nine model parameters for oxides with various %N. Devices 

considered in this study have TPHY of 1.6-1.7 nm, EOT of ~ 1.3 nm and Nsub of ~3x1017 

cm-3. Nitrogen dose for PNO samples is varied from ~1.25 x1015 to ~2.5x1015 cm-2. For 

all the NMOS samples, Npoly is ~8.5x1019 cm-3 and VFB is ~ -1.0V. For PMOS PNO 

samples, Npoly is ~(5.5±0.5)x1019 cm-3 and VFB is ~0.9±0.1V; both Npoly, VFB are found to 

decrease with increasing %N (consistent with the assessment in [312]). Finally, due to 

boron penetration effect in pure SiO2 samples, higher VFB (~ 1.21 V) is estimated. Our 

analysis shows that the boron penetration effect also reduces Npoly for pure SiO2 samples 

to ~1019 cm-3 near poly-dielectric interface from its bulk value of ~1020 cm-3. As we are 
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neglecting the boron penetration effect for simplicity, we can approximate |VFB| for the 

samples as – 
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Figure 7.1: Experimental (a) CG-VG and (b) JG-VG curves (in inversion region) for a few 

SiON devices fitted using QM simulation [178]. 

The first term in equation (7.1) represents the standard semi-classical approximation 

of flat-band voltage for poly-Si gate NMOS/PMOS (-/+) structures (where, q and ni are 
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electron charge and intrinsic carrier concentration respectively), previously used in [313]. 

Second term (VFB(cor) = -0.04V and 0.05V for NMOS and PMOS devices respectively) 

indicates the correction needed to match with VFB obtained from QM simulation [178]. 

And the last term ∆VFB takes into account the contribution from interfacial charges at the 

poly-Si/ oxynitride dielectric interface [312]. For NMOS samples ∆VFB is ~0.057V; 

whereas for PMOS samples, ∆VFB is negative and |∆VFB| increases with %N (see Figure 

7.2). 
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Figure 7.2: Variation in |∆VFB| for PMOS SiON samples, neglecting the boron 

penetration effect. 

The variation of remaining device parameters εdi, mdi, Eg,di, φbe are shown in Figure 

7.3. Here, the parameters for Si3N4 (57.1% N2 dose with φbe = 2.1 eV, Eg,di = 5.1 eV, εdi = 

7.6, mdi = 0.23~0.28) are obtained from [38, 309-311]. The error bars indicate the 

variation in model parameters expected due to ±0.5Å error in TPHY measurement by XPS. 

These parameters show an approximately quadratic dependence on %N (εdi, mdi, Eg,di, φbe 

∝ a+b(%N)+c(%N)2; where the constants a, b, c for each parameter are shown in Figure 

7.3). This quadratic trend contradicts with the linear variation typically used in the 

literature [38, 308-311] and requires some discussion. The origin of the “linear 
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approximation” can be traced to the work of Brown et al. [314], where they measured εdi 

for different oxynitride devices (along with devices having SiO2 and Si3N4 dielectric) and 

later estimated %N by assuming linear variation of εdi from SiO2 to Si3N4. Referring 

(directly or indirectly) to this work by Brown et. al., the authors in [38, 308-311] used 

linear dependency of εdi and other parameters without any additional proof. 

For a physical interpretation of the variation of εdi, Eg,di, φbe with %N, we consider 

the oxynitride as a uniform pseudo-binary alloy, i.e. SiOaNb = (Si3N4)x(SiO2)1-x [315, 

316] that satisfies the stoichiometry (i.e. 2a+3b = 4) requirement. Thus, percentage 

atomic concentration (uniform) of [O] and [N] can be expressed as – 

  
( )400 7 %4 2 3

% 100; % 100 .
3 4 3 4 6

Nx x
N O

x x

−−= × = × =
+ +

 (7.2) 

Using equation (7.2) and following similar steps as reported in [316], we obtain – 

 
2 3 4

4 7 9
.

4 2 4 2
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di SiO Si N
a a

n n

n n
ε ε ε−= +

+ +
 (7.3) 

where na = %N / 100 is the atomic fraction of [N] within the oxynitride. Dashed line in 

Figure 7.3a plots of εdi vs. uniform %N based on equation (7.3). Observed non-linearity 

of this plot contradicts the linear variation used in [38, 308-311] even for uniformly 

dosed nitrided dielectric. Now, the plasma nitrided samples studied in this article have 

[N] peak near poly-gate [239, 307, 308]. The XPS measurement of %N for these samples, 

therefore, over-estimates %N in the film [239]. Such over-estimation explains the 

observed discrepancy between the dashed line in Figure 7.3a (based on equation (7.3) for 

uniformly dosed sample) and our experimental values (fitted solid line in Figure 7.3a for 

εdi vs. %N). Similar over-estimation of %N, by assuming %N equals peak [N] value, also 

gave identical shape for εdi vs. %N in [317]. Moreover, as Eg,di (hence, φbe) ∝ 1/εdi, 

quadratic relation for εdi vs. %N (from Figure 7.3a) also results similar relation for Eg,di 

(hence, φbe) vs. %N (in Figure 7.3b). Thus, consideration of oxynitride as a pseudo-binary 

alloy, along with over-estimation of %N for PNO samples using XPS setup, explains the 

observed “quadratic dependence” of parameters in Figure 7.3. If over-estimation of %N 
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were a bit smaller (i.e. for a more uniform profile compared to PNO), one could also have 

observed an approximately “linear dependence” of parameters with %N. Hence, we 

identify variation (linear or quadratic) of εdi, mdi, Eg,di, φbe to be sample-specific, which 

also depends on the measurement setup being used. 
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Figure 7.3: Quadratic variation of (a)εdi, mdi, (b) Eg,di, φbe with %N (0% for SiO2, 57.1% 

for Si3N4) for samples having EOT ~1.3nm. Here, ε0 is free space dielectric constant 

and m0 is mass of electron. The error bar shows the variation in model parameters 

expected due to ±0.5Å error in measurement of TPHY by XPS. Dashed line in (a) plots 

the variation of εdi vs. %N, based on equation (7.3). 
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7.4.3. Gate Leakage Variation 

Using the explicit dependencies of device parameters on %N (from previous 

section), we can predict the gate leakage variation (at a particular VG) both for NMOS 

and PMOS devices at different EOT. Assuming that change in EOT does not affect 

characteristics of the PNO film (i.e., PNO with any N2 dose has similar properties 

irrespective of EOT)24, we have done QM simulation [178] to obtain gate leakage 

variation (e.g., Figure 7.4 shows JG at VDD,ITRS [35] for different EOT) as a function of 

%N and EOT for NMOS transistors. We also observe that for similar absolute gate 

voltage (|VG|), PMOS gate leakage is lower than that of NMOS for N2 dose less than ~20-

25%, consistent with the findings in [308]. The error bar in Figure 7.4 @EOT = 1.2 nm 

indicates JG variation expected due to ±0.5 Å error in TPHY, which is observed to be 

negligible up to 30% N2 dose. Furthermore, Figure 7.4 does not indicate a minima in gate 

leakage as %N is varied, in contradiction to the predictions in [308, 309, 311]. As stated 

in [309] and also verified by us, existence of minima is a direct consequence of the value 

of the device parameters (εdi, mdi, Eg,di, φbe) used for Si3N4, hence should not be 

considered as a property for oxynitride samples.  

In sum, the gate leakage study performed in this section indicates a well-known 

reduction in leakage with increase in %N for devices having similar EOT, with no 

existence of minima in the variation. To make this gate leakage study more realistic, one 

should refine it using appropriate nitrogen profile information (like [304]), thus taking 

into account the EOT dependence of parametric variation, presented in Figure 7.4. 

                                                 
24 This is a very crude assumption and reflects a lack of knowledge of detailed %N 

profile within the film. With more information regarding nitrogen profile for all PNO 

samples (like [304]) becomes available, our results can be refined. Therefore, we believe 

that due to such assumptions involved in this analysis, our approach should be used as a 

guideline; not an absolute reference for design optimization. 
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Figure 7.4: JG @ VG vs. %N for NMOS devices at different EOT (Symbols: QM 

simulation, lines: analytical approach). The error bar @EOT = 1.2 nm indicates JG 

variation expected due to ±0.5 Å error in TPHY, which is negligible up to 30% of N2 

dose. 

7.5. NBTI Degradation 

We now consider the second aspect of our optimization problem, namely the NBTI 

degradation, which has became an important reliability concern for technology nodes 

using EOT below 2 nm [6, 30, 31, 34, 190, 192, 318]. The origin of NBTI degradation in 

type-I transistors (i.e., NIT formation) is discussed in sections 3.5.4 and 3.7, which has the 

following main features: 

(1) NBTI degradation results mainly from depassivation of Si-H bonds at the 

Si/dielectric interface (leading NIT generation) and resultant diffusion of 

hydrogen species into gate dielectric and poly-Si. Reaction-Diffusion (R-D) 

model is used to interpret such NBTI degradation in type-I transistors [30, 31, 

34, 129, 130, 142, 143, 190, 191]. 

(2) At long stress time (t > 10 sec), interface trap generation (∆NIT) is governed 

by the classical (Arrhenius-activated) diffusion of molecular hydrogen (H2) 

[31, 34, 129, 130, 142, 143, 190, 191] and can be estimated using (3.2)-(3.6). 
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(3) NBTI degradation is independent of frequency for AC NBTI degradation, 

which is shown both theoretically [126, 167] and experimentally for wide 

frequency range [289, 319]. 

In addition, there are type-II transistors, where hole trapping (detrapping) to (from) 

pre-existing defects also plays significant role in NBTI degradation [129, 141, 155] (see 

section 6.7.5 and chapter 5 for details). These transistors, mostly having thick dielectric 

with high N2 near interface [129], also show frequency dependence in measured AC 

NBTI degradation [141, 155]. As we focus our analysis on PNO transistors having less 

N2 near interface, we ignore such hole trapping/detrapping in our analysis. In principle, 

the presented optimization scheme can be more generalized for any oxynitride transistors 

by treating hole trapping/ detrapping using appropriate models (e.g., [129, 141, 155, 190] 

and section 5.5).  

7.5.1. Calculation of Electric Fields 

As evident from equations (3.2)-(3.6), estimation of electric fields (Eox and Ec) are 

critical in NBTI degradation analysis for various EOT and %N.  Experimentally, one 

could integrate measured CG-VG from VFB to VG to determine total charge within the 

substrate (Qsub) and hence, calculate Eox (@ VG) = Qsub/εSiO2, which equals Ec for NMOS 

in accumulation; while for PMOS in inversion, Ec could be calculated using CG(VG-

VT)/εSiO2. However, this direct method is difficult to apply in oxides with EOT less than 

2.0 nm that have high gate leakage, where one must either use specialized test structures 

for measuring CG-VG [320] or use a reconstruction algorithm to correct the leakage-

contaminated CG-VG [321] data. Moreover, high gate leakage for oxynitrides with EOT 

lower than ~1.2nm loads the C-V analyzer and makes the CG measurement more difficult. 

For such thin oxides, therefore, an analytical approach is better suited in predicting 

Eox and Ec for a particular technology node using known values of EOT, Nsub, Npoly, and 

%N. A flowchart for such calculation (for inverted PMOS substrate with negative VG) is 

shown in Figure 7.5, where valence-band tip at the substrate/dielectric interface is used as 

energy reference and charge centroids are determined from the same interface. Our 
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approach is similar to the algorithm proposed in [280]. The notations used in Figure 7.5 

are given as follows (QM notations are discussed extensively in [280]): εSi is the 

dielectric constant for Si; ϕF(bulk) is the Fermi-level position in the bulk of the substrate 

(with respect to the midgap); ϕS is the surface potential; ϕdep is the depletion charge 

contribution to ϕS; |(EF − EV )bulk| is the difference between the valence band and the 

Fermi level in the substrate bulk; Vpoly is the voltage drop in poly-Si; N+
D, Ns, Ninv, and 

Ndep are the concentrations of the ionized donor, substrate charge, inversion charge, and 

depletion charge, respectively; EFS is the substrate Fermi level; Eij is the eigen-energy for 

the j-th subband in the i-th valley within the potential well formed near the 

substrate/dielectric interface (for PMOS device in inversion, only the subbands of the 

heavy hole valleys are considered); Nij and zij are the charge concentration and charge 

centroid in eigen-state Eij; mdos,i is the density-of-state effective mass for the i-th valley; 

and zavg is the average inversion layer thickness. 

The results using such fast algorithm is in excellent agreement with more detailed 

QM C-V simulation [178] (Figure 7.6). Both analytical and QM simulation also predicts 

negligible change in Eox under change in temperature at a particular VG. Therefore, 

electric field calculated at a particular temperature can be used for reliability predictions 

at any other temperature. 

7.5.2. NBTI Model Parameters & Their %N Dependency 

Determination of device information and electric field enables us to use equations 

(3.2)-(3.6) to fit ∆VT measured at various VG,STS, TSTS, thus estimate NBTI model 

parameters (AIT,γ, γT, a, ED1, n) for type-I transistors in Table 3.4. As discussed in 

sections 3.8.1 and 3.8.2, we can use n ~ 0.14, a = 0.8 qÅ, and ED1 ~ 0.9eV for these 

transistors and thus express the %N dependency in terms of variations in AIT and γT 

(Figure 3.22).  
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Figure 7.5: Flowchart for electric fields calculation (from |VG|) in PMOS inversion. 

Reverse calculation (electric field to |VG|) is also possible. Similar calculation can also 

be done for NMOS devices. The notations used here are described in the text. 
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Figure 7.6: Electric field vs. gate voltage relation obtained using analytical approach of 

Figure 7.5 (symbols) are in agreement with that obtained from QM simulation (lines). 

7.5.3. Safe Operating Condition 

The variation of NBTI performance for different oxynitride devices is monitored by 

Vsafe (see section A.4 for definition). The parameters AIT(N), γT(N) (derived by fitting the 

NBTI data, Figure 3.22), VFB(N) (obtained from C-V analysis, Figure 7.2) and other 

(approximately constant) PMOS parameters (Npoly ~ 6x1019 cm-3, Nsub ~ 3x1017 cm-3, a ~ 

0.8 qÅ, ED1 ~ 0.9eV) are used to calculate Vsafe(N,EOT) for any combinations of %N and 

EOT (Figure 7.7)25 by means of equations (3.2)-(3.6). Here, we use the analytical 

                                                 
25 Although Figure 7.7 suggests similar Vsafe for different EOT at N2 dose ~ 20%, it 

should not be taken as absolute number. As PNO samples have nitrogen profile with [N] 

peaking near poly [238, 239], devices having same %N (measured by XPS [239]), but 

higher EOT, will comparatively have lower N2 near substrate interface – hence less NBTI 

degradation [129, 190]. Thus, Vsafe for higher EOT devices is expected to be higher than 

the values shown in Figure 7.7. Such correction again requires one to have accurate 
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approach presented in Figure 7.5 for calculating electric fields. NBTI performance for 

DC operation is calculated for failure criteria of ∆VT(max) = 60 mV, tlife = 5 years 

(equivalent to tlife = 10 years in CMOS operation, assuming 50% activity of PMOS 

transistors). Use of NBTI aware circuit design [322] will also help in further reduction in 

required lifetime. A lifetime improvement of 1/ 22 n times (based on R-D model simulation 

for AC degradation having 50% duty cycle) is used for illustrating AC effects in NBTI 

degradation, although there are reports for 1/2 n times improvement (corresponding to AC 

NBTI degradation being ~50% of DC degradation [289, 319]). Thus we predict an 

improvement in Vsafe(N,EOT) with inclusion of AC effects and also with reduction in 

temperature. 
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Figure 7.7: Vsafe vs. %N at different EOT (T = 125 0C; Failure criteria: ∆VT = 60 mV, tlife 

= 5 years for CMOS DC operation). Dotted line for EOT = 1.6 nm indicates the 

improvement in AC condition and with Tstress = 85 0C. 

                                                                                                                                                 
knowledge of N2 profile within the PNO film. Once such information is available, the 

optimization process can be readily updated. 
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7.6. Optimization of gate leakage and NBTI 

So far we have discussed the variation of gate leakage (obtained using QM 

simulation, see Figure 7.4) and NBTI degradation (resultant change in Vsafe, Figure 7.7; 

which uses results from Figure 7.2, Figure 7.5 and Figure 3.22) for plasma oxynitride 

devices with %N and EOT. Merging the plots of JG(N,EOT) at different VG and 

Vsafe(N,EOT), we obtain a design diagram for plasma oxynitride technology (Figure 7.8), 

which can be used for Vsafe = VG = 0.8~1.2V. Note that the curves obtained at different VG 

fall on top of each other (solid black lines in Figure 7.8). This makes Figure 7.8 to be 

applicable for optimization in the range of Vsafe = 0.8-1.2V. The range of Vsafe can be 

easily extended by considering JG(N, EOT) at more VG in the design diagram (hence, 

adding more y-axis with appropriate current scales). Moreover, change in operating 

temperature and inclusion of AC effects (thus changing Vsafe) can shift the diagram along 

x-axis (as gate leakage has negligible change with temperature). Resultant design 

diagram can then be used to calculate any pair of the variables (Vsafe, JG, %N, EOT) when 

the other pair is given. For example, if an IC design requires VDD = 1.1V and JG = 

10A/cm2, one needs to draw a vertical line from x-axis @ 1.1V and a horizontal line from 

y-axis @ 1.1V, 10A/cm2. The two lines intersect at point A (see Figure 7.8). Thus design 

diagram suggests the use of EOT ~1.4nm and %N ≅ 20%.  

If the optimization anticipated by the conservative design diagram is unacceptable, 

the optimization at higher %N and lower EOT will be possible by reconstructing a new 

diagram with reduced operating temperature, including AC effects and increasing the 

leakage constraint.  Finally, since PMOS leakage exceeds NMOS leakage for N2 dose 

exceeding 20-25% (see section 7.4.3), one should consider PMOS leakage/PMOS NBTI 

rather than the NMOS leakage/PMOS NBTI (discussed in this chapter) for optimization 

above 20-25% N2 dose.  
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Figure 7.8: Design diagram for SiON devices, obtained using Figure 7.4 (JG @ VG = 

0.8, 1.0, 1.2V are considered) and Figure 7.7. Solid black lines use JG calculated by QM 

simulation and dotted red lines use JG calculated from equations (7.4)-(7.8). Note the 

universality (i.e., curves at different VG fall on top of each other) of the figure when JG 

calculated by QM simulation. Operating point A (Vsafe = 1.1V and JG = 10A/cm2) 

suggests, for example, the use of EOT ~ 1.4nm and ~20% N2 dose. 

7.7. Analytical Construction of Design Diagram 

In the last few sections, we have provided a physically rigorous procedure to 

optimize gate current and NBTI degradation based on a set of comprehensive 

measurements. However, the simulation tools we used may not be readily available to 

many research groups. Therefore, we develop analytical expressions for calculating 

electric fields, leakage current and safe operating voltage (which is a indicator of NBTI 

degradation), which would enable one to rapidly construct the design diagram in Figure 

7.8 with reasonably good accuracy.  
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7.7.1. Model for electric fields 

Noting the universal quadratic relationship between Eox and |VG| in Figure 7.6 

irrespective of the values for EOT, Nsub, Npoly, %N (for larger EOT samples quadratic 

behavior appears at larger |VG| compared to smaller EOT samples), we can estimate Eox 

using- 

 
2

1 , 2 , 3,= + +ox G eff G effE P V P V P  (7.4) 

where |VG,eff| = |VG| -|∆VFB| and the coefficients are given by equations (7.5) and (7.6) for 

NMOS and PMOS devices respectively, i.e., 
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EOT, Nsub and Npoly in equations (7.5) and (7.6) need to be expressed in units of nm, 1017 

cm-3, and 1019 cm-3 respectively. After calculating Eox using equation (7.4), 

c ox depE E E= −  
2

2ox Si D dep SiOE q Nε ϕ ε+= − can be calculated by using, ϕdep ~ 2ϕF(bulk)+ 

6kT/q [323]. Such estimations of Eox and Ec are in excellent agreement with the results 

from both QM simulation and analytical formalism of section 7.5.1. 
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7.7.2. Analytical Model for Gate Leakage Current 

Next, we develop a physically based analytical approach to estimate NMOS gate 

leakage variation in inversion by using ~G invJ N f T  [183]. We use Ninv ~ Eox 

(considering Ndep<<Ninv), electron impact frequency (f) proportional to Eox
0.6 [183], and 

estimate mean tunneling probability ( )~ exp 2 PHYT Tα− by replacing the triangular energy 

barrier for electron tunneling using an effective square barrier of height ϕbe – EoxTPHY/2 

[308]; hence, ( )2 / 2ox be ox PHYm q E Tα φ≡ − ℏ . Based on these, we fit JG vs. Eox 

(calculated by QM simulation) using an expression, 

 ( )1.6 exp 1 .= − −G ox oxJ AE B CE  (7.7) 

Fitting of JG vs. Eox at different TPHY, ϕbe and mox enables us to determine the coefficients 

A, B, C such that- 

 92 10 ,= ×A  

 ( )( )( )22.73 17.8 2.13 0.72 0.7 0.6 0.13 ,φ= + − + +PHY PHY ox beB T T m  (7.8) 

 ( )( )3 2 3 23.56 10 3.71 10 7.1 10 1.82 0.266 .φ− − −= − × + × − × −PHY PHY beC T T  

Thus, we observe an increase of B with increase in TPHY, ϕbe, mox, and an increase of C 

with increase in TPHY and/or decrease in ϕbe; which is consistent with the semi-classical 

intuition presented above. Using the quadratic dependency of εdi, ϕbe, mox from Figure 7.3 

and Eox calculated using equation (7.4), we obtain leakage current variation with %N 

using equation (7.8). The obtained variation is remarkably consistent with QM simulation 

results (Figure 7.4). 

7.7.3. Calculation of Vsafe 

Next, we calculate Vsafe by first determining safe operating electric field (Esafe) for 

specific %N and EOT. This is easily done by inverting equation (3.2) such that – 
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 ( ) ( ){ }2 / 3 0.14

(max)

3
ln * *exp 0.126

2γ
 = ∆ − −  safe T B stress safe dep lifeE V A EOT k T E E t  (7.9) 

where (as used in Figure 7.8) ∆VT(max) = 60 mV, tlife = 5 years, ED1 = 0.9eV, n = 0.14, 

2
2 ε ϕ ε+=dep Si D dep SiOE q N , ϕdep ~ 2ϕF(bulk)+ 6kT/q [323], and AIT, γ (γT) variation are 

obtained from Figure 3.22. Vsafe is later calculated using equation (7.4). 

Thus, we recalculate the design diagram (dotted red lines in Figure 7.8) using 

analytical expressions in equations (7.4)-(7.9), and compare it with the procedure 

presented in main paper. Both approaches agree with each other reasonably well (though 

curves at different VG do not fall on top of each other, due to the approximations involved 

in the obtained analytical expressions), motivating the use these simple equations over 

sophisticated QM simulation in constructing the design diagram. 

7.8. Summary 

We have analyzed an extensive set of leakage and degradation data to construct a co-

optimization scheme of JG and NBTI for arbitrary %N and EOT combinations. In such 

process, we highlight the importance of gate leakage vs. NBTI study for transistors 

having plasma oxynitride dielectric. A design diagram is proposed based on such co-

optimization, which enables one to establish the DC (AC)-NBTI limited upper limit of 

%N for core CMOS technologies. Using the procedure described as a guideline and 

incorporating detailed nitrogen profile information, with effect of boron penetration, 

should enable one to reliably (up to a desired NBTI lifetime) operate a transistor with 

optimum static power dissipation. We anticipate that such analysis would have broad 

impact for optimization of %N content in sub-2nm gate dielectrics. 
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8. DEFECT FORMATION AND TRANSISTOR PERFORMANCE 

8.1. Introduction 

We have so far presented models for analyzing defects, present at the oxide/substrate 

interface in chapter 3 and 4. This is followed by a study on the dynamics of oxide defects 

in chapter 5. Later in chapter 6, we set up a methodology for proper characterization of 

defect formation in nanoscale transistors. Our defect modeling efforts are also utilized in 

chapter 7 for developing a scheme for co-optimizing (both) gate leakage and NBTI in 

transistors having nitrided dielectric. In this chapter, we further use our understanding of 

defect formation (chapters 3-6) or threshold voltage variation (∆VT) for studying the 

impact of defect generation on transistor parameters like sub-threshold slope and 

mobility. The analysis on variations of sub-threshold slope (SS) and VT enables us to 

study off-current (IOFF) variation in transistors, where off-current is dominated by 

thermionic emission. Similarly, we also investigate the effects of defect formation on on-

current (ION: ID,lin and ID,sat) and transconductance (gm) of a transistor. This enable us to 

propose a variation-resilient transistor technology within existing CMOS architecture.  

8.2. Defects on VT and SS Variation 

It has been shown in earlier chapters that under the application of negative gate bias 

or NBTI stress, there will be generation of interfacial defects (NIT) and hole trapping into 

pre-existing oxide defects (NHT). These will result in a decrease in VT of a PMOS 

transistor or an increase in |VT| (see Figure 6.3b). Moreover, comparison of ∆m vs. ∆VT 

for type-I and type-II transistors (see Figure 8.1) reveals that ∆m (hence, change in sub-

threshold slope) ~ 0 for type-II devices at small ∆VT and ∆m only starts to increase after 



 

 

196

∆VT is considerably higher26. This undoubtedly shows that ∆VT for these type-II 

transistors is initially dominated by NHT (thus, does not affect SS or, m) and generation of 

NIT is observed only at higher ∆VT. Similar presence of dominant NHT in type-II 

transistors at early stress is also validated by time and temperature dependencies of NBTI 

degradation [129, 154], as discussed in section 6.7.5. Therefore, only interfacial defect 

during NBTI stress predominantly changes SS. In such analysis involving SS change 

(∆SS), one should be careful about the uncertainty associated with ∆SS estimation, which 

comes from the non-uniformity of NIT distribution within the silicon bandgap. As SS ~ m 

is a function of ψS (see equation (6.3)), determination of ∆SS will depend on ∆CIT at that 

ψS, hence on the VG at which it is determined. For a particular amount of |∆VT|, ∆SS can 

be expressed as, 

 ( ) ( )@
@ 2.3 2.3

ψψ
∆

∆ = ∆ = S
IT FS

S B B

ox

D E
SS k T q m k T

C
 (8.1) 

where EFS|ψs indicates the position of EFS at the ψS under consideration. Thus depending 

on the VG at which SS is estimated, there can be significant uncertainty in ∆SS estimation, 

as observed in Figure 3.24a-c for three different devices. However, one can always obtain 

an average value of ∆SS by determining it using a wide VG range, such that  

 
,

2.3 2.3
∆∆ = ∆ = T

avg B avg B

g Si

V
SS k T q m k T

qE
 (8.2) 

where Eg,Si is the bandgap of silicon in eV.  

On the other hand, presence of electron trapping (NET) causes an increase in VT, 

during positive bias stress of a NMOS transistor (especially the one with high-κ dielectric 

[43]). This phenomenon is commonly known as positive bias temperature instability 

(PBTI). Since, interface trap or CIT is not affected due to electron trapping into oxide 

                                                 
26 Similar behavior (∆m vs. ∆VT) is also reported in [324] for devices having higher 

interfacial nitrogen concentration, thus higher hole trapping. 



 

 

197

defects (which are located sufficiently away from the interface [44, 234, 325-327]), ∆SS 

is negligible for PBTI experiments (Figure 8.2).  
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Figure 8.1: Variation of ∆m for Type-I (circles) and Type-II (squares and triangles) 

devices. Type-II transistors have negligible ∆m at small ∆VT, thus showing signatures of 

hole trapping.  
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Figure 8.2: Variation of body-effect coefficient (m) or SS is negligible and within the 

error margin of SS estimation during PBTI stress. Here, the measurement is performed 

on a number of NMOS transistors, and each of them indicates that ∆SS is (on average) 

independent of the level of PBTI-induced NET. 
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8.3. Defects on Off Current Variation 

Since IOFF for a transistor is dominated by thermionic emission [282] (when band-to-

band tunneling is negligible27), it can be expressed as (c.f., equation (6.9)), 

 ~ expOFF T BI q V mk T−    (8.3) 

Differentiating equation (8.3) in sub-threshold regime (VG < VT), we obtain – 

 
1OFF

T T
OFF B

I m
V V

I mk T m

∆ ∆ = − ∆ + 
 

 (8.4) 

where, m
 
is the body-effect co-efficient, as defined in equation (6.3). Interface trap 

generation during NBTI stress increases |∆VT|, as well as, ∆m or ∆SS. According to 

Figure 8.1, in a type-I transistor, |∆VT| ~ 30mV causes ∆m/m < 0.05. Thus for a present 

day MOS transistor, having a |VT| of ~ 0.3V [7], |∆VT| is greater than ∆m/m|VT|; i.e., IOFF 

increases due to NIT generation. On the other hand, hole trapping (during NBTI) or 

electron trapping (during PBTI) only increases |∆VT|, thus always causes a decrease in 

IOFF.  

8.4. Defects on Mobility Variation 

8.4.1. Effect of NIT (NBTI Stress) 

As presented in section 6.4.3, when measured at constant Eeff, generation of NIT 

always decreases µeff; an observation broadly consistent with the literature [89, 267]. 

                                                 
27 If IOFF is dominated by band-to-band tunneling (as the case for short-channel 

transistors having low bandgap Ge substrates [328]), any change in VT will directly 

reflect in a corresponding change in IOFF. Hence, self-compensation for IOFF is also 

unexpected in such short-channel transistors. 
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However, when measured at constant VG, µeff is observed to either increase (Figure 6.7a) 

or decrease (Figure 6.7b), depending on the steepness of the µeff-Eeff relationship. 

The variation in µeff-Eeff and µeff-VG relationships before and after NIT generation can 

be explained, when we consider the well-known fact that an increase in NIT always acts as 

an extra coulomb scattering center [89, 203, 266, 267] (Figure 8.3a). As a result, when 

measured at constant Eeff, µeff always decreases due to NIT generation (A � B in Figure 

8.3b). However, if µeff is measured at constant VG, we need to consider contributions from 

Eeff reduction as well (B � C in Figure 8.3b). Because NIT generation not only reduces 

µeff@Eeff, it also reduces the amount of substrate charges (mostly Qinv, when the transistor 

is biased in strong inversion) at constant VG (Figure 8.3c-d).  As such, depending on the 

steepness (θ) of the µeff vs. Eeff relationship, transistors with larger θ will have dominance 

from B�C movement and thus show an overall increase in µeff@VG; whereas those with 

smaller θ will have dominance from A�C movement (Figure 8.3b) and thus show an 

overall decrease in µeff@VG. 

To experimentally verify our hypothesis, we choose three types of uniaxially strained 

transistors (which are compressively strained using SiGe source/drain and contact etch 

stop layer) having L = 0.13µm, 0.26µm and 1µm (EOT ~ 1.4nm). For similar etch depth 

and contact etch stop layer, short-channel transistors are expected to have more strain 

compared to long channel transistors [329], which is evident from the µeff vs. |Eeff| curve 

for these three transistors (Figure 8.4a). Moreover, we observe an increase in steepness of 

µeff vs. |Eeff| curve with reduced L (i.e., increasing strain). As a result, we observe 

∆µeff/µeff0 to be always negative for 1.00 µm transistor (Figure 8.4b) and always positive 

for 0.13 µm transistor (Figure 8.4d). Similarly, Figure 8.4c indicates that 0.26 µm 

transistor (which have intermediate steepness for µeff vs. |Eeff| curves) have negative 

∆µeff/µeff0 at lower VG (similar to 1 µm transistor), but it becomes positive at higher VG 

(similar to 0.13 µm transistor). All these transistors show degradation in ∆µeff/µeff0, when 

measured at constant Eeff, irrespective of the steepness in µeff vs. |Eeff| relationship (Figure 

8.4e) – a fact that is well known in classical reliability literature [89, 124, 165, 203]. 
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Figure 8.3: (a) A schematic representation of the effect of NIT generation on µeff-Eeff 

plot. The functional dependencies of different mobility components are provided in 

section 6.4.4. NIT induces extra coulomb scattering and thus reduces µeff, especially at 

low Eeff. (b) µeff vs. Eeff in both pre- and post- NIT generation conditions for different 

steepness of µeff vs. Eeff characteristics. Although µeff decreases at constant operating Eeff 

(A � B); at constant VG, Eeff decreases with degradation (B � C) and thus gives rise to 

increase/decrease in µeff (A � C), depending on the steepness (θ) of the µeff vs. Eeff plot. 

Physics of Eeff reduction: (c-d) At constant VG, there should be equal amount of gate and 

substrate charges in order to maintain the electrostatics. As a result, effect of NIT 

generation, when measured at constant VG, should consider a corresponding reduction 

in substrate charge (c�d). Since in an inverted MOS, Qdep remains invariant of NIT 

generation, Eeff ~ Qdep+1/3Qinv reduces with NIT.  
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Figure 8.4: (a) µeff vs. Eeff for the uniaxially strained PMOS devices under study, having 

channel length of L = 0.13, 0.26 and 1.00 µm. Short channel devices have more strain 

and steeper curve compared to long channel devices. ∆µeff for (b) L=1.00µm transistor 

is negative, whereas for (d) L=0.13µm transistor it is always positive. For L=0.26 µm 

transistor in (c), ∆µeff is initially negative at low |VG| and becomes positive at high |VG|. 

Variation of ∆µeff/µeff0 from negative to positive is evident as L is reduced, or strain is 

increased. (d) All these transistors show degradation in ∆µeff/µeff0, when measured at 

constant Eeff (here shown for |∆VT| ~ 37mV). 

8.4.2. Effect of NET (PBTI Stress) 

To study the variation in µeff due to electron trapping (NET), within high-κ dielectric 

of NMOS transistors, we measure change in maximum transconductance (∆gm,max) under 

the application of PBTI stress. Here, ∆gm,max is used as a signature of ∆µeff@Eeff, which 
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can be understood by differentiating the expression for ID,lin (see equation (6.4)) with 

respect to VG and then taking its maximum. Such operation leads to – 

 ,
,max 0 ,max .D lin

m ox DS lin
G

I W
g C V

V L
µ

∂ 
= = ∂ 

 (8.5) 

Equation (8.5) considers the fact that beyond gm,max, decrease in gm is mostly due to 

negative slope of the µeff vs. VG or µeff vs. Eeff relationship, which in turns comes from the 

increase in phonon and surface roughness scattering [272].  Our experiment indicates that 

even a significant amount of electron trapping or corresponding ∆VT, during PBTI stress 

on NMOS transistors, causes negligible change in ∆gm,max (Figure 8.5a). Similar 

invariance of ∆gm,max due to NET are also reported in [47].  
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Figure 8.5: (a) Electron trapping into oxide defects during PBTI stress causes negligible 

change in ∆gm,max. Whereas, (b) NIT generation decreases ∆gm,max significantly 

irrespective of the amount of strain, which is similar to the decrease in ∆µeff@Eeff shown 

in Figure 8.4e. This indicates that although there is decrease in ∆µeff@Eeff due to NIT 

generation, electron trapping has negligible impact on ∆µeff@Eeff. 

Next, we compare ∆gm,max due to NET (Figure 8.5a) and NIT (Figure 8.5b). We 

observe that considerable decrease in ∆µeff@Eeff during NIT generation (Figure 8.4e) leads 

to an equivalent decrease of ∆gm,max (Figure 8.5b). On the other hand, invariance of 

∆gm,max due to NET (Figure 8.5a) means negligible change in ∆µeff@Eeff during PBTI 
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stress. Thus, Figure 8.5a indicates that there is negligible amount of remote coulomb 

scattering [330-332] from the electron trapping centers in the NMOS transistors under 

study. Now that we know SS, gm,max, and µeff@Eeff are relatively insensitive to trapping in 

oxide defects, let us study how µeff@VG is affected by such trapping.28 Since µeff@Eeff 

remains unchanged due to NET (i.e., A�B movement of Figure 8.3b is negligible) and Eeff 

always reduces due to NET at constant VG (since B � C movement in Figure 8.3b is 

present for any defects), ∆µeff@VG for NET (or, in general, due to oxide defects) will 

always be positive (see Figure 8.6c). Therefore, we obtain comparable values of positive 

∆µeff@VG for NET in high-κ NMOS transistor and for NIT in the highly strained PMOS 

transistor of Figure 8.4a (also compare Figure 8.6c with Figure 8.6a), even though µeff-Eeff 

steepness for the high-κ NMOS transistor is smaller (see Figure 8.6b) than that of highly 

strained PMOS transistor of Figure 8.4a. This is because the presence of NIT causes 

negative ∆µeff@Eeff (Figure 8.5b), which dictates that µeff - Eeff steepness be enhanced for 

NIT to achieve overall positive ∆µeff@VG. On the other hand, ∆µeff@Eeff is negligible for 

NET (Figure 8.5a), thus NET-related ∆µeff@VG is always positive, irrespective of µeff-Eeff 

steepness. 

8.4.3. Effect of NHT (NBTI Stress) 

Our study on electron trapping reveals that the B � C movement in Figure 8.3b 

dominates for oxide defects, when remote coulomb scattering from these defects (i.e., A 

� B movement in Figure 8.3b) are negligible. Since hole trapping also happens within 

the oxide, we expect hole trapping during NBTI stress to show similar behavior. 

 

                                                 
28 As shown in section 8.5, knowledge of µeff@Eeff can not be sufficient to 

understand the effect of defect on transistor performance, hence can not be sufficient to 

perform SPICE analysis, as well.  
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Figure 8.6: (a) ∆µeff at different (VG-VT0) for the highly strained PMOS transistor in 

Figure 8.4. (b) Comparison of θ between the high-κ NMOS transistor under study and 

the highly strained PMOS transistor of Figure 8.4. (b) Although NMOS transistor has 

smaller θ, presence of negligible ∆µeff@Eeff and Eeff reduction at constant VG stress 

provide positive ∆µeff@VG due to NET. 

8.5. Effect of Defect on ION: Drift-diffusion Theory 

So far we have explained how threshold voltage (hence, amount of carriers within 

the channel) and mobility of MOS transistor varies due to interfacial or oxide defects. 

Here, we will use this information related to carrier number variation and mobility 

variation to study the impact of defect formation on Ion using drift-diffusion theory. As 

shown in Figure 6.19, variation in SS has negligible impact on Ion. 

8.5.1. ID,lin Variation due to NIT 

For estimating variations in ID,lin within the framework of drift-diffusion theory, we 

use equation (6.16) for estimating ∆ID,lin@VG. For explaining the major features of 

∆ID,lin@VG, we can simplify equation (6.16) as – 

 ,

, 0 0 0

 .
-

µ
µ
∆∆ ∆

= −
G G

effD lin T

D lin eff G TV V

I V

I V V
 (8.6) 
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As we know by now, |∆VT| always increases for any form of defects; whereas ∆µeff@VG 

sometimes increases or decreases with NIT generation (Figure 8.4) and always increases 

with hole trapping into oxides (Figure 8.6b). As a result, ∆ID,lin@VG depends on the type 

of transistor under study. 

For example, let us consider the case where NIT generation dominates (Figure 8.4), as 

in type-I PMOS transistor during NBTI stress (see section 6.7.5 for a discussion on type-I 

transistors). There the transistors with positive ∆µeff@VG (i.e., L = 0.13 µm transistor in 

Figure 8.4d) can self-compensate the effect from |∆VT|, thus resulting reduced variation in 

∆ID,lin (Figure 8.7c). Such invariance in ∆ID,lin is more effective at higher |VG|, where the 

second term in equation (8.6) is less negative. Under similar operating condition, 

∆µeff/µeff0 is negative for L = 1 µm transistor (Figure 8.4b), which then adds up with the 

second term in (8.6) and hence ∆ID,lin always degrades for this transistor (Figure 8.7a). 

Similarly, L = 0.26 µm transistor having both positive/negative ∆µeff/µeff0 (Figure 8.4c) 

shows an intermediate behavior in terms of ∆ID,lin (Figure 8.7b).  
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Figure 8.7: ∆ID,lin for (a) 1.00µm, (b) 0.26µm, and (c) 0.13µm transistors, measured at 

various VG. Note that, although 0.13µm transistor is stressed more compared to the 

other transistors, it has the lowest ∆ID,lin at |VG| > 1.1V. 
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8.5.2. ID,sat Variation due to NIT 

For analyzing the impact of defect formation on ID,sat, we characterize ID,sat using  

 ( ), ,
sat

D sat sat G T satI A V V
α

= −  (8.7) 

where Asat and αsat are complicated functions of µeff, saturation velocity, etc. [282]. We 

observe that similar to the self-compensation between µeff and VT variations in linear 

region for L = 0.13 µm transistor (Figure 8.7c), compensation also exists between the 

variations in A and VT (Figure 8.8b). Whereas, L = 1.00 µm transistor has no such 

compensation (Figure 8.8a), which again supports its behavior in linear region (Figure 

8.7a). Due to complicated dependency of factor Asat and αsat on other physical parameters, 

it becomes difficult to perform any further analysis using drift-diffusion theory. Such 

limitation motivated us to use scattering theory [333] to have a physical insight on ID,sat 

variation (see section 8.6 and Appendix E). 
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Figure 8.8: ∆ID,sat for (a) 1.00µm and (b) 0.13µm transistors measured at various VG. 

Similar to the observation involving ∆ID,lin in Figure 8.7, L = 0.13µm transistor has 

negligible ∆ID,sat compared to L = 1.00µm transistor. 
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8.5.3. ID,lin and ID,sat Variation due to NET 

Figure 8.7c indicates the presence of self-compensation between ∆µeff and ∆VT terms 

of (8.6), leading to negligible ID,lin. Since ∆µeff@VG is always positive for oxide defects 

like NET (see section 8.4.2), ∆ID,lin can indeed be totally compensated at higher (VG – VT0) 

and partially compensated at lower (VG – VT0) through mobility improvement (see Figure 

8.9a). However, for the same transistors at similar (VG-VT0), we observe reduced self-

compensation in the saturation regime (see Figure 8.9b). Nevertheless, in both cases of 

Figure 8.8b and Figure 8.9b, the improvement through partial self-compensation (or 

reduction in ∆ID,sat) is still significant and relevant for reduction in design margins. 
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Figure 8.9: (a) ∆ID,lin and (b) ∆ID,sat at different VG-VT0 for the high-κ NMOS transistor, 

having ∆µeff@VG values of Figure 8.6c. 

8.6. Effect of Defect on I on: Scattering Theory 

As the channel length of nanoscale MOS transistors is comparable to the carrier 

mean-free path [333-340], quasi-ballistic transport becomes important in characterizing 

them. In such quasi-ballistic transport regime, scattering theory [333] suggests that 

classical equation (obtained from drift-diffusion and velocity saturation) for ID of a 

transistor (width W, channel length L), should be replaced by [341]: 
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 (8.8) 

where Qinv = CG(VG-VT), r is the back-scattering co-efficient, vT is the thermal velocity, 

ηF is the location of Fermi-level near the top-of-the-barrier at the source-channel junction 

(normalized to thermal voltage kBT/q), UD is drain voltage (normalized to kBT/q) and 

1/2ℑ and 0ℑ are Fermi integrals of order ½ and 0 respectively. Equation (8.8) can be used 

for extracting parameters in linear region, but presence of high VDS in saturation region 

leads to – 

 ( ) ( )
( ), ,

1
/ ,

1
sat

D sat G G T sat inj
sat

r
I W C V V v

r

−
= −

+
 (8.9) 

where vinj is the injection velocity, rsat = l/(l+λ), l ~ (1~3)kT/q)/E0(+) [342, 343], λ is the 

mean-free path, E0(+) is the electric field along the transport direction near the top-of-the-

barrier at the source-channel junction, and l is the distance along the transport direction 

over which there is approximately (1~3)kT/q [342, 343] voltage drop. However, use of 

Maxwell-Boltzmann approximation for 1/2ℑ and 0ℑ  leads to –  

 ( ) ( ), , ,/ 1 ,
2 /

T
D lin G G T lin lin DS lin

v
I W C V V r V

kT q
= − −  (8.10) 

 ( ) ( )
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1
/ ,

1
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D sat G G T sat T
sat
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I W C V V v

r

−
= −

+
 (8.11) 

for linear (lin) and saturation (sat) regions, respectively, where, r lin = L/(L+λ). Scattering 

theory presumes that the transport near the top-of-the-barrier (virtual source) dictates the 

current flow and offers a simple correlation between ID,lin and ID,sat, i.e., from equations 

(8.10) and (8.11), we have, ID,lin/ID,sat = VDS,lin/(2kT/q) * (λ+2l)/ (λ+L) ~ Blin/Bsat; where, 

Blin = λ/(λ+L) and Bsat = λ/(λ+2l) are ballistic efficiencies of a MOS transistor in linear 

and saturation regions, respectively. 

Equations (8.8)-(8.11) can be used to characterize the variation of scattering theory 

parameters before and after defect generation. Such analysis (see Appendix E for details) 
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suggests that in linear regime of source-to-drain transport, source-injected carriers are 

continuously scattered over the entire channel length (L) and hence a change in mobility 

in all parts of the channel will affect the current transport. On the other hand, in the 

saturation regime, electric field along the channel is very high. As a result, for calculating 

current transport, we only need to consider scattering of source-injected carriers over a 

characteristics distance (l) away from the top of the energy barrier, located near the 

source end. Carriers that have crossed l indeed face scattering, but these scattered carriers 

can not overcome the thermal barrier to reach the source side and always gets collected at 

the drain end. Hence, ∆µeff will have reduced impact on ID,sat (having effective scattering 

length of l), compared to ID,lin (having scattering length of L). Thus, the overall change in 

∆ID due to BTI degradation in linear and saturation regions can be approximated as, 

 ( ) , ( ), ( )

( )

, ( )0 0 , ( )0

1  .
-

µ
µ

∆∆ ∆
= − −

G G

T lin satD lin sat eff

lin sat

D lin sat eff G T lin satV V

VI
B

I V V
 (8.12) 

Now, the ballistic coefficients in the linear regime (Blin) is ~ 0, in the saturation regime 

(Bsat) ranges from 0 << Bsat < 1 [333, 344]. Therefore, one expects self-compensation 

between the ∆µeff and ∆VT terms of equation (8.12) to be more effective for ∆ID,lin 

compared to ∆ID,sat. This is exactly what we have observed in sections 8.5.2 and 8.5.3 for 

interface and oxide defects, respectively. 

8.7. Summary 

Throughout this chapter, we have explained the effect of interface trap generation 

and electron/hole trapping on different device parameters, used for characterizing MOS 

transistors. As such, we have identified several non-intuitive variations in transistor 

parameters. For example, 

� We have identified the uncertainty involved in sub-threshold slope measurement 

and explain how it is mainly affected by interfacial defects. 

� We have presented the first report and consistent explanation for the increase in 

effective mobility when measured at constant gate voltage. 
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� We also have provided the example of transistors having negligible fluctuation in 

drain current due to defect generation through a compensation between opposite 

signs of mobility fluctuation and carrier number fluctuation (see next chapter for 

further analysis on this topic). 

� Finally, in relation to this chapter, Appendix E broadens the application of 

scattering theory with time-dependent parameter shifts and shows that – despite 

dramatic changes in the device parameters – the relationship between the ballistic 

efficiencies are essentially invariant with respect to its time-zero value, once the 

effect of threshold voltage shift is taken into account.  
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9. TOWARDS VARIATION RESILIENT TRANSISTORS AND 

CIRCUITS 

9.1. Introduction 

 In chapter 8, we have described how and interplay between mobility and carrier 

number fluctuation can lead to a ‘degradation-free’ transistor, having negligible drain 

current variation. In this chapter, we will extend this concept of optimizing temporal VT 

fluctuation and show how a similar concept can also be used for self-compensating 

different sources of spatial VT fluctuations, like oxide thickness fluctuation, metal-work 

function fluctuation, 1/f noise fluctuation originating from random placement of defects, 

etc. As such, we propose the concept of variation-resilient transistor, which may relax the 

requirement of circuit and system level optimization, currently being widely used to 

handle these variations. In section 9.2, we start this chapter by discussing the need for 

studying variation resilience within CMOS architecture. Then in section 9.3, we discuss 

the transistor design principles for achieving variation resilience. Later, in sections 9.4-

9.7, we demonstrate the validity of our proposed principle through simulation and 

experiment. Finally, we conclude in section 9.8 by highlighting the circuit level 

implications of our idea of self-compensation. 

9.2. Motivation 

Until now, the research on transistor’s parametric variations has focused on 

correlating the fluctuation in parameters to variation in device characteristics [9, 119, 

168], as well as mitigating these variations through the use of extra processing steps (e.g., 

use of monolayer doping for reducing dopant fluctuation [345], plasma nitridation over 

thermal nitridation in SiON CMOS technology for reducing time-dependent VT variation 
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[129]). In spite of these efforts, device designers often feel that process modifications 

alone can not adequately address the variation problem without unacceptable loss in 

device performance. So, a standard option is to operate the transistors with an extra guard 

band voltage, over and above the voltage that is required for nominal operation [58, 59], 

so that the circuit remains functional despite significant parametric variation. Similarly, 

there are proposals for using adaptive body bias [60-62], adaptive power supply (i.e., 

circuit sleeping) [63], (area-)resizing of transistors along the critical path [64], etc. for 

minimizing the impact of temporal variability or reliability. Such circuit level reliability 

optimization requires one to monitor the degradation level of IC at different stages of 

operation using specialized circuits like ‘Silicon Odometers’ [58] (based on the 

measurement of quiescent leakage current [346], for example). 

In chapter 8, we have discussed the possibility of self-compensation of NBTI in 

strained PMOS transistors (see sections 8.5.1 and 8.5.2) and of PBTI in high-κ NMOS 

transistors (see section 8.5.3). Sufficient negative steepness in the effective mobility (µeff) 

of the inversion carrier vs. effective vertical electric field (Eeff) characteristic, achieved 

through uniaxial strain in Figure 8.4, has been the key requirement for designing such 

self-compensated transistors. A steep µeff-Eeff characteristic ensures that NBTI and PBTI 

in these transistors result in an opposing variation in µeff and carrier density (Ninv) within 

the inverted PMOS channel. As a result, the drivability ( i.e., drain current ID ~ µeffNinv) of 

a variation-resilient transistor becomes less sensitive to NBTI and PBTI (hence, BTI as a 

whole).  

In the subsequent sections 9.3-9.8, we broaden the discussion of self-compensation 

in four important ways. First, we show that the principle of self-compensation is also 

relevant to different process variations and can reduce the effect of variations in different 

oxide and gate parameters (e.g., EOT, ФMS); as such, the ‘degradation-compensated’ 

strained transistor proposed in [347] can also be considered as a ‘variation-resilient’ 

transistor. Second, we characterize the µeff-Eeff relationship as a function of uniaxial strain 

and identify the practical limits of uniaxial strain technology in achieving self-

compensation. Third, we highlight the limitations of achieving self-compensation in 

modern short channel transistors by showing its inability to reduce the effects of channel 
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length variation, random dopant fluctuation (RDF), as well as variation in off-state 

leakage current. And finally, we verify the consequence of self-compensation in a set of 

digital circuits and show that the delay degradation in digital circuits can indeed be 

reduced by considering physical changes in transistor parameters (like VT, Eeff, µeff, etc.) 

during circuit simulation.29 Therefore, we illustrate how variation resilience may ease the 

burden of designers in guard-banding against some of the variability issues (like BTI, 

EOT-fluctuation, ФMS-fluctuation) that the nanoscale CMOS technology is currently 

struggling to handle. 

9.3. Principle of Variation Resilience  

Let us first review the design principle involving self-compensation in a variation-

resilient transistor and compare its characteristics with a classical CMOS transistor. For 

this, we need to understand the effect of process-related and stress-induced parametric 

variation in transistors drain current. Drain current in linear region (ID,lin) can be 

expressed as ID,lin ~ µeffNinv; where, Ninv ~ (VG - VT). Thus, the fluctuation of ID,lin (∆ID,lin) 

can be expressed as:  

 ( ), , ~ ~ .D lin D lin eff eff inv inv eff eff T G TI I N N V V Vµ µ µ µ∆ ∆ + ∆ ∆ − ∆ −  (9.1) 

According to equation (9.1), a transistor can be resilient to ID,lin variation (i.e., have 

∆ID,lin~ 0) only if an increase (decrease) in µeff compensates the corresponding increase 

(decrease) in VT. All MOS transistors have negative differential steepness in its µeff – Eeff 

characteristics (Figure 9.1b), mainly due to effect of surface roughness [267]; and this 

‘negative steepness’ dictates that any increase in VT is always accompanied by an 

increase in µeff@VG and vice versa. 30 

                                                 
29 Note that conventional SPICE simulation will fail to capture the effect of self-

compensation, due to the reasons discussed in section 9.8.3. 

30 However, in case of interface trap (NIT)-related ∆VT, one needs to consider the 

decrease in µeff@Eeff due to additional coulomb scattering introduced by NIT [267]. As a 
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Figure 9.1: (a) Linear transfer characteristics of a classical MOS transistor, where any 

sources of ∆VT lead to ∆ID,lin. The effect of ∆VT can be minimized by using guard-band 

voltage (VDD-V1). (b) Comparison of mobility-field (µeff – Eeff) relationship in classical 

and variation-resilient transistors. An increase in VT always results in an increase in µeff, 

except for NIT-related ∆VT. (c) Transfer characteristics of the proposed variation-

resilient MOS transistor, where ∆VT is not reflected in ∆ID,lin. Thus variation-resilient 

transistor can operate with reduced guard-band. 

In classical MOS transistor, the steepness of the µeff – Eeff or µeff – VG characteristic is 

generally insufficient to fully compensate the linear increase in Ninv with VG. As a result, 

transfer (e.g., ID,lin-VG) characteristic of a classical transistor is dominated by the increase 

in Ninv with VG; in other words, a classical transistor has finite ON-state transconductance 

,
G T

m ON D G V V
g I V≡ ∂ ∂

≫  
(Figure 9.1a). In addition, relatively shallow µeff – Eeff steepness in 

classical transistors ensures negligible change in µeff (∆µeff) due to ∆VT. Thus according to 

equation (9.1), ∆ID,lin is dominated by the ∆VT term, which makes ID,lin of a classical 

transistor sensitive to various sources of ∆VT. To mitigate the effect of ∆VT in these 

transistors, one can use a fraction of the supply voltage (VDD – V1 in Figure 9.1a) to 

                                                                                                                                                 
result, overall change in µeff@VG can be either positive or negative depending on the µeff – 

Eeff steepness [347]. 
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guard-band against ∆VT [58, 59] – so that even the slowest transistor (at the end of 

product lifetime) has sufficient drive current (ID,min ) for a functional integrated circuit. 

It is possible, however, to increase the negative steepness of µeff – Eeff relationship by 

various techniques, e.g., by introducing uniaxial strain (thus reducing phonon-scattering, 

while keeping surface roughness essentially unchanged) [347], by reducing operating 

temperature (thus making temperature-independent surface roughness scattering 

dominant over the temperature-dependent phonon-scattering) [270, 348]. And with 

suitably high negative steepness for the µeff – Eeff characteristic, positive ∆µeff@VG due to 

positive ∆VT (and vice versa) can be large enough to balance the two terms in equation 

(9.1), thereby making the variation-resilient transistor insensitive to ∆VT (in terms of 

ID,lin). Moreover, since an increase in the negative steepness of µeff – Eeff or µeff – VG can 

match the positive steepness of Ninv – VG, variation-resilient transistors have flatter ID,lin-

VG characteristics (smaller gm,ON) compared to the classical ones (Figure 9.1c). Thus 

consideration of self-compensation between ∆µeff and ∆Ninv is eventually reflected in the 

flat transfer characteristics above threshold. And it is intuitively clear from Figure 9.1c 

that with such flat transfer characteristics, ID,lin will not be affected by ∆VT. Therefore, the 

presence of self-compensation suggests the possibility of reducing the guard-band 

voltage, required for ID,min.  

Next, let us see whether the presence of ID,lin self-compensation ensures 

corresponding behavior in the saturation regime, as well. As theoretically analyzed in 

section 8.6 and experimentally characterized in Appendix E, modern transistors operate 

in quasi-ballistic regime and ∆ID in linear and saturation regions can be approximated 

using equation (8.12). Therefore, one expects self-compensation to be more effective for 

∆ID,lin compared to ∆ID,sat. 

9.4. Increasing µeff-Eeff Steepness: Strain 

We have now established larger µeff-Eeff steepness or smaller gm,ON as a requirement 

for designing self-compensated transistors. Such increase in µeff-Eeff steepness can be 

achieved by having a larger increase in µeff at low Eeff compared to the µeff at high Eeff. 
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Within the picture of universal mobility, µeff can be expressed as [267] (c.f., equation 

(6.6)): 

 1 1 1 1
eff coul ph srµ µ µ µ− − − −= + +  (9.2) 

where, µcoul, µph, and µsr are components of µeff due to coulomb scattering, phonon 

scattering and surface roughness scattering, respectively. As shown in [267], µcoul, µph are 

the dominant components at low Eeff and µsr is the dominant component at high Eeff. Thus 

to achieve self-compensation by increasing µeff-Eeff steepness, one needs to improve µcoul, 

µph and keep similar µsr by increasing uniaxial strain within the channel [347] or by 

reducing operating temperature [348]. In the following, we qualitatively (section 9.4.1) 

and quantitatively (section 9.4.2) explain the variation in µeff-Eeff steepness as a function 

of uniaxial strain, thus identify the extent of uniaxial strain necessary for self-

compensation of ∆VT (section 9.4.3).  

9.4.1. Qualitative Theory 

As it is widely used for transistor’s performance improvement [193], uniaxial strain 

(rather than biaxial strain) is also preferable for achieving self-compensation. Biaxial 

tensile strain though shows performance or µeff improvement for NMOS, compared to 

that for PMOS [193], it will not be suitable for obtaining self-compensation in NMOS 

transistors. This is because biaxial tensile strain increases µsr (as well as µph) for NMOS 

by reducing the roughness amplitude [349, 350]. Thus, biaxial tensile strain in NMOS 

improves µeff at all Eeff, and hence is not expected to increase the µeff-Eeff steepness by that 

much. On the other hand, one employs process induced uniaxial strain by source/drain 

engineering, after the gate insulator growth. Thus, it does not change the Si and gate 

insulator interface properties and hence results negligible change in surface roughness or 

µsr [351]; therefore, uniaxial strain satisfies the first requirement (i.e., reduced increase in 

µeff at higher Eeff) of self-compensation. 

Let us now understand whether the requirements of enhanced µcoul and µph (for self-

compensation) are also satisfied in uniaxial strain technology. Here, we consider the 



 

 

217

consequence of using tensile strain and <110> compressive strain31 for NMOS and 

PMOS, respectively; because these uniaxial strains improve transistor performance 

significantly [193]. Tensile strain splits the ∆2-∆4 electron valleys and hence reduces 

inter-valley phonon scattering, i.e., tensile strain increases µph for electron transport. In 

addition, since ∆2 constitutes the lower electron valley under tensile strain, there is an 

increase in electron occupancy in the ∆2 valley, which also has lower transport effective 

mass. As such, tensile strain also increases µcoul for electron transport [352]. As a result, 

self-compensation in NMOS transistor can be achieved through tensile strain. On the 

other hand, compressive strain splits the heavy hole-light hole (HH-LH) valleys and 

hence reduces inter-valley phonon scattering or increases µph for hole transport. In 

addition, since HH valley has the higher occupancy of holes under compressive strain 

(which also has lower transport effective mass in the <110> direction), <110> 

compressive strain is also expected to increase µcoul for hole transport. As a result, self-

compensation in PMOS transistor can be achieved through compressive strain.  

9.4.2. Quantitative Analysis of Self-Compensation 

In this section, we experimentally demonstrate the consequence of <110> 

compressive uniaxial strain in achieving self-compensation for PMOS transistor. Since 

the theory of self-compensation is similar for NMOS and PMOS transistors (see section 

9.4.1), we expect similar improvement in NMOS transistor, as well. The PMOS 

transistors under study have <110> compressive uniaxial strain applied through SiGe 

                                                 
31 Band structure calculation in [351] suggests a reduction in µsr, due to changes in 

scattering rate and effective mass, for <110> compressive strain on (100) substrate of 

PMOS. Consideration of such µsr reduction with uniaxial strain (compared to our 

presumption of strain independent µsr) can further increase the µeff-Eeff steepness for same 

amount of strain. However, due to the lack of experimental evidence for the uniaxial 

strain dependence of µsr (equivalent to the one performed for biaxial strain in [349, 350]), 

we presume µsr to be constant in our analysis. 
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Source/Drain and contact etch stop layer (therefore, a reduction of L increases strain 

[329]); the transistors also have a doping density of Nsub ~ 3x1017 cm-3 and EOT ~ 1.4nm. 

Now, to estimate the effect of uniaxial strain (ε) on µeff-Eeff, we determine µeff and Eeff for 

unstrained and strained transistors having different channel length (L), using the 

measurement procedure discussed in sections 6.4.1 and 6.4.2. Then, we calculate the 

mobility enhancement factor µeff,ε/µeff,ε=0 as a function of Eeff at different L (or 

equivalently at different ε). 32 Finally, by using µeff,ε/µeff,ε=0 and µeff,ε=0 for longest L 

transistor (thus avoiding the extra mechanism for shorter L transistor [353]), we estimate 

µeff@Eeff for different amount of uniaxial compressive strain (Figure 9.2). Our 

measurement of µeff vs. Eeff for unstrained L = 10µm transistor is consistent with the 

universal mobility curve [267]; here, the only difference at low Eeff is due to presence of 

higher substrate doping (Nsub ~3x1017 cm-3) in our transistors. Figure 9.2 also indicates an 

increase in µeff@Eeff with strain, as well as an increase in the negative steepness of the µeff 

- Eeff characteristics, as expected from the qualitative analysis in section 9.4.1. 

                                                 
32 Here, we could have estimated µeff,ε/µeff,ε=0 by measuring µeff on transistors having 

different L (i.e., µeff for longest L transistor will serve as µeff,ε=0 and µeff for shorter L 

transistors will serve as µeff,ε). However, such procedure requires explicit decomposition 

between the effect of strain and the effect of extra scattering from source/drain halo 

regions [353] for shorter channel transistors. Therefore, we estimate µeff,ε/µeff,ε=0 at a 

particular ε (or L), by comparing µeff@Eeff of unstrained and strained transistors having 

same channel length. 
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Figure 9.2: Measured µeff-Eeff at different levels of strain (ε) are fitted using equations 

(9.2)-(9.5). Here, we estimate ε by using Fig. 11 of [193]. The measurement at 0% 

strain is consistent with the universal mobility measurement (dashed line) of [267]. 

To capture the strain dependence in a quantitative mobility model, we add two 

features in the universal mobility relationship. Based on the discussion in section 9.4.1, 

we know that compressive uniaxial strain increases µcoul by having higher occupancy in 

the lower transport effective mass HH valley and also increases µph due to HH-LH band 

splitting. To capture this, we use the following expressions for µcoul, µph, and µsr for 

fitting the µeff-Eeff characteristics in Figure 9.2: 
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 3
3 esr ffE αµ µ=  (9.5) 

Note that the phenomenological expression for strain-induced phonon mobility 

enhancement for µph in equation (9.4) was first introduced in [354] and later used by 
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many groups [355, 356]. Using µeff-Eeff characteristics of unstrained transistor, we first 

estimate the parameters: µ1 = 97.3 cm2/V-sec, µ2 = 82.52 cm2/V-sec, and µ3 = 357.5 

cm2/V-sec. The remaining parameters are consistent with literature; vis. α1 = 1, α2 = -0.32 

are the same as used in [267] and α3 = -1.6 is the same as extracted from the µsr 

components reported in [357]. Next, band-structure information of strained transistors are 

used to estimate the effective energy difference of HH-LH valleys in strained (∆H,ε) 

transistors using single sub-band and Airy-function approximation. Similar to the 

findings in [187], our calculation of ∆H,ε shows an increase in ∆H,ε with Eeff (see Figure 

9.3a). Then, by comparing ∆H,ε for unstrained and strained transistors, we calculate ∆ELH-

HH = ∆H,ε – ∆H,ε=0  at different Eeff (see Figure 9.3b). Interestingly, ∆ELH-HH at higher Eeff 

has small deviation from its value of 6.426ε eV at zero Eeff (where, 6.426eV is the 

deformation potential [187]). Using the information of ∆ELH-HH from Figure 9.3b, we fit 

µeff-Eeff characteristics (Figure 9.2) and hence estimate µ1str = (1+9x104ε) and B = 0.27. 

Finally, for studying the effect of NIT in section 9.8.4, we use βIT ~ 0.04 for the 

wavefunction interaction parameter [266], which has been obtained by fitting µeff-Eeff 

characteristics before and after NIT generation (see section 6.4.4), and is assumed to be 

strain independent (as observed in Figure 3.26c). 
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Figure 9.3: (a) Calculation of ∆H,ε within single sub-band, Airy-function approximation 

shows an increase in ∆H,ε with Eeff, as also observed in [187]. (b) ∆ELH-HH = ∆H,ε – ∆H,ε=0  

at different Eeff is close to its magnitude of 6.426ε eV at zero Eeff, where 6.426eV is the 

deformation potential. 

9.4.3. Self-Compensation at Practical Strain Limit 

Using the strain-dependent mobility model of equations (9.2)-(9.5), we estimate µeff-

Eeff for different levels of strain (Figure 9.4a), which suggests that for higher strain (i.e., 

for ε > 2.5% in Figure 9.4a) mobility enhancement gets limited by the strain independent 

µsr component.33 Next in Figure 9.4b, we calculate ID,lin-VG for L = 100nm using µeff-Eeff 

of Figure 9.4a. Figure 9.4b suggests that with ε = 2.5% flatness or total self-compensation 

in ID,lin-VG characteristics can be achieved at VGS~1.2-1.5V.34 Thus, we conclude that 

                                                 
33 The observation of mobility enhancement saturation through uniaxial strain is also 

consistent with [193].  

34 However, for a practical transistor, one needs to consider the contribution from 

additional scattering mechanisms near source/drain halo regions [353], which may 

modify this estimate of ε in achieving self-compensation. 
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complete self-compensation (∆ID,lin ~ 0 at all VG) may not be possible within practical 

strain limits. However, as discussed in section 9.8.4, partial self-compensation (through 

positive ∆µeff) is indeed a reality in uniaxial strained transistors and circuits. 
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Figure 9.4: (a) µeff-Eeff curves for different levels of strain, estimated using strain-

dependent mobility model of equations (9.2)-(9.5). (b) Corresponding ID,lin-VG 

characteristics at VDS = 50mV for a simulated transistor having L = 100µm, EOT = 

1.4nm, and Nsub = 3x1017 cm-3. 

9.5. Increasing µeff-Eeff Steepness: Temperature 

In section 9.4, we illustrate how one can achieve self-compensation by increasing the 

steepness of µeff - Eeff characteristics through uniaxial strain. Here, the principle was to 

reduce the inter-valley phonon scattering and thus make surface roughness scattering 

(having larger µ-E steepness [267] compared to the phonon component) the dominant 

component in the µeff - Eeff characteristics. However, one might presume that the presence 

of self-compensation is a property of strained technology and may not be applicable, in 

general. To refute such presumption, in this section, we study self-compensation in one 

particular strained transistor (the one with highest strain in Figure 8.7c) at different 

temperature. Since a transistor operated at low temperature has reduced phonon scattering 

(like the case for higher uniaxial strain), one can have higher µeff - Eeff steepness at lower 

temperature. We experimentally observe such an increase in the µeff - Eeff steepness with 
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reduction in temperature (see Figure 9.5a). 35 And consequently, higher µeff - Eeff 

steepness gets reflected in the reduced ∆ID,lin at lower temperature (see Figure 9.5b). 

Therefore, higher µeff - Eeff steepness or small gm,ON is indeed required for designing a 

self-compensated transistor. Encouragingly, the recent reports of ID-VG characteristics in 

Intel’s 45-nm strained MOS technology [47] and III-V transistors [358] indicate the 

presence of higher µeff - Eeff steepness or small gm,ON. Thus, advanced substrates involving 

strained-Si and III-V show the possibility of self-compensating ∆VT with reduced use of 

guard-band or any complicated circuit-level optimization. 
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Figure 9.5: (a) Reduction in temnperature increases the µeff - Eeff steepness for the 

highly-strained PMOS transistor of Figure 8.7c. (b) The transistor, operated at reduced 

temperature, is less sensitive to NIT-induced ∆ID,lin at |VG – VT0| = 0.8V. 

9.6. Sources of VT Fluctuation: Show-stopper for CMOS Scaling?  

From our discussions in sections 9.4 and 9.5, we know that it is possible to achieve 

partial self-compensation through uniaxial strain. In this section, using the following 

                                                 
35 Similar increase in steepness is already shown for both PMOS and NMOS 

transistors in [270]. 
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expression for VT in bulk CMOS [282], we identify the sources of ∆VT that one needs to 

self-compensate: 

 
( )

2

2
4 ln ln .Tsub subB

T GS B Si sub
SiO i i di

N tN Nk TEOT
V Φ k T N q

n q n C
ε

ε
= + + +  (9.6) 

In equation (9.6), NT(t) indicates the time-dependent contribution from defects. These 

defects can be present within the oxide (oxide defects NOT; see chapter 5), which are 

observed during BTI stress on PMOS/NMOS transistors [43]. Defects can also be present 

at the oxide/substrate interface (interface defects NIT; see chapter 3) are observed during 

NBTI stress on PMOS transistor [119]. Therefore, equation (9.6) indicates that ∆VT can 

arise from fluctuation in process parameters like ΦGS, EOT, Nsub or in reliability 

parameters like NT(t). As shown in [48, 359], process-related fluctuation in Intel’s 45 nm 

technology corresponds to a 3σ of ~150mV, whereas temporal fluctuation has a mean 

shift of ~60mV with a 3σ of ~30mV.  

In sum, during transistor design, which considers no self-compesnation [346, 360] 

(just like the case for a classical transistor of Figure 9.1a), one needs to handle a ∆VT,max ~ 

240mV (above VT0) either by guard-banding the transistor (or by operating it at a voltage 

higher than V1 in Figure 9.1a) [58, 59] or using complex algorithms [60-64]. The use of 

guard-band voltage (VDD-V1 in Figure 9.1a) limits the scalability of VDD in nanoscale 

transistors, which is ~1V since 65 nm CMOS technology [7]. Such un-scalability of VDD 

is considered as the main reason for continuous increase in CMOS power consumption, 

which is expressed as – 

 2~ ,L DD DD LeakageP fC V V I+  (9.7) 

where f is the operating frequency, CL is the load capacitance, and I leakage is the lekage 

current at VDD. As transistor scaling induces an increase in f [7], an increase in ILeakage 

(which can be suppressed by using high-κ dielectrics [39, 361]), and negligible variation 

in CL (see Table 9.1 for Intel’s recent CMOS technology values), un-scalability of VDD 

has been identified as the main show-stopper for future scaling [362-365]. This initiated 

research on emerging technologies [366] involving spinFETs [367-369], magnetically 
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coupled spin-torque devices [370], magnetic quantum cellular automata [371], etc. 

However, we will show in the next few sections that there are still some promises within 

CMOS technology in terms of VDD scaling. And indeed a simple idea of variation 

resilience (even to some partial extent) might help reduce the guard-band voltage, thus 

may allow a reduction in CMOS power consumption. 

Table 9.1: Capacitance values in Intel’s recent CMOS technologies. 

Intel’s 
Technology 

Node 

RO Delay 
per stage 

@ VDD [ps] 

 

Ref. 

Output 
capacitance 
(each RO 

stage) 

CL [fF/µm] 

Intrinsic 
output 

capacitance, 
Cintrinsic 
[fF/µm] 

Cintrinsic/CL 
[%] 

180 10.6 (1.5V) [372] 1.56  1.15  73.7  

130 6.2 (1.4V) [373] 1.66  0.94  56.7  

90 5.5 (1.2V) [374] 2.00  0.78  39  

65 4.25 (1.0V) [375] 1.9  0.6  31.6  

45 2.7 (1.0V) [361] 1.62  0.86  53.4  

9.7. Self-Compensation in ID,lin Fluctuation 

Given the principle of ID,lin self-compensation discussed in section 9.3, let us explore 

in this section how an appropriately designed variation-resilient transistor might lead to 

self-compensation in ID,lin fluctuation against different sources of ∆VT. 

9.7.1. EOT/ΦGS Variation 

As discussed in chapter 1, use of thin oxides and metal gate in current CMOS 

technology raises concerns regarding ID fluctuation due to variations in EOT [11] and 

ΦGS [15]. In this section, we explore how an appropriately designed variation-resilient 

transistor (through uniaxial strain) might lead to ID,lin self-compensation against process 
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fluctuations related to ΦGS and EOT. Our approach involves the calculation of VT using 

equation (9.6) and VG, Eeff, ID,lin using the following equations [282]: 

 
2

2 ,2 1 /
S
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q
k TS i S

BG GS Si Ssub di
B Bsub

q qn
V k TN e C

k T N k T

ψψ ψε ψ
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 (9.10) 

where the symbols have their standard definitions, as in [282]. Note that equation (9.10) 

leads to the usual expressions for ID,lin in sub-threshold (for VG << VT) and super-

threshold (for VG >> VT) regions. Using equations (9.2)-(9.10), we simulate the transfer 

characteristics for a PMOS transistor. Thus, we observe that an unstrained transistor 

(having L = 130nm, EOT ~ 2.0nm) is prone to ±0.2nm EOT variation (Figure 9.6b) and 

±10% ФGS variation (Figure 9.6d). However, increase in strain to 2.5% results in smaller 

gm,ON near VGS~1.2-1.5V (Figure 9.6c, Figure 9.6e); therefore, ∆VT gives rise to negligible 

∆ID,lin in that voltage range, as explained earlier. 
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PMOS; L = 130 nm; EOT = 2.0 nm; 
Nsub = 1018 cm -3; ±10% ФMS variation

gm,ON ~ 0
∆ID ~ 0

VDS = 50mV

 

Figure 9.6: (a) Comparison of µeff – Eeff steepness for unstrained (ε = 0%) and strained (ε 

= 2.5%) transistors. (b, d) Unstrained transistor having less µeff – Eeff steepness suffers 

from EOT and ФGS variations. Whereas, (c, e) strained transistor with higher µeff – Eeff 

steepness or small gm,ON is less sensitive to EOT and ФGS variation at operating VG. 

9.7.2. Random Dopant Variation 

Another major source of variation in CMOS technology is the dopant fluctuation. As 

the devices are scaled down following Moore’s law, the volume of the device structure 

has become so small that total number of dopants inside the channel, i.e., ND,total is only 

about ~100 or so [8]. In such small structures, statistical fluctuation of dopants (~√ND,total) 

among the transistors on the same wafer is significant, giving rise to the phenomena 

commonly known as Random Dopant Fluctuation (RDF). Resultant fluctuation in VT 

(according to equation (9.6)) due to RDF gives rise to fluctuation in ID (according to 
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equation (9.1)), as well. It would be interesting to study whether the variation resilience 

concept, presented in section 9.3, works for RDF as well.  

Unfortunately, the concept is not at all applicable for RDF compensation. Our 

simulations suggest that ID,lin remains sensitive to RDF, irrespective of the µeff - Eeff 

steepness (see Figure 9.7). To understand this result, consider the expression for Eeff in 

equation (9.9). Variation in Nsub mainly effects the first term in the right-hand side of 

equation (9.9). Therefore, any increase (decrease) in Nsub, over and above the mean value, 

raises (lowers) both VT according to equation (9.6), as well as Eeff according to equation 

(9.9). Therefore, dopant fluctuation decreases (increases) µeff@VG with an increase 

(decrease) in VT – and as such can not satisfy the requirement for variation resilience 

based on equation (9.1). However, the proposed approach remains relevant as the 

technology evolves towards fully-depleted silicon-on-insulator with no issues related to 

RDF.  Similarly, higher steepness in µeff - Eeff characteristics can not compensate the 

effects of channel length fluctuation (LER) in uniaxial strained transistor. This is because, 

changes in L above (below) the mean value decreases (increases) strain and µeff; as such 

causes ID,lin to decrease (increase), according to equation (9.10), irrespective of µeff - Eeff 

steepness. 
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PMOS; L = 130 nm; EOT = 2.0 nm; 
Nsub = 1018 cm -3 ±20% variation

gm,ON ~ 0
∆ID,lin ≠ 0

VDS = 50mV

 

Figure 9.7: (a) Unstrained transistor suffers from ±20% Nsub variation. (b) Though gm,ON 

~ 0 at VGS ~1.2-1.5V for 2.5% strained transistor, dopant fluctuation remains 

uncompensated around that range of VGS. 
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9.7.3. Defect-induced ∆VT 

Similar to the process-related VT fluctuations, we can also compensate NOT or NIT -

related time-dependent VT fluctuations by increasing the µeff - Eeff steepness [347, 348, 

376]. As discussed in sections 8.2, 8.4.2, and 8.5.3, NOT-induced ∆VT will reduce 

Eeff@VG, hence improve µeff@VG and can partially compensate ∆VT, according to 

equation (8.12). Similarly, NIT-induced ∆VT will also reduce Eeff@VG and consequently 

increase µeff@VG (see sections 8.2, 8.4.1, and 8.5). However, contrary to the case for NOT, 

NIT introduces additional coulomb scattering centers [267] and hence reduces µeff@Eeff. 

As a result, ∆µeff@VG due to NIT-induced ∆VT is not always positive (as the case for NOT-

induced ∆VT) and depends on the µeff - Eeff steepness (Figure 8.7 and Figure 8.8). Only for 

the highly strained transistors having larger µeff - Eeff steepness, µeff improvement through 

Eeff reduction dominates over the downward shift of the mobility-field curve (i.e., 

negative ∆µeff@Eeff) – resulting positive ∆µeff@VG for NIT-induced ∆VT. Consequently, 

according to equation (8.12), positive ∆µeff/µeff,0@VG for the highly-strained transistors 

can easily compensate the negative contribution from -∆VT/(VG-VT0), resulting negligible 

∆ID,lin for the time-dependent degradation related to NIT. 

9.7.4. 1/f Noise 

Interfacial and oxide defects not only create shift in VT, spatial distribution of oxide 

defects can also lead to 1/f noise signal, which is routinely observed in transistors 

involving high-κ dielectric [377, 378]. Figure 9.8 illustrates the origin of 1/f noise in 

high-κ dielectric, as presented in [377].  



 

 

230

High-K

Substrate

~kBT

Frequency

PSD of ID
(SID)

1/fn

(a) (b)
EFS

 

Figure 9.8: (a) Trapping/detrapping of channel carriers with ~kBT energy range around 

the Fermi-level gives rise to ID noise having distinct frequency. (b) Noise from defects 

at different distances away from the interface leads to 1/f n signal.   

The model in Figure 9.8 assumes that there is a distribution of defects within the 

high-κ dielectric. The channel carriers can tunnel into and out of a defect at a particular 

frequency (f), which is determined by the distance of that defect from the interface. 

Obviously, defects at a distance far away from the interface will have lower carrier 

tunneling rate (or low f) and vice versa. Moreover, trapping/detrapping of carriers 

requires both a filled state (corresponding Fermi function, F) and empty state 

(corresponding Fermi function, 1-F) within the channel. Hence, tunneling into/out of 

defects will happen within an energy range ~ kBT around the substrate Fermi-level 

(where, F(1-F) is maximum).  

Now, due to trapping of carriers into a defect, there will be a reduction in Qinv ~ VG - 

VT, as well as a change in µeff. As such, each defect will give rise to a reduction in ID (due 

to trapping of carriers into the defect) and a current-reversal (due to subsequent 

detrapping of carriers back into the channel). Such decrease and increase in ID will give 

rise to a distinct-frequency noise in ID, where the noise frequency will depend on the 

distance of that defect from the interface (e.g., defects that are far away from the interface 

will have lower f). Summing the response from all the defects within the oxide normally 

shows a 1/fn trend (Figure 9.8), which is commonly termed as “1/f noise” in 

semiconductor literature. Now, following the analysis similar to the one presented in 

[377], power spectral density of drain current noise (SID) for a defect having a 

trapping/detrapping frequency of f can be expressed as: 
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Since equation (9.11) has similarity with equation (8.6), it is expected that the 

degradation-free transistor [133, 347], which has negligible drain current fluctuation from 

electron/hole trapping, will also have resilience to 1/f noise.  

9.8. Self-Compensation: From Transistor to Digital Electronics 

So far, we have explored the implication of self-compensation on individual 

transistor parameters and demonstrated that (partial) self-compensation can be routinely 

achieved under various conditions in modern CMOS transistors. However, we have 

shown in sections 8.5 and 8.6 that self-compensation in not equally effective at all bias 

conditions. Indeed, during circuit operation, a transistor goes through a variety of bias 

conditions, therefore the obvious question is: ‘Without perfect self-compensation at all 

bias conditions, will there be any significant effect of this phenomena in actual circuit 

operation?’. In this section, we answer this question by studying the consequence of self-

compensation in simple logic and memory circuits. First, we use measured I-V 

characteristics before and after NIT generation to obtain performance response of two 

basic circuits, i.e., single-stage inverter (section 9.8.1), and SRAM (section 9.8.2). Thus, 

we show how self-compensation improves the circuit performance significantly. Next, we 

move onto the study of self-compesnation in larger circuits through SPICE simulation 

and explain why the current approach of SPICE simulation gives unphysical ∆Eeff due to 

∆VT and hence fails to capture the effect of self-compensation (section 9.8.3). Finally, by 

considering appropriate changes in Eeff due to ∆VT, we illustrate how self-compensation 

can reduce NIT-induced delay degradation for NAND and ring oscillator circuits (section 

9.8.4), once physical change in Eeff is taken into account. Though we restrict our analysis 

to time-dependent NIT variations, similar analysis should be valid for other sources of ∆VT 

variation, as well. 
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9.8.1. Effect of NIT  on Single-Stage Inverter 

Let us consider the effect of NIT self-compensation in an inverter driving a constant 

load CL~6fF (Figure 9.9a). Since CL is typically dominated by a comparatively large 

interconnect capacitance (over transistor’s intrinsic capacitance), delay in other digital 

circuits (e.g., ring oscillator, combinatorial gates, etc.) would follow similar trends. For 

the inverter under study, only the PMOS transistor is subjected to NBTI-induced ∆VT ~ 

70mV due to NIT generation. On the other hand, the NMOS transistor has matched I-V 

characteristics (with PMOS) in pre-NBTI stress condition. Later, for a particular input 

voltage VIN (with frequency =1GHz and rise/fall time =1ps), we calculate the output 

voltage VOUT transient using – 

 
( ) ( )

( ) ,P in out P in outout

out out

I V ,V - I V ,VdV
=

dt C V
 (9.12) 

where IP and IN are currents through the PMOS and NMOS transistors of the inverter, 

respectively, as shown in Figure 9.9a. After simulating the VOUT transients, we compare 

VIN with VOUT and estimate the rise (τR) and fall (τF) delay of the inverter (see Figure 9.9b 

for a schematic). Since we only consider NBTI degradation, the fall delay remains 

(approximately) unaffected due to stress. On the other hand, the rise delay for a self-

compensated transistor (having ∆ID,lin ~0 for |VG – VT0| > 1.1V) increases by ~5% (i.e., 

∆τR ~ 5%), which is approximately half of the rise delay degradation for a non-

compensated transistor (having ∆τR ~ 11% for similar NBTI-induced ∆VT). Thus, 

considering that delay degradation due to NBTI for a circuit has similar time-exponent (n 

~ 1/6) as an individual transistor [64], even the presence of partial self-compensation may 

provide ~64 times increase in NBTI lifetime (Figure 9.9c) – possibly eliminating the 

NBTI degradation as a CMOS reliability concern! 
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Figure 9.9: (a) Configuration of the inverter used in section 9.8.1. In stress phase (VIN = 

0), there is NBTI degradation in PMOS transistor. (b) The impact of NBTI degradation 

(i.e., change in rise τR and fall delay τF) is monitored by applying a test pulse as VIN and 

calculating VOUT using equation (9.12). (c) Self-compensation reduces the rise delay 

degradation by 50% – thus can increase NBTI lifetime by ~64 times (assuming time 

exponent for delay degradation, n ~ 1/6, as obtained in [64]).  

9.8.2. Effect of NIT  on SRAM performance 

Next, we use a conventional 6T SRAM cell (Figure 9.10a) for explaining the effect 

of BTI degradation on SRAM cells. One common feature of NBTI degradation in SRAM 

cell is the change in static noise margin (SNM, defined in Figure 9.10b) [379-382]. For 

example, for a particular bit storage, if VL = ‘0’ and VR = ‘1’, then transistor PR will be 

under NBTI degradation and transistor NL will be under PBTI degradation. As a result, 

|VT| for PR (due to NBTI) will increase and, therefore, shift the PR-NR of Figure 9.10b 

towards left, thus reduces SNM1 and increases SNM2. Thus, the storage condition of VL = 
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‘0’ and VR = ‘1’, always reduces SNM1 and increases SNM2; whereas, the opposite 

happens for the storage condition of VL = ‘1’ and VR = ‘0’.36 

Now to understand the effect of NIT self-compensation, we compare the SNM 

variation for the two cases: in one case we use a self-compensated transistor for PR 

having ∆ID,lin and ∆ID,sat of Figure 8.7c and Figure 8.8b, respectively, and in the second 

case we use an non-compensated transistor for PR. We observe that self-compensation 

reduces SNM1 degradation from 20mV (or 2.75% for the non-compensated transistor) to 

7.2mV (or 2% for the compensated transistor) and increases SNM2 improvement from 

19.5mV (or 2.68% for the non-compensated transistor) to 23.7mV (or 6.64% for the 

compensated transistor). To explain the reduction of SNM1 (the limiting factor for SRAM 

performance [379]), let us consider the voltage transfer characteristics of PR-NR (Figure 

9.10c) that follows different points over the ID-VD characteristics of both NMOS and 

PMOS of an inverter (Figure 9.10d). Since NIT self-compesnation reduces ∆ID,lin more 

effectively than ∆ID,sat, regions 1-3 of Figure 9.10c-d will be less effected by NIT in a self-

compensated transistor – leading to reduced amount of SNM1 degradation. 

However, SNM is not the only performance criteria for the operation of an SRAM 

cell. Read delay of an SRAM cell (studied using BLB = BL = ‘1’) depends on the strength 

of NMOS access transistors and thus it is unaffected by NBTI [381], but should be 

affected by PBTI. On the other hand, NBTI (PBTI) weakens the PMOS (NMOS) 

compared to NMOS (PMOS) and thus should cause a decrease (increase) in write delay. 

Similar to the improvement in delay degradation for logic circuits (see section 9.8.1), 

self-compensation is again expected to reduce the read and write delay variations in 

SRAM, as well. 

                                                 
36 Actual signal probabilities of VL and VR in practical memory operation are far 

more complicated and should be subjected to a statistical evaluation [379]. 
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Figure 9.10: (a) Schematic of a 6T-SRAM Cell. PL and PR are PMOS transistors within 

the storage framework; whereas NL and NR are corresponding NMOS transistors. AXL 

and AXR are NMOS transistors used for accessing (reading or writing) stored data. (b) 

Static Noise Margin (SNM) calculation using voltage-transfer characteristics of back-

to-back inverters (blue lines: before NIT generation; red lines: after NIT generation). (c) 

Schematic of voltage transfer characteristics for PR-NR inverter. (d) Schematic of ID-VD 

characteristics for the NMOS/PMOS transistors of PR-NR inverter. Similar modes of 

operation for NMOS/PMOS transistors are also marked in Fig. c,d. Fig. a is re-drawn 

from [379] and Fig. c-d is taken from the Purdue’s ECE 612 lecture (available at [383]). 

9.8.3. Large-scale SPICE analysis: Issues with Unphysical ∆Eeff 

In the last two sections, we have analyzed the effect of self-compensation on circuit 

performance using the measured I-V characteristics of a transistor before and after NIT 

generation and then calculating the VIN-VOUT relationship through equation (9.12). 

However, for large scale circuit, a detailed SPICE simulation would be necessary. In 
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current SPICE-based circuit analysis for NIT, ∆µeff is calculated either empirically by 

adding an extra fitting parameter in ∆VT estimation [346] or analytically by using the 

following expression [360] –  

 ( ) ( )
0 ,

1 ,
eff

eff IT G TN f V V

µµ
α

=
+

 (9.13) 

where αeff is a fitting parameter obtained from mobility degradation experiments 

performed at constant Eeff [384], and based on the mobility model commonly used in 

BSIM/SPICE analysis, 

 ( )
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1 2

2 2
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θ θ

+ +   
= + +   

   
 (9.14) 

where Vgsteff is the gate overdrive (which is ~ VG-VT in strong inversion or when VG >> 

VT), and θ1, θ2 are fitting parameters. In fact, (Vgsteff + 2VT)/Tox in the right hand side of 

equation (9.14) effectively serves the purpose of Eeff in the BSIM/SPICE model, where 

Vgsteff and 2VT terms reflect the effect of variation in Qinv and Qdep, respectively. 

So according to equations (9.13)-(9.14), an increase in NIT not only reduces µeff 

through the µ0/(1+αeffNIT) factor, but also reduces µeff through an increase in the (Vgsteff + 

2VT)/Tox factor of equation (9.14). Therefore, µeff@VG in the existing SPICE analysis 

always decreases with NIT, irrespective of the µeff-Eeff steepness, which is inconsistent 

with our experimental observations in section 8.4. This discrepancy suggests that the 

variation of Eeff due to NIT through the (Vgsteff + 2VT)/Tox factor of equation (9.14) is 

completely unphysical in the existing SPICE model.37 And, as shown in the following 

section, consideration of physical ∆Eeff has significant consequences for self-

compensation, especially for strained technology with steep µeff-Eeff characteristics. 

                                                 
37 In fact, (Vgsteff + 2VT)/Tox term of equation (9.14) should fail to reflect the change 

in Eeff due to almost all sources of threshold variation (except RDF and LER), where only 

Qinv or Vgsteff changes with ∆VT. 
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9.8.4. Circuit Analysis: Using Physics-based ∆Eeff 

Our experimentally calibrated physical µeff - Eeff model, i.e. equations (9.2)-(9.5), 

enables us to simulate I-V characteristics before and after NIT generation, considering 

proper change in transistor parameters like VT, µeff, Eeff, etc. To perform these I-V 

simulations as a function of VG and VD, we use the equations similar to the one used in 

PETE [385, 386]. The transistor parameters used in the I-V simulation are: EOT = 1.2nm, 

NDop = 1017 cm-3, T = 300 0K, L = 45nm, W = 1µm, |VT0| = 0.4V (defined at ID,lin ~ 10-6 

A/µm), IOFF = 1nA/µm, λ = 0.1, SS = 106mV/dec, DIBL = 107mV/V. In addition, we also 

use the classical SPICE-mobility model, i.e. equations (9.13)-(9.14), to perform another 

set of I-V calculations using PETE. Figure 9.11a,b clearly show the difference between 

the classical SPICE model (based on equations (9.13)-(9.14)) and the physical model 

(based on equations (9.2)-(9.5)) in predicting the change of ID-VG (at VDS = -0.1V) due to 

NIT-induced ∆VT. Mobility model in classical SPICE simulation [360] estimates an 

unphysical increase in Eeff due to NIT generation and hence degrades µeff@VG or ID@VG 

significantly, especially for 2.5% strained transistor (Figure 9.11b) that has more µeff-Eeff 

steepness. On the other hand, the physical mobility model considers the effect of partial 

self-compensation due to NIT-induced Eeff reduction, and hence predicts significantly less 

I-V degradation for 2.5% strained transistor, compared to the one predicted from SPICE-

like simulation. 

Next, we study the effect of NIT-induced ∆VT at VDD = 1V for (i) NAND gate driving 

an INV gate and (ii) 5-stage ring oscillator RO. These circuit configurations are further 

elaborated in [385]. Our calculation of delay degradation due to NIT-induced ∆VT (Figure 

9.11c,d) demonstrates the importance of using correct sign for ∆Eeff in the circuit 

analysis, especially for the strained transistor (see Figure 9.11d). While unphysical 

variation of Eeff due to NIT in classical SPICE-mobility analysis predicts significant delay 

degradation with increase in strain, a physical mobility analysis predicts much less delay 

degradation for the strained transistor. More importantly, although the ID,lin-VG 

characteristics of 2.5% strained transistor has no flatness up to 1V (Figure 9.11b), 

presence of partial self-compensation in strained transistor (through positive ∆µeff in 
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equation (9.1)) reduces delay degradation by ~15% at ∆VT = 30mV (e.g., changes NAND 

delay degradation from 4.8% for the unstrained to 4.07% for the strained transistor).  
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Figure 9.11: Simulated ID-VG characteristics at |VDS| = 0.1V for (a) unstrained and (b) 

2.5% uniaxial strained transistor. Effect of NIT-induced ∆VT in NAND gate and 5-stage 

RO circuits for (c) unstrained and (d) 2.5% uniaxial strained transistor. The difference 

between classical SPICE simulation based on equations (9.13)-(9.14) (solid symbols) 

and circuit simulation based on equations (9.2)-(9.5) (open symbols) is clearly evident 

in strained CMOS transistor. 

Thus, our analysis with uniaxial strained transistor suggests the importance of 

physical mobility modeling in transistor/circuit level variability analysis. Although total 

self-compensation (zero delay degradation) is not achieved for VDD = 1V at the  practical 

limits of uniaxial strain (Figure 9.11), the reduction of delay degradation with strain 

(albeit from 4.8% to 4.07%) suggests the importance of µeff-Eeff steepness in reducing the 

effect of CMOS variability. The recent reports of ID-VG characteristics in III-V transistors 
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[358] indicate the presence of large µeff-Eeff steepness. Therefore, these advanced CMOS 

technologies may reduce the delay-degradation further, and hence result in considerable 

increase in IC lifetime (Figure 9.9c), only if ∆Eeff due to ∆VT is correctly taken into 

account. 

9.9. Summary 

We have demonstrated how the concept of variation resilience in existing CMOS 

architecture is related to the negative steepness of the µeff – Eeff relationship, or 

equivalently to the presence of smaller gm,ON. Here, one needs to note that by reducing 

gm,ON, we will not lose the current drive capability of a transistor, which mainly depends 

on gm,max. Such variation resilience or smaller gm,ON is expected to make transistors less 

sensitive to various sources of VT variations, including those related to fluctuations in 

interfacial/oxide defects, oxide thickness, metal work-function, etc. Broadly speaking, the 

increase in µeff – Eeff steepness can compensate any VT fluctuations that arise due to 

parametric variations within the oxide and gate regions, as well as in the oxide/substrate 

interface. In addition, we have studied the extent of variation resilience in uniaxial 

strained CMOS transistors, and have shown presence of partial self-compensation in 

these transistors. This study has also identified the importance of physical mobility 

modeling in circuit analysis for advanced CMOS technology, by considering appropriate 

changes in transistor parameters (especially effective electric field) due to threshold 

voltage variation. Therefore, it is predicted that the effect of self-compensation will be 

observable in circuit/system level by further increase in the µeff – Eeff steepness (for 

example, using III-V materials as substrate), provided the circuit analysis reflects 

physical changes in transistor parameters. This might substantially reduce the burden on 

guard-band voltage, expensive design algorithms and/or extra circuitry – that are 

currently being used for mitigating the effect from VT variations. 

MOS technology has so far evolved to maximize transistor’s performance by 

introducing new concepts/materials. In this chapter, we speculate that the new substrate 

materials (e.g., strained-Si, III-V) currently being studied for performance improvement, 
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can also provide better resilience against the effects of CMOS variability. However, only 

a detailed optimization study by varying the steepness of µeff - Eeff relationship over a 

wide range can answer “how much steepness we will need to design an ultimate 

variation-resilient transistor, totally prone to different sources of VT fluctuation”. 
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10. THESIS SUMMARY AND FUTURE WORK 

10.1. Thesis Summary 

This thesis have been focused in studying one form of temporal fluctuation in MOS 

transistor, namely Negative Bias Temperature Instability, which is one of the major MOS 

reliability concerns now-a-days. The detailed modeling and characterization effort, 

presented here, clarified the physical basis of a phenomenological modeling (i.e., 

Reaction-Diffusion theory) and also identified many subtle issues for proper 

characterization of defect-related temporal variability in MOS transistors. We have 

analyzed the impact of defect on transistor’s parametric degradation and thus, proposed 

the design for a degradation-free transistor. And finally by utilizing the analogy between 

temporal and spatial variability in MOS transistors, we have shown that a degradation-

free transistor can also lead to the design of a variation-resilient transistor, robust against 

many sources of spatial variability of current MOS technology. The following contains a 

brief description of the outcome of this thesis, along with the reference to associated 

publications.  

10.1.1. Reaction-Diffusion Modeling of Interface Defect 

In chapter 3 and 4 of this thesis, we have developed a physical basis for interface 

defect generation and its statistics using Reaction-Diffusion theory. We have proposed a 

self-consistent Si-H bond dissociation model for explaining the field dependence of 

interface defect generation [119]. Subsequently, we have developed a complete analytical 

solution for Reaction-Diffusion framework to predict the temporal evolution of NIT over 

several decades. Moreover, our statistical analysis of R-D system has identified the 
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existence of log-normal distribution, which (due to practical and theoretical limits) 

eventually evolves towards a skew-normal or Gaussian distribution. 

10.1.2. NBTI for Oxynitride Dielectric Transistors  

In chapters 3, 5, and 6, we have identified two competing mechanisms responsible 

for NBTI in transistors having oxynitride dielectric – (i) defect generation at the oxide-

dielectric interface or NIT and (ii) hole trapping into pre-existing oxide defects NHT. For 

transistors having plasma oxynitride dielectric, NIT dominates over NHT. This information 

encouraged us to propose a scheme (in chapter 7) for co-optimization of both gate 

leakage and NBTI [128, 184] – two of the most important issues in oxynitride CMOS 

technology. The gate leakage study resolved the long-standing controversy related to the 

nitrogen dependence of leakage parameters [184]. Similarly, for transistors having 

thermal oxynitride dielectric, we model NHT within the Shockley-Read-Hall framework to 

suggest that NHT in nanoscale transistors should saturate quickly within ~msec [119], a 

prediction that was later verified by detailed experimental study [203, 387]. 

10.1.3. NBTI for Strained Transistors 

In chapter 3, our proposed Si-H bond dissociation model is applied to clarify whether 

NBTI in strained transistors is different from that of unstrained transistors [133]. Here, a 

careful analysis of the strain-dependent NBTI and gate leakage experiments identified 

hole capture into NIT as the main strain-dependent component. This allowed us to explain 

the NBTI experiments over a wide range of uniaxial/biaxial, compressive/tensile channel 

strain within a self-consistent framework. 

10.1.4. Interpretation of NBTI Measurements 

While working on NBTI physics and comparing it with experiments, we have 

identified the necessity of explaining “what is measured”. In recent years, various NBTI 
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characterization results have been mapped back to transistor degradation parameters by 

using simple approximations to prove/disprove existing NBTI models. As shown in 

chapter 6, such simplification are often unjustified due to the importance of – (a) first 

measurement point [161], (b) sub-threshold slope variation [165], (c) mobility variation 

[203], and (d) valence band electron trapping [165]. This study has reconfirmed the 

importance of considering NHT in explaining NBTI for oxynitride transistors. Therefore, it 

resolved the recent controversies between modern ultra-fast NBTI relaxation 

measurements and Reaction-Diffusion theory [387].  

10.1.5. Concept of Variation-Resilient Transistor  

Defect formation within a transistor is known to degrade mobility µ and channel 

carrier concentration QC. However, through a careful set of experiments (in chapters 8 

and 9), we have shown a fundamentally counter-intuitive result that, depending on the 

measurement conditions, type of defects and shape of the universal mobility-field 

characteristics, µ can actually improve with defect generation [165]. Using this principle, 

we have proposed a novel concept of self-compensated transistor, where scarcity of QC 

due to generated defect is exactly compensated by the increase in µ, thereby keeping the 

transistor’s ON current (~ µQC) less sensitive to defect generation [347, 376]. The 

concept has already been generalized [388] to handle different sources of process 

variation in CMOS transistors. For many years, transistor variabilities have always been 

handled by using appropriate guard band voltage such that the drivability of a transistor 

remains above some optimum value (despite maximum parametric variation). Such guard 

band voltage is significant part of transistor’s supply voltage, which is clamped to ~1.0V 

for the last four CMOS generations. The concept of variation-resilience may relax the 

guard band voltage requirement, hence reduce the supply voltage and power 

consumption.  
 

Therefore, by using NBTI as a stepping stone, we have provided the novel concept 

of self-compensation for handling CMOS variabilities. Although circuit designers often 

adopt different self-correction schemes to handle variations in circuit-level (e.g., 
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obtaining defect tolerance in HP’s Teramac computer [389], also in University of 

Minnesota’s FPGA-based Nanobox [390]), the feasibility of self-compensation within 

existing CMOS architecture without additional circuitry or extra process steps should 

prove beneficial and thus ease the requirement of circuit-level correction. 

10.2. Future Work 

Despite extensive effort has been given in this thesis to understand the dynamics of 

defect formation and its effect transistor parameters, we believe that the following aspects 

of defect formation and transistor variability require further work: 

� As discussed in section 3.6.5, reverse-annealing of generated interfacial defects 

might have some concerns in terms of non-zero NIT recovery at long relaxation 

time. Though the robustness of experimental observations (like Figure 3.14) is yet 

to be justified, our statistical R-D analysis of chapter 4 might lead a way for 

potential resolution of this issue (see section 10.2.1). 

� The concept of variation-resilient transistor is proposed in chapter 9. Such concept 

might lead a way of relaxing the requirement of circuit and system level 

optimization, used in current CMOS architecture. Though we have experimentally 

verified the concept for temporal VT fluctuations on transistors, the concept still 

requires experimental verification for resilience to process variations. Moreover, 

the concept is yet to be analyzed on large circuits and systems, as well as on III-V 

transistor technology. In section 10.2.2, we discuss how one could address the 

problem in a systematic manner. 

� The work on trapping into oxide defects (chapter 5) sets up a platform for studying 

the reliability of transistors having high-κ gate dielectric (see section 10.2.3). One 

can also study the degradation of a-Si solar cell, by utilizing its analogy [66] with 

NIT formation during NBTI stress (presented in chapter 3). Moreover, the 

variation-resilient concept may have implications in the fields of chemical sensors, 

cryogenic electronics, and in designing radiation-prone transistors. 



 

 

245

In the following sections, we show how the formalism and understanding (discussed 

in this thesis) might be used to address each of the above problems. 

10.2.1. Statitical Distribution Si-H Bonds 

From the discussion in section 2.2, we know that the density of Si-H bonds at the Si-

SiO2 interface is ~1012 cm-2, which is statistically distributed among the ~1014 cm-2 Si– 

lattice sites, as schematically shown in Figure 10.1a. So when hydrogen diffuse away 

from the Si-SiO2 interface, they cannot initially maintain a 1D diffusion-front, as 

assumed in the discussion so far (e.g., see Figure 3.1). Some of the hydrogen, generated 

from the dissociation of Si-H bonds completely isolated from each other, can even 

proceed with a 3D diffusion at the initial stage of NBTI stress (see Figure 10.1a). After 

some period of NBTI stress, sufficient amount of Si-H bonds will be dissociated and 

hydrogen diffusion front from each of the sources (or Si-H sites) will mix up. So, at long 

tSTS, hydrogen front can equivalently be represented using a 1D profile, as used in chapter 

3. As a result, during initial phase of NBTI stress, we expect to observe significantly 

different time dynamics due to higher dimensionality of hydrogen diffusion (see our 

preliminary simulation result in Figure 10.2), compared to the one-dimensional hydrogen 

diffusion used in chapter 3. 
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Figure 10.1: Schematic representation of the Si-SiO2 interface, seen from the top of a 

MOS transistor. Most of the dangling Si- bonds (total density ~ 1014 cm-2) are 

terminated by O atoms during oxidation of Si substrate. (a) Remaining Si- bonds 

(density ~ 1012 cm-2) are annealed using hydrogen. These Si-H bonds are spatially 

distributed at the interface. (b) After most of the Si-H bonds are dissociated due to the 

application of NBTI stress, the resultant dangling Si- bonds can be sparsely distributed 

at the Si/SiO2 interface. 
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Figure 10.2: Statistical R-D simulation considers distribution of interface defects at the 

Si/SiO2 interface. This increases the dimentionality of hydrogen diffusion at smaller 

time. As such, time exponent of NIT generation at smaller time will be considerably 

higher than the one obtained from continuum simulation having one-dimensional 

hydrogen diffusion (Figure 3.1).  

Now assuming that most of the Si-H bonds have dissociated at the end of stress 

phase, we will have a sea of hydrogen species on top of the Si-SiO2 interface at the start 

of NBTI relaxation phase. Moreover, as the Si-H bonds are only 1% of total Si-O + Si-H 

bonds, the generated dangling Si- bonds are indeed sparsely distributed at the interface 

(see Figure 10.1b for a schematic of Si-SiO2 interface). So, during NBTI relaxation, 

hydrogen’s back-diffusion into the isolated dangling Si- bonds can be difficult. As such, 

these isolated dangling Si- bonds may remain unpassivated even after long relaxation 

time. The situation is similar to the Hot-Carrier-Injection (HCI) phenomenon, studied in 

[391]. During HCI stress, Si-H bond dissociation happens near the drain end by energetic 

carriers, located in that region. Hence, the generated hydrogen species has a 2D diffusion 

front, as shown in Figure 10.3a. During relaxation, hydrogen species has less probability 

to anneal the broken Si- bonds near the drain end, which results in negligible recovery. 

Such trend is evidently present in 2D R-D simulation (Figure 10.3b), as well as in HCI 

experiment (Figure 10.3c). Again, we perform some preliminary analysis of the impact of 

sparse distribution of dangling Si- bonds on NIT relaxation, by extending our statiscal R-D 
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formalism (presented in chapter 4). Our analysis suggests an increase in the dimensinality 

of NIT relaxation, over its value of unity for equation (3.37). Therefore, sparse nature of 

dangling Si- bond distribution indeed can delay the amount of NIT relaxation. However, 

consideration of higher dimentionality can not provide absolute lock-in (no relaxation for 

some part of NIT, generated during stress), as reported in some experiments (Figure 

3.13a). 
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Figure 10.3: (a) During Hot-Carrier-Injection (HCI) stress, Si-H bonds are broken only 

near the drain end by energetic carriers. Resultant hydrogen species have a 2D diffusion 

front. (b) R-D simulation and (c) experiment both indicates negligible amount of HCI 

relaxation or annealing of Si- bonds due to difficulty in the back-diffusion of hydrogen 

species. Taken from [391]. 

10.2.2. Research on Variation Resilience 

In chapter 9, we have proposed the possibility of designing variation-resilient 

transistor for reducing power consumption in CMOS technology. Though variation-
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resilient transistors ensure negligible drive current fluctuation at a certain voltage range, 

one needs to quantify the advantage of using variation-resilience transsitor in CMOS 

circuits and systems, where the transistors operate in a random manner. To achieve this, 

we suggest the use of HSPICE and MEDICI simulation to identify appropriate mobility-

field relationship (achieved using some advanced CMOS substrates, like strain or III-V or 

Ge) and operating voltage (VDD) for designing transistors, suitable for variation-resilient 

circuit operation. We summarize the proposed approach using a flowchart in Figure 10.4. 

µeff vs. Eeff

MEDICI

HSPICE HSPICE

I-V, C-V (Reference) I-V, C-V (With Maximum 
Variability)

Compare (Delay, Static 
Noise Margin, etc.)

Optimized 
(Delay variation, 

etc.)

NO

Device design parameters 
(µeff vs. Eeff, VDD, etc.)

YES

 

Figure 10.4: Flowchart for designing transistors for variation-resilient circuit operation. 

In addition, we expect our variation-resilient concept to be viable for designing: (1) 

radiation-tolerant transistors (i.e., making the ID of these transistors insensitive to any 

defects created by radiation damage), (2) variation-resilient cryogenic electronics, (3) 

degradation-free Ion-Sensitive FET (ISFET) or chemical FET (CHEMFET) devices or 

other biosensors (making them sensitive only to existing chemical substances, rather than 

oxide traps), etc. 
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10.2.3. Extension/Implication of Hole Trapping Analysis 

The hole trapping analysis performed in chapter 5 can be extended in analyzing 

PBTI and NBTI studies for transistors with high-κ gate dielectric. Here, the temperature 

dependency of electron trapping observed in long-term high-κ PBTI measurements [47, 

242, 392] are inconsistent with our trapping/detrapping analysis (Figure 5.8b). This 

indicates that in addition to trapping into pre-existing oxide defects, there must be an 

additional contribution from some other mechanism, which is a part of our future study. 

As high-κ dielectrics are extensively used in carbon nanotube based transistors [393-397], 

trapping/detrapping study in these transistors during bias temperature instability (BTI) 

and hot carrier injection (HCI) experiments should also be an interesting topic for future 

study.  

Moreover, ferroelectric materials are recently proposed for use within CMOS 

architecture [398] for improving the subthreshold properties of transistors by reducing the 

sub-threshold slope. These ferroelectric materials have a higher coordination number 

(i.e., number of nearest neighbors for a particular atom within the material). As described 

in [108, 110], higher coordination number in high-κ materials makes it difficult to satisfy 

all the chemical bonding within the amorphous network, thus transistors with high-κ 

dielectric are prone to high density of pre-existing defects. As a result, these transistors 

generally suffer more from BTI effects compared to their oxynitride counterparts. Since 

ferroelectric materials have a coordination number higher than the high-κ materials 

currently used in literature, it is expected to suffer more from different reliability issues. 

This is evident from the reliability study in ferroelectric memories, which indicates 

presence of reliability problems like: retention failures [399], fatigue (defined as a 

resistance to polarization reversal that develops after repeated cycling of the memory 

capacitor) [399-402], imprint failures (defined as the inability to read a signal after a 

long-time holding during multiple same data write operations) [403-406], etc. Thus, 

reliability of ferroelectric transistors will be an interesting issue for future study. 
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10.3. Epilogue 

This PhD research was initiated to understand the implication of Reaction-Diffusion 

theory in interface defect formation of nanoscale transistors. The formalism, developed 

during this period, eventually allowed the proposal of a set of algorithms for interpreting 

a wide range of experiments. Moreover, study of the effect of defect on transistor 

performance enabled the concept of ‘self-compensation’, whose utilization should reduce 

the impact of defect formation on transistor performance. Finally, utilizing the analogy 

between process variation and defect formation in nanoscale transistor, the concept of 

‘self-compensation’ has been generalized to handle many sources of transistor 

variabilities – which should overcome one of the significant challenge in transistor 

scaling following Moore’s law.  

In recent days, nano-research involves many emerging concepts, including the 

development of flexible electronics, improving the efficiency of renewable energy 

sources, and utilizing floating body conduction through materials placed on insulators. 

Amorphous materials and their interfaces play significant role in these researches. So, the 

familiarity with defects in amorphous materials and (the widely used) Reaction-Diffusion 

theory should enable one to study many emerging issues of modern technology. 
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A. DEFINITION OF PARAMETERS 

A.1. Effective Oxide Thickness (EOT) 

Introduction of high-κ materials (having higher dielectric constant, εHK) as gate 

dielectric in MOS transistor have enabled us to increase the physical thickness of the 

dielectric layer (TPHY), without sacrificing the dielectric capacitance (Cdi); since Cdi = 

εHK/TPHY. However, comparison of different CMOS technologies require one to define 

EOT as,  

 2 ,SiO
PHY

HK

EOT T
ε
ε

=  (A.1) 

where εSiO2 is the dielectric constant of SiO2 (the original insulator material used in MOS 

technology). Since 1960s, CMOS scaling has progressed in such a way that there have 

always been a continuous reduction in EOT and hence an increase in Cdi = εHK/TPHY = 

εSiO2/EOT [7]. 

A.2. Lifetime (tlife) 

Lifetime (tlife) is a reliability parameter, commonly used in defining the operating 

period of a device, up to which it can maintain a certain optimum performance. In MOS 

reliability, tlife is defined as the time, when the transistor degradation or ∆VT reaches 

certain maximum value (∆VT(max)). As shown in Figure 3.21, one can determine tlife by 

extrapolating the stress data up to ∆VT(max) and then reading-out the required time for 

having ∆VT(max). 

A.3. Voltage Acceleration (ΓV) 

Voltage acceleration (ΓV) is another MOS reliability parameter, used for defining the 

change in the degradation magnitude of a transistor, as the operating voltage is increased. 
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In this thesis, ΓV is defined as the absolute value for the slope of log10(tlife) vs. VG plot, as 

shown in Figure 6.21.  

A.4. Safe Operating Voltage (Vsafe) 

This is defined as the stress voltage (VSTS) of a MOS transistor, at which it can 

operate up to a specified lifetime (tlife) without crossing a certain failure criteria (∆VT(max)). 

Figure 3.21 indicates the determination of VSafe for a particular transistor using ∆VT(max) = 

60mV and tlife = 5 years. 

A.5. Activation Energy (EA) 

In MOS reliability, EA is obtained from the absolute magnitude of the slope of 

loge(∆VT@tSTS) vs. 1/kTSTS plot, where TSTS and tSTS indicate the stress temperature and 

stress time, respectively. During NBTI stress on type-I transistor, having dominance of 

interface defect (NIT) generation over hole trapping (NHT), ∆VT can be expressed as – 

 ( ),~ exp .n
T A IT STS STSV E kT t∆  (A.2) 

Thus, from a plot of loge(1/tSTS) vs. 1/kTSTS and taking its absolute slope, we can obtain 

EA,IT/n. Then, using equation (3.6), we have EA,IT/n ≡ ED1, which in limiting cases of EA,F 

≈ EA,R [30, 125] and negligible aEox can provide an estimation for the activation energy of 

hydrogen diffusion (ED in equation (3.6)) using, EA,IT/n ≡ ED. Therefore, EA,IT and ED 

follows the following relationship during NIT generation (under NBTI stress) in a type-I 

transistor: 

 , ,A IT DE nE≡  (A.3) 

which is defined as the generalized scaling law for NBTI activation in type-I transistors 

[125]. 
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B. ALTERNATE MODELS FOR NIT FORMATION 

In addition to the R-D model involving Arrhenius drift/diffusion of hydrogen species 

(as discussed in chapter 3), many other models are available in literature for handling NIT 

formation. Most of them were focused on capturing signatures obtained from one or two 

experiments, hence failed to have a broader impact. More interestingly, some of the 

models (though presented in a different way) can be shown (section B.4.1) to have direct 

equivalence with different versions of R-D model, discussed in chapter 3. 

B.1. R-D Model: Dispersive Drift/diffusion 

The assumption of Arrhenius diffusion for the diffusing hydrogen species, having 

constant diffusion coefficient, i.e., D ~ exp [–EA/kBT] , is only appropriate for isotropic 

media with spatially and temporally uniform hopping rates. Classical R-D models 

(described in sections 3.5) consider diffusion to be happening mostly within the poly-Si 

gate structure [143], thus assumption of uniform hopping rates (Figure B.1a) can 

consistently explain the experiments, specifically the temperature independence of 

power-law time exponent, n (Figure 6.26e). However, there are models available in NBTI 

literature [33, 148, 407], which considers that the diffusion of hydrogen species are 

restricted within an amorphous media (mostly oxides), where hopping distances and 

hopping rates are exponentially distributed [149, 150, 408, 409] (Figure B.1b). Therefore, 

although the diffusion process can be described by a constant diffusion coefficient (D00) 

at the earliest phases, the diffusive particles soon find themselves trapped in states with 

exponentially long release times, which in turn slows down or disperse the overall 

diffusion process. The resultant dispersive diffusion coefficient can be approximated 

using [30, 149, 150] – 

 ( )00 0D D t
βω −=  (B.1) 

where β = 1 – kBT/E0 and E0 is the characteristic energy. Such a time-dependent diffusion 

coefficient, having an inherent slow down of diffusion with time, will obviously reduce n 

of generated NIT to value less than the one obtained from classical Arrhenius-type 
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diffusion. Detailed analytical and numerical studies [33, 152, 153] show that NIT 

generation with dispersive hydrogen diffusion can be expressed as – 

 ( ) 01 /~ ~classical classical Bn n k T E
ITN t tβ−  (B.2) 

where nclassical is the power-law time exponent expected from classical drift/diffusion of 

hydrogen species (Table 3.1). Thus equation (B.2) suggests a temperature dependence of 

n for NIT generation, modeled within R-D framework, which is a definite signature of the 

presence of dispersive transport in NIT generation experiments. Such existence of 

temperature dependent n motivated researchers [33, 407] to predict the presence of 

dispersive H+ transport within the R-D framework, which was later shown to be an 

artifact of measurement delay [130].    

NIT(t)

NIT(t)(a)

(b)

 

Figure B.1: Schematic representation of the NIT generation model with (a) classical 

hydrogen transport having single energy level and (b) dispersive hydrogen transport 

through exponentially distributed multiple energy levels, g(E) ~ exp (-E/E0). Adapted 

from [33]. 
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Incorporation of dispersive hydrogen transport within R-D framework requires one 

to treat the hydrogen drift/diffusion through multiple trapping [151, 153, 410, 411]. The 

resultant equations for the entire R-D framework have the following form (shown here 

for atomic hydrogen): 

 ( ) ( ) ( )
min

0

0

, ,ρ
−

∂ 
= − − + ∫ ∂ 

F tIT
F IT R IT H t

E

z E tdN
k N N k N N dE

dt t
 (B.3) 

 
( ) ( ) ( )

min

0

00

, ,(0, ) (0, )

2 2

ρδ δ
−

∂∂ ∂= − + − ∫∂ ∂ ∂

F F
tH H IT

t
E

z E tN t N t dN
D dE

t z dt t
 (B.4) 

 
( )

( ) ( )
min

0
2

00

, ,( , ) ρ
−

∂∂ = ∇ − ∫∂ ∂

F
F tH

H t
E

z E tN z t
D N dE

t t
 (B.5) 
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( ) ( ) ( ) ( )
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C Ht
t t

C
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N N z tE
z E t E
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 (B.6) 

where NH
F is the hydrogen concentration in the conduction state (unit: cm-3), NC is the 

effective density-of-states (DOS) in the conduction state (unit: cm-3), ρ(z, Et, t)  is the 

hydrogen concentration at energy level Et (unit: cm-3eV-1), g(Et) = NT/E0exp(Et/E0) [33, 

151, 153, 411] is the DOS at Et (unit: cm-3eV-1), ν0 is the attempt frequency (~1010 Hz 

[412], ~1012 Hz [130]), NT is the DOS for trapped hydrogen (unit: cm-3) and Emin is the 

minimum hydrogen trap levels present in the amorphous media (which is very large for 

highly dispersive media and finite for amorphous structures [130, 151, 411]).  

Our numerical implementation of dispersive R-D model with ν0 = 1012 Hz, E0 = 

47meV, NT = 5x1021 cm-3, and NC = 1019 cm-3 reveals that as time progresses hydrogen in 

a dispersive system settles down to deeper energy levels. The transition between these 

shallow and deep levels (termed as demarcation energy) is expressed as [30, 151, 153, 

411] – 

 ( ) 0lnd BE t k T tν= −  (B.7) 
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which closely follows the average energy (Eavg) of trapped hydrogen, when Emin >> Ed(t) 

[152, 153]. On the other hand, if the DOS of trapped hydrogen is shallow (i.e., Emin is 

finite) [125, 130], then our simulation (Figure B.2) indicates a saturation of Eavg at a 

value, which is independent of temperature. Following equation (B.7), the time for 

reaching Eavg only depends on Emin and ν0. 
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Figure B.2: Simulation results of R-D framework (equations (B.3)-(B.6)) with 

dispersive hydrogen transport. Simulation parameters: ν0 = 1012 Hz, E0 = 47meV, NT = 

5x1021 cm-3, NC = 1019 cm-3, and Emin = 0.47eV. (a) Hydrogen distribution near the 

oxide/substrate interface at t = 0.1us. (b) Evolution of average trap energy level Eavg at 

different temperature. 

We also perform dispersive (with Emin = ∞) H+ drift/diffusion transport simulation 

within the R-D framework – a mechanism considered for NIT generation in [33, 407]. 

Dispersive H+ drift/diffusion with Emin = ∞ is implemented using [33, 411] – 

 
2

00 002
,µ

τ
+ + +∂ ∂ ∂

= +
∂ ∂ ∂

H H H
ox

N N N
D E

z z
 (B.8) 

where µ00 = D00/(kBT/q) according to Einstein’s relation and – 

 ( ) ( )( )0
1

ln

0

.
Bk T t
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t t
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t g E dE
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−∞

 =
  ∫  (B.9) 
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Presence of high electric field (Eox ~ 5-10 MV/cm) within the oxide region requires the 

use of Scharfetter-Gummel discretization scheme [413] for handling proton transport in a 

numerically stable manner, a problem routinely dealt in any drift-diffusion formalism. 

The simulation agrees well with the experiment (Figure B.3), reported in [33], albeit 

using unphysical parameters like: ν0 = 6.33x10-4 Hz, E0 = 105meV, and NC/NT = 5x102. 
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Figure B.3: Dispersive H+ drift/diffusion transport simulation, implemented using 

Scharfetter-Gummel discretization, within the R-D framework agrees well with 

experimental data from [33], albeit using unphysical parameters like: ν0 = 6.33x10-4 Hz, 

E0 = 105meV, and NC /NT = 5x102. 

B.2. Bond Dispersion Model 

Bond dispersion (B-D) model, first proposed for explaining hot-carrier injection 

(HCI) experiments [301], became popular in NBTI-induced NIT generation literature [32, 

116, 414-416], when it was shown using charge-pumping (CP) measurement that 

generated NIT re-passivates negligibly under the removal of VSTS [32, 414]. Existence of 

negligible NIT relaxation led the researchers to believe that diffusion of hydrogen species 

after Si-H bond dissociation is so fast [417] that the Si-H bond dissociation always 

remains the rate-limiting step; i.e., diffusion terms in R-D model has no significance. As 
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such, the following equations are used in explaining the NIT dynamics of B-D model [32, 

116, 301, 417]: 

 ( ) ( ), , , ,IT
A F F A F F A F

dN
dE k E g E

dt
= ∫  (B.10) 

where ( ), , 0F A F A Fg E dE N=∫ , kF ~ exp(-EA,F/kBT) and gF(EA,F) indicates the normalized 

distribution of Si-H bonds having the following expression: 

 ( ) ( ){ }
( ){ }

, ,
0

, 2

, ,

exp

1 exp

A F A F F

F A F
F

A F A F F

E EN
g E

E E

σ

σ σ

− −
=

 + − −
 

 (B.11) 

with the dissociation energy, having a mean of <EA,F>  and standard deviation σF. Solving 

equations (B.10)-(B.11) one obtains  

 
( )0

1
1 ,

1
ITN

N t
ατ

= −
+

 (B.12) 

where, τ ~ exp (EA,F/kBT), α = (kBT/σF)p, and p depends on the range of fit to the 

experimental data. 

However, detailed experiment from several groups [129, 130, 226, 418, 419] later 

verified that the main assumption of B-D model, i.e., the observation of negligible NIT 

relaxation in CP experiments during NBTI stress, is a measurement artifact. As 

conventional CP experiment [420] has inherent recovery during the measurement [129, 

130, 226, 418, 419], most of the NIT relaxation happens before the actual measurement is 

started. So the assumption of negligible NIT recovery, though valid for HCI experiments 

[114, 301], is not justified for NBTI experiments; which was recently confirmed by 

showing NIT relaxation in ultra-fast version of CP measurement [419].  

B.3. Statistical Mechanics Based Model 

Recently, statistical mechanics is applied [148] for estimating the equilibrium 

concentration of hydrogen species (here, proton or H+) near the interface, as well as NIT. 
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Using the well-known concept of partition function from statistical mechanics, interfacial 

H+ is estimated as – 

 ( )(0) 0exp ,IT
i BH H

IT

N N
N N E k T

N
+ +

−=  (B.13) 

where Ni is the total density of interstitial H+ sites at the oxide/substrate interface and EH+ 

is energy level associated with bonded hydrogen at the oxide/substrate interface. Later, 

H+ is assumed to drift through oxide (i.e., drift term in equations (3.13) and (3.14) 

dominates), hence at long-stress time equation (3.14) leads to – 

 ( )(0) 0exp .ITIT
ox ox i BH H H H

IT

N NdN
E N E N E k T

dt N
µ µ+ + + +

−= =  (B.14) 

Assuming H+ transport is dispersive, as in equation (B.1), and using Einstein’s relation, 

i.e. µH+ = DH+/(kBT/q), equation (B.14) can be expressed as – 

 
( ) ( )00 0 0exp ,

/
ITIT

ox i BH
B IT

D t N NdN
E N E k T

dt k T q N

βω
+

−
−=  (B.15) 

which leads to a stretched exponential solution for NIT generation. 

Comparing this statistics based model with the R-D model, we can easily identify 

that there is a direct equivalence between equations (B.13) and (3.12), if we substitute 

kF/kR in equation (3.12) using Niexp(EH+/kBT) (such that, EH+ = EA,F – EA,R) and assume 

N0 >> N IT. So, the role of statistical mechanics [148] is only limited to the derivation of 

the equilibrium condition, which can alternatively derived by using simple rate equations 

like (3.2) [421]. So, this statistical mechanics-based model is simply an alternate 

representation of R-D model with H+ dispersive drift/diffusion, hence should have the 

same limitations of dispersive transport, as discussed in section B.1, in explaining NIT 

generation under NBTI stress condition. 
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B.4. Energy-level Perspective of NIT Formation 

This model for NIT generation during NBTI stress [115] proposes that dissociation of 

Si-H bond and subsequent transport of hydrogen can be modeled by considering a chain 

of energy wells, as shown in Figure B.4. As such, by varying the barrier heights between 

the energy wells and also considering such barrier to have a distribution of values, it 

becomes possible to fit ∆VT (or NIT generation) with the use of just two or three energy 

wells – where, the three energy-well system is providing better fitting to the 

measurements. As we will show later, such an energy-well representation for NIT 

generation is basically an alternate representation of the B-D model (alternative to the 

two-well system, having H+ generation; see section B.4.3.1) and the R-D model 

(alternative to the three-well system, having H+ drift/diffusion; see section B.4.3.2), both 

having unsubstantiated amount of dispersion in kF, kR and drift/diffusion.  

 

Figure B.4: Energy-well representation of NIT generation (taken from [115]). Here, 

hydrogen is released from the Si-H bond (equilibrium state) thermally over a barrier, or 

tunnel through the barrier at T < 1K, into transport states. Dissociation of Si-H leaves 

dangling Si- bonds at the oxide/substrate interface.  

B.4.1. Energy-well Representation 

An energy-well representation was first used in [422] to explain the stretched 

exponential relaxation in electronic properties of hydrogenated amorphous-Si (a-Si:H) 

(see Figure B.5). In such model, H is initially assumed to be trapped in a-Si:H states (T 

states) and after dissociation H transports through intermediate I states, before getting 
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capturing in a reservoir R state. While moving through the I states, H can move back 

towards the T state, thus delaying the a-Si:H dissociation process. Thus, the generated 

dangling bond (a-Si:) can reduce the electronic properties (e.g. conductivity) of 

amorphous material in a stretched exponential manner [149], which can be fitted pretty 

well using this energy-well model [422]. 

 
Figure B.5: Energy-well representation of stretched exponential relaxation in a-Si:H 

samples through dissociation of trapped hydrogen from T states (taken from [422]). 

Here, R refers to the ground state or reservoir, and I refers to the interstitial hydrogen 

states for diffusion through the crystal. 

In this energy-well representation of stretched exponential relaxation, the reaction 

describing the trapping at T and R sites can be expressed as [422] – 

 
[ ] [ ] [ ] [ ]( ) ,T T T

d T
k T I N T

dt
σ= − + −  (B.16) 

 
[ ] [ ] [ ] [ ]( ) ,R R R

d R
k R I N R

dt
σ= − + −  (B.17) 

where NT is the concentration of sites available for trapping, [T] is the concentration of 

trapped hydrogen in trapping sites, NR is the concentration of sites available at reservoir, 

[R] is the concentration of trapped hydrogen in reservoir, [I] is the concentration of 

interstitial trapped hydrogen, kT and kR are the rate constant, and σT and σR are capture 

parameters.  
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B.4.2. Energy-well Representation of R-D Model  

In this section, we will explain how a R-D system can be represented in terms 

energy-well parameters of equations (B.16)-(B.17). We first start with equation (B.16) 

and show how it is equivalent to Si-H bond dissociation reaction of. As shown in Figure 

B.6, these two equations are analogous, if we use the following replacements (where, δ is 

the interfacial thickness): 

NT ≡ N0/δ ;  [T] ≡ (N0-NIT)/δ; [I] ≡ NH
(0); NT – [T] ≡ NIT/δ. 

As a result, equation (B.16) becomes 
( ) ( )0 0 (0)1 IT IT IT

T T H

d N N N N N
k N

dt
σ

δ δ δ
− −

= − +  ; 

i.e.,  

 ( ) (0)
0 ,IT

T IT T H IT

dN
k N N N N

dt
σ= − −  (B.18) 

which is similar to equation (3.2), when X ≡ H, kT ≡ kF, and σT ≡ kR. 

Energy-well model (4.57) R-D Model (4.2)

Si+

NT

SiH

[T]

SiH

N0/δ

Si+

NIT/δ

(N0-NIT)/δ

 

Figure B.6: Analogy between equations (B.16) and (3.2), with X ≡ H. 

Next, for obtaining the analogy of equation (B.17) in R-D system, we use 

McKelvey’s flux method [423, 424] to show that forward and backward fluxes in carrier 

transport can be expressed as (referring to Figure B.7), 

 ' ; ' ;
df db

f b f b
dz dz

α α α α= − + = − +  (B.19) 



 

 

300

where f and b denote incident fluxes (cm-2-sec-1) from positive (forward flux) and 

negative sides (backward flux) respectively; α and α′ represent characteristic decay length 

(cm-1) for positive and negative fluxes respectively.  

f f + df

b -db b

αdz α’dz

z z + dz0
 

Figure B.7: Schematic for McKelvey’s flux method for carrier transport. Here, f and b 

denote forward and backward fluxes, and α and α′ represent characteristic decay length. 

B.4.2.1. Energy-well Representation of R-D Model (H Diffusion)  

Assuming similar energy levels for R and I in Figure B.5 (i.e., though R acts as a 

reservoir of infinite capacity, the energy barrier for carrier transport from I to R and R to I 

is same), in equation (B.19), we can use 'α α= , [ ] [ ] 2T Tf R v R v+= =  and 

[ ] [ ] 2T Tb R v R v−= = ; where, vT is the thermal velocity. In other words, we are 

considering Arrhenius diffusion of hydrogen species, generated from Si-H dissociation 

(Figure B.8), as considered in R-D model with H-diffusion. Thus, from equation (B.19) 

we obtain – 

 
[ ] [ ]

,
2

T
H R H

v d R d R
J J D

dz dzα
≡ = =  (B.20) 

where J represents the net flux in the positive z direction. Now using similar energy 

barrier for carrier transport from I to R and R to I (i.e., capture cross-section σH for 

hydrogen transport in and out of R is same), left-hand-side of equation (B.17)  can be 

represented as – 
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( ) ( )

( )

[ ]
[ ] [ ] [ ] [ ]

[ ]
[ ] [ ] .

H R
H R H R

H R H R

J Jd R
R N R R N R

dt
d R

N R R N
dz

σ σ
δ δ

σ δσ

− + + −

− +

≡ ≡ = − − −

= − =
 (B.21) 

Comparing equations (B.20) and (B.21), we have – 

 ( )2
,, and ~ exp .

2
T

T H R H H R A H B

v
v N D N E k Tδσ δ σ

α
≡ = ≡ −  (B.22) 

This proves that equation (B.17) will represent H diffusion, when energy levels for R and 

I are same. As such, the energy-well representation of Figure B.5 will be equivalent to R-

D model with H-diffusion (Figure B.8), where the boundary condition between reaction 

and diffusion term (i.e., equation (3.4) in R-D framework) can be equivalently 

represented using – 

 

[ ] [ ] [ ]

(0) (0)

,

1 1
, .H IT H

H

d I d T d R

dt dt dt

dN dN dN
or D

dt dt dzδ δ

= − −

= −
 (B.23) 

Comparing to equation (3.4), we are only missing a factor 2 in equation (B.23). 

NIT

x0 δ

NH
(0)

Reservoir

Site: T I R

HD t(a) (b)

δ+ to ∞

 

Figure B.8: Analogy between (a) energy-well representation with R and I states having 

same energy and (b) R-D system, having H diffusion. Analogous parameters are: NT ≡ 

N0/δ ; [T] ≡ (N0-NIT)/δ; [I] ≡ NH(0); NT – [T] ≡ NIT/δ; kT ≡ kF; σT ≡ kR; and DH ≡ vT/2α = 

δ
2
σHNI. 
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B.4.2.2. Energy-well Representation of R-D Model (H+ Drift)  

When energy levels of R and I in Figure B.5 are different, we have 'α α≠  in (B.19). 

Now, suppose the generated hydrogen species from Si-H dissociation is proton (H+); i.e., 

after NH
(0) in equation (B.16) is replaced by NH+

(0), it represents the chemical reaction of 

equation (3.11). As negative bias is applied during NIT generation, H+ while drifting 

within the oxide (reservoir) will preferentially move towards the gate (Figure 3.2), i.e., 

the energy barrier for carrier transport from I to R will be lower than the barrier for 

transport from R to I (Figure B.9). Thus, 'α α>  and they can be represented using [424] 

0 1 2α α α= +  and 0 1' 2α α α= − . Then equation (B.19) reduces to –  

 ( ) ( ) ( )1

0 0

1
.

2 2

d f b
f b f b

dx

α
α α

+
− − = + +  (B.24) 

Again, using [ ] [ ] 2T Tf R v R v+= =  and [ ] [ ] 2T Tb R v R v−= = , equation (B.24) becomes – 

 1

0 0

[ ] [ ]
[ ] [ ].

2 2
T T

R oxH H H

v vd R d R
J J R D E R

dx dx

α µ
α α+ + +≡ = + = +  (B.25) 

EA,H
+

∆

I R

∆

 

Figure B.9: When the transport species is charged hydrogen (H+), then application 

oxide electric field under NBTI stress makes the transport from I to R (towards gate) 

easier compared to the transport from R to I (towards substrate). 

Now, using same condition of Figure B.9 in the left-hand-side of equation (B.17), we 

can write – 
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( ) ( )
( ) ( )

( )

[ ]
exp [ ] [ ]

exp [ ] [ ]

[ ]
~ exp ,

H R
H B R

H B R

H R B

J Jd R
k T R N R

dt
k T R N R

d R
N k T

dz

σ
δ δ

σ

δσ

− +

+ −

≡ ≡ = ∆ −

− −∆ −

∆

 (B.26) 

where ∆ represents barrier height reduction due to applied oxide electric field for 

transport from I to R. For ∆ < kBT, equation (B.26) can be written as  

 [ ][ ] [ ]
2 .H R

H R H R B

J Jd R d R
N N R k T

dt dz
δσ σ

δ δ
≡ ≡ ≅ + ∆  (B.27) 

Comparing equations (B.25) and (B.27), we have – 

 2 1

0

2
, , and .

2 2
T T H

T H R H R oxH H
B

Dv v
v N D N E

k T

αδσ δ σ µ
α α δ

+

+ +

∆
≡ = ≡ ≡ ≡  (B.28) 

Using Einstein’s relation in equation (B.28) results – 

 2 .oxqE δ ≡ ∆  (B.29) 

Thus equations (B.27) and (B.17) will represent H+ drift, when energy levels for R 

and I are different. As such, the energy-well representation of Figure B.5 will be 

equivalent to R-D model with H+ drift/diffusion (Figure B.10), where the boundary 

condition between reaction and diffusion term (i.e., equation (3.14) in R-D framework) 

can be equivalently represented using – 

 

[ ] [ ] [ ]

(0)(0)
(0)

,

1 1 1
or, .H IT H

oxH H H

d I d T d R

dt dt dt

dNdN dN
D E N

dt dt dz
µ

δ δ δ
+

+ + +

= − −

= − −
 (B.30) 

Comparing to equation (3.14), we are again missing a factor 2 in equation (B.30). 
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NIT

x0 δ

NH+
(0)

Reservoir

Site: T I R (δ+ to ∞)

(a) (b)

 

Figure B.10: Analogy between (a) energy-well representation with R and I states having 

same energy and (b) R-D system, having H+ drift/diffusion. Analogous parameters are: 

NT ≡ N0/δ ; [T] ≡ (N0-NIT)/δ; [I] ≡ NH(0); NT – [T] ≡ NIT/δ; kT ≡ kF; σT ≡ kR; DH+ ≡ vT/2α = 

δ
2
σHNI; and µH+Eox ≡ 2DH+∆/δkBT. 

B.4.3. Energy-level Perspective: Revisited  

In section B.4.2, we have shown how a chain of energy levels can be used for 

representing a R-D system, where McKelvey’s flux method is used for explaining the 

analogy between energy-wells and drift/diffusion38. Following this, we can easily show 

how the double-well model of [115] is equivalent to a bond-dispersive (B-D) model with 

H+ generation (i.e., by using the concepts of section B.2) and the triple well model of 

[115] is equivalent to a R-D model with H+ drift/diffusion, along with bond-dispersion 

(i.e., by adding the concepts discussed in sections B.2 and 3.5.2). 

B.4.3.1. Double-well Model  

The equations used in double well model (Figure B.11a [115]) are: 

 ( )31
1 13 1 31 31 ,

dfdf
f k f k f

dt dt
= − = − + −  (B.31) 

                                                 
38 Please refer to Appendix C, where similar analogy is explained using the concept 

of generating function. 
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where ( )[ ]13 2exp ,Bk E k Tν= − − ∆  and ( )[ ]31 2 3exp 2 Bk E E k Tν= − − ∆ − + ∆ . At 

equilibrium, well 1 (with potential E1 = 0) is the energetically preferred configuration. 

After the application of the oxide electric field Eox tilts the wells by an amount ∆ (Figure 

B.11a), thus favoring the second well (having potential E3 before the tilt and E3 – 2∆ after 

the tilt).  

E3

NIT

x
0 δ

NH+
(0)

Site: 1 3

E1 = 0

E2 - ∆
E2

E3 - 2∆
1 2 3

(a) Double-well Model (b) Reaction in B-D Model

SiH

1

Si+

1-f1
SiH

N0/δ

Si+

NIT/δ

(N0-NIT)/δ

 

Figure B.11: Analogy between double-well model and B-D model with H+ generation.  

Following the analysis similar to Figure B.6, we can again establish an analogy 

between the double-well system and the reaction terms in R-D or B-D model (Figure 

B.11). As shown in Figure B.11, these two models are analogous, if we use the following 

replacements: 

1 ≡ N0/δ ;  f1 ≡ (N0-NIT)/δ;  f3 ≡ NH+
(0); 1 – f3 ≡ NIT/δ. 

As a result, equation (B.31) becomes 
( ) ( )0 0

13 31 (0)

1 IT IT IT
H

d N N N N N
k k N

dtδ δ δ+

− −
= − + ; i.e., 
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 ( ) (0)
13 0 31 ,IT

IT ITH

dN
k N N k N N

dt
+= − −  (B.32) 

where the use of H+ will be evident from the following discussion. Some additional 

analogy of 13 Fk k≡  and 31 Rk k≡  can also be drawn by comparing equations (3.2) and 

(B.32). As such, by replacing E2 with EA,F (activation energy for forward dissociation of 

Si-H) and E2 – E3 with EA,R (activation energy for reverse annealing of Si-H), we can 

represent kF and kR using:  

 
( )

[ ]
,

,

~ exp ,

and ~ exp exp .

F A F B

r A R B B

k E k T

k E k T k T

 − − ∆ 

 − −∆ 

 (B.33) 

Now, the expression for kF in equation (B.33) is equivalent to the one we proposed in 

Figure 3.16 [119, 128, 133], with ∆ in equation (B.33) being analogous to aEox in Figure 

3.16. In addition, equation (B.33) uses extra barrier ∆ for reverse annealing (kR) of 

dangling bonds, which was not used in Figure 3.16. Note that Figure 3.16 uses neutral 

hydrogen as the by-product of Si-H dissociation, thus the reverse passivation is 

considered to be independent of Eox. Since equation (B.33) uses extra barrier ∆ for kR, 

reverse passivation is considered to be obstructed by Eox, which is possible only it we 

have H+ as the by-product of Si-H dissociation. Thus use of H+ as by product in the 

double-well model, reverse reaction is suppressed during NBTI stress phase and 

comparatively enhanced during NBTI relaxation phase. This also justifies our use of 

NH+
(0) in equation (B.32) for explaining the analogy between double-well systems and B-

D model. 

B.4.3.2. Triple Well Model  

A triple-well model [115] incorporates an extra well to the right hand side of a 

double-well system of Figure B.11a. As discussed in section B.4.2, adding this extra well 

is equivalent to adding drift/diffusion within the overall framework of energy-wells. 

Since the barriers between the second and third energy-well in this model is electric field 

dependent, it is analogous to the representation of Figure B.9 between I and R states. 
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Thus, the energy wells in the triple-well model is equivalent to T, I, R states of the 

original energy-well representation [422] (Figure B.12). Thus, the newly proposed triple-

well model is exactly same as the R-D model, with dispersion for Si-H forward and 

reverse reaction, as well as H+ drift-diffusion. 

NIT

x0 δ

NH+
(0)

Reservoir

Site: T I R (δ+ to ∞)

(b)

Dispersive Transport

Dispersive Bond Dissociation

(a)

 

Figure B.12: (a) Triple-well representation for explaining NIT formation has 

unsubstantiated amount of dispersion in Si-H bond dissociation and hydrogen transport 

[115]. (b) As discussed in section B.4.2, such a triple-well model is nothing but an 

alternate representation of R-D model. 
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C. DRIFT/DIFFUSION SYSTEM USING GENERATING FUNCTION 

Following the analysis in [213-215], we can understand the energy-well 

representation of a drift/diffusion system (presented using McKelvey’s flux method in 

section B.4.1) using the concept of generating functions. Here, generating functions are 

used to calculate mean first passage time (MFPT) or average arrival time or transit time 

of particles, hopping randomly in a one-dimensional lattice having N + 1 sites; hence it is 

used for calculate drift/diffusion fluxes for the same particle. As shown in Figure C.1, we 

denote the hopping sites by j = 0, 1, 2, ……, N and hopping is modeled by assigning the 

following transition probabilities for each lattice site, j: 

pj  The probability of hopping from site j to (j+1)  – right jump 

qj  The probability of hopping from site j to (j-1) – left jump 

1-pj-qj The probability of staying at site j (sojourn probability) 

 

 
Figure C.1: Random walks in 1D lattice having N+1 sites (j = 0,1,2, …, N). Probability 

of right and left jumps at site j is represented by pj and qj respectively. Hence, (1- pj- qj) 

represents the staying probability at grid j. Taken from [214]. 

Consider that a particle starts its random walk at j = 0 (hence, q0 = 0) towards site N. 

Hence, this 1D random walk can be modeled using a distribution of 2N-1 random 

variables, i.e., p0, p1, ……,pN-1, q1, q2, ……, qN-1. We need to find MFPT for the particle to 

reach at site N, which is average of first-passage time (FPT) over the ensemble of all 

possible random walks within the 1D lattice. Here FPT is defined as the number of steps 

required for the particle to reach the site N for the first time. Let us denote FPT and 
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MFPT by 0,Nt  and 0,Nt  respectively. We determine 0,Nt  by using the concept of 

generating function, which is very popular in solving such discrete problems [425].  

Suppose, gi,j(n) is the probability for a particle to start at site ‘ i’ and eventually reach 

site ‘j’ for the first time in ‘n’ steps. Then the corresponding generating function, Gi,j(z), 

is defined as – 

 ( ) ( ), ,
0

n
i j i j

n

G z z g n
∞

=
=∑  (C.1) 

and hence, MFPT will be – 

 
( )
( ) ( )

0,
0,0

0, 0,
10, 1

0,
0

( )
'

ln
( )

N
Nn

N N
zN z

N
n

ng n
G z d

t G z
G z dz

g n

∞

=
∞

==

=

= = =
∑

∑
 (C.2) 

Similarly, formalism of generating function can also be used to redefine different 

transition probabilities as below: 

Table C.1: Transition probabilities from lattice site ‘i’ in Figure C.1.  

 Probability for the 
random walk 

z-probability using generating 
function 

Particles stays at site 
‘ i’ for any ‘n’ steps 

( ) ( )ˆ 1
n

i i in q pχ = − +    ( ) ( ){ } 1
1 1i i iz z q pχ

−
 = − − +   

Particle to jump from 
site ‘i’ to ‘ i-1’ 

qi zqi 

Particle to jump from 
site ‘i’ to ‘ i+1 ’ 

pi zpi 

Particle making a first 
passage from site ‘i-

1’ to ‘ i’ 

gi-1,i(n) Gi-1,i(z) 

Particle making a first 
passage from site ‘i’ 

to ‘i+1 ’ 

gi,i+1(n) Gi,i+1(z) 
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Considering all these, z-probability of a particle (no need for normalization) to go to 

site ‘i+1 ’ from ‘ i ’ will be –  

 ( ) ( )
( ) ( ), 1

1,1
i i

i i
i i i i

z zp
G z

zq G z z

χ
χ+

−

=
−

 (C.3) 

Equation (C.3) is not valid near boundaries, i.e. for i close to 0 and N. Substituting 

for ( )i zχ we obtain – 

 ( ) ( ) ( ), 1

1,1 1
i

i i

i i i i i

zp
G z

z q p q G z
+

−

=
 − − + + 

 (C.4) 

which is equal to unity at z =1 (follows from G0,1(z) = 1, then all others are 1). Finally, 

we have ( ) ( )0, 1,
1

N

N j j
j

G z G z−
=

= ∏ , which can be used in equation (C.2) to calculate MFPT 

as – 

 ( ) ( ) ( ) ( ) ( )0, 0, 1, 1, 1, 1,
1 1 1

ln ln ' '
N N N

N N j j j j j j j j
j j j

d d
t G z G z G z G z G z

dz dz − − − −
= = =

= = = =∑ ∑ ∑ (C.5) 

Differentiating equation (C.4) with respect to z and using ( ), 1 1 1i iG z+ = =  for any i, 

we have – 

 ( ) ( ), 1 1,

1
' 1 ' 1i
i i i i

i i

q
G z G z

p p+ −= = + =  (C.6) 

Using i = 0,1,2,……, N-1 in equation (C.6), we can write – 

( )0,1
0

1
' 1G z

p
= =  

( ) ( )1 1
1,2 0,1

1 1 1 0 1

1 1 1
' 1 ' 1

q q
G z G z

p p p p p
= = + = = +  

( ) ( )2 2 1 2 1 2
2,3 1,2

2 2 2 2 1 1 0 2 1 2 0 1 2

1 1 1 1 1 1 1
' 1 ' 1

q q q q q q
G z G z

p p p p p p p p p p p p p

   
= = + = = + + = + +   

   
 

( ) ( )3 3 3 32 1 2
3,4 2,3

3 3 3 2 3 1 2 3 0 1 2 3

1 1 1 1 1
' 1 ' 1

q q q qq q q
G z G z

p p p p p p p p p p p p

  
= = + = = + + +  

  
,……… 

Putting these values in equation (C.5), MFPT becomes – 
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 ( )
1 2 1

0, 1,
1 0 0 1 1

1 1
'

iN N N N
j

N i i
i k k i k j kk k j

q
t G z

p p p

− − −

−
= = = = + = +

= = +∑ ∑ ∑ ∑ ∏  (C.7) 

Now, to obtain expression for steady state flux (i.e., Ji is constant at any site i), we 

use (Ci is the concentration of particle at site i and δ is the uniform grid spacing) – 

 0 0 1 1 1 1 2 2 2 2 3 3 1 1............ N N N NJ p C q C p C q C p C q C p C q Cδ − −= − = − = − = = −  (C.8) 

A sequential elimination of CN-1, CN-2, ……, C2, C1 from equation (C.8) yields – 

 

1 1
1 2

1 2 1 1

2 1 2 1
3

3 2 1 2 1
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 (C.9) 

Putting values from equation (C.9) into (C.8), we obtain – 
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 (C.10) 

Equation (C.10) can be used for calculating the steady state flux (e.g., drift or 

diffusion fluxes) of particles moving from site 0 to N in any random 1D network, as 

discussed next. 

C.1. Calculation of Diffusion Flux: 

We consider zero external electric field in this situation. However, the barrier 

between neighboring sites can still be random (like the one shown in Figure C.2). As a 

result, the random walk has symmetric transition rates, i.e., pi = qi+1, pi-1 = qi, etc. Under 

this condition, equations (C.7) and (C.10) will be– 
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( )1 , 1 , 1 0expi i i i i iq p E E kT− − − = = Γ − −  ( )1 , 1 , 1 0expi i i i i ip q E E kT+ + + = = Γ − − 

( )1, 1, 0expi i i i iq E E kT− − = Γ − − 

( )1, 1, 0expi i i i ip E E kT+ + = Γ − − 

and  

Figure C.2: One dimensional random network with transition rates between neighboring 

sites. E0 represents the site energy at i = 0. 

Equation (C.12) represents Fick’s first law (note that it contains both drift and 

diffusion flux), which can be rewritten as (lattice spacing is assumed unity)- 

( )

( )
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01
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∑

 

 

where the co-efficient DT can be expressed as (note that it contains both drift and 

diffusion flux) – 
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Transit time under such condition is, 

 
( )

2 1 1

0 01, 1, 0

1 1
.

2 2 2exp

N N

transit
i iT ii i i i

L L L

D pE E kT
τ

δ δ

− −

= =+ +

= = =
 Γ − − 

∑ ∑  (C.14) 

Now, for uniform diffusion, we have Ei+1,i  = E0 and equation (C.13) represents 

diffusion co-efficient (DH), which can be expressed as – 
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Also assuming, 1, 0i i+Γ = Γ , equations (C.14) and (C.11) become – 
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Thus, we obtain 0,~transit Ntτ ; the reason behind this is rooted on the fact that although 

, 1j jt +  is a reflection of first passage time, it is calculated by considering the injection of 

infinite number of injections at j; i.e., , 1 , 1
1 1

( )j j j j
n n

t t n n
∞ ∞

+ +
= =

=∑ ∑ . As such, , 1j jt +  is denoted 

as MFPT, not just FPT. 

C.2. Calculation of Drift/Diffusion Flux: 

 

Suppose, a uniform bias field along 0 � N is influencing particles to move 

preferentially in the forward direction (i to i+1) compared to its movement in reverse 

E0 

∆ 

i i+1 

∆ 
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direction (i.e., pi´ > qi+1´; where `s are used to denote probabilities under this modified 

condition). Under this condition, we can write 1, 0'i iE E+ = − ∆  and , 1 0'i iE E+ = + ∆ . Hence, 

using 2 /
1' ' kT

i ip q e ∆
+= for any ‘i’ in equation (C.7), we can write – 
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where pi indicates the values without any applied bias. Under the influence of very high 

bias ( kT∆≫ ), equation (C.17) becomes 
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Hence, drift-diffusion flux can be calculated as,  
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which is similar to the one obtained in equation (B.26). 
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D. MOMENTS OF STATISTICAL DISTRIBUTION: USING 

GENERATING FUNCTION 

In Appendix C, we have discussed the method for calculating mean first passage 

time for the random 1D walk of Figure C.1 using (c.f., equation (C.2)) – 
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 (D.1) 

where gi,j(n) is the probability for a particle to start at site ‘ i’ and eventually reach site ‘j’ 

for the first time in ‘n’ steps; and Gi,j(z) is the corresponding generating function, which 

is defined as – 

 ( ) ( ), ,
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=
=∑  (D.2) 

Actually, such power-series generating are well adapted to determine the other 

moments of statistical distributions, as well. As shown in [425], generating function can 

be used to derive the variance of a statistical distribution, as shown below: 
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 (D.3) 

Using, generating function for each step, equation (D.3) can be re-written as: 
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1 1 11 1 1

.
N N N

N j j j j j j
j j jz z z

G z G z G zσ − − −
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Equation (D.4), along with equation (C.4), is used for deriving the expression of 

equation (4.14). 
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E. PARAMETRIC CHARACTERIZATION OF SCATTERING 

THEORY 

Since its proposition in [333], scattering theory in nanoscale MOS transistors has 

been substantiated both by detailed numerical calculations [334, 336, 337, 426] and by 

indirect experimental evidences based on transistors from one [338] or multiple [339] 

CMOS technology nodes. These studies established the importance of low-field mobility 

(µeff ~ vinjλ [333]), or equivalently back-scattering (only) near the top-of-the-barrier, for 

explaining the correlation in current transport in both linear and saturation regimes. In 

theoretical efforts to verify the scattering theory, one may need to consider additional 

scattering mechanisms in calculation of µeff for shorter channel transistors [427], as well 

as influence of ‘down-stream scattering’ on self-consistent potential near the top-of-the-

barrier [340]. On the other hand, experimental study of scattering theory involves 

modulating µeff or λ, calculating Blin and Bsat, and thereby studying its impact on both ID,lin 

and ID,sat. Modulation of µeff is obtained in [338] by varying VG and T on a single 

transistor; whereas, the same is obtained by variation of strain over different technology 

nodes in [339] (see Figure E.1a). Unfortunately, such studies always require a calculation 

of vinj [338, 339]. Moreover, when strain is used for varying µeff, it also changes band-

structure and increases velocity overshoot near virtual source (thus reduces l) [339], 

which needs to be theoretically estimated before the results can be compared to the 

prediction of the scattering theory. 

In the following sections, we analyze scattering theory by modulating µeff or λ on a 

single transistor through the generation of coulomb scatterers or defects at the oxide/ 

substrate interface of a PMOS transistor. As expected from scattering theory, we show 

that change in µeff (∆µeff)  impacts both ID,lin and ID,sat, with the impact on ID,sat being 

lower compared to that on ID,lin (i.e., Bsat > Blin). The observed variation of Blin and Bsat 

due to defect generation follows essentially the time-zero (or without defect) Blin vs. Bsat 

relationship, provided the effect of VT shift (from defect generation) is accounted for 

(section E.2). Furthermore, we also analyze the variation in l with VG and ∆VT in strongly 

inverted channel (section E.4). Thus our work allows an intuitive generalization of the 



 

 

318

scattering theory for applications in reliability-aware IC design. We also believe this 

work to be an interesting example of using defect generation (similar to that of [428]) as a 

controlled technique to verify the fundamentals of a theory. 

VG Variation [Chen et al., this work]

Increase in strain 
[Khakifiroozet 

al.] or decrease in 
T [Chen et al.]

Defect 
Generation 
[this work]

Effective electric field, Eeff

E
ff

e
ct

iv
e

 m
ob

ili
ty

, µ
ef

f

(a)

Measured CG-VG

Inversion Charge, vinj

ID,lin-VG
ID,sat-VG

λ l

ΔVT,lin, Δλ, ΔBlin, ΔVT,sat, ΔBlin, Δl

Compare (1-Blin)Δλ/λ0 & (1-Bsat)Δλ/λ0

Introduce  Coulomb Scattering 

(Through Interface/Oxide Defects)

λ

VT,lin, Blin
VT,sat, Bsat

(b)

 

Figure E.1: (a) Experimental analysis of scattering theory can be performed either by 

varying µeff using VG and T or using strain. This work broadens the application of 

scattering theory, by varying µeff through defects, as well as VG. (b) Flowchart for the 

experimental steps performed in validating scattering theory, where λ is varied by 

creation of additional coulomb scattering. 

E.1. Experimental Details 

We vary µeff or λ systematically by generating controlled amount of defects mostly at 

the interface of a single PMOS transistor (Width/Length: W/L = 1/0.13 µm; effective 

oxide thickness, EOT ~ 1.5 nm) by using NBTI stress [347]. Whereas, in a NMOS 
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transistor we change µeff or λ by having increased amount of electron trapping into oxide 

defects (pre-existing or generated) under the application of PBTI stress [43]. For 

estimating changes in different quantities for equations (8.8)-(8.11), we take ID-VG 

sweeps in linear (VDS,lin = -0.025V) and saturation (VDS,sat = -1.1V) regimes at pre-defined 

time intervals. We also use CG-VG to compute inversion charge (Qinv) and hence calculate 

vinj using degenerate carrier statistics and single sub-band occupancy [344]. Later, VT,lin 

and VT,sat are determined from the x-axis intercepts of the slopes on ID-VG curves, drawn 

at maximum transconductance (gm,max) point [249]. Estimated Qinv, vinj, and VT,lin are then 

used in ID,lin-VG and ID,sat-VG for calculating Blin-VG (through equations (8.8) or (8.10)) 

and Bsat-VG (through equations (8.9) or (8.11)), respectively at different levels of 

generated defect. Blin-VG is then used for obtaining λ-VG, which is hence utilized in Bsat-

VG for estimating l -VG. Here, the magnitude of defect generation is estimated from the 

shift in VT,lin (∆VT,lin) [347]. As such, ∆VT,lin in our experiment plays the analogous role of 

T in [338] or levels of strain in [339]. Finally, Blin and Bsat at different VG are calculated 

for different levels of ∆VT,lin and used for checking the consistency with scattering theory. 

Figure E.1b summarizes all the above steps we are using for validating scattering theory. 

E.2. Variation of Ballistic Efficiencies 

We calculate (1-Blin)∆λ/λ0 and (1-Bsat)∆λ/λ0 using equations (8.10)-(8.11), which has 

Maxwell-Boltzmann approximation for Fermi Integrals, to estimate the impact of ∆λ on 

ID,lin and ID,sat, respectively  [333]; where, λ0 is mean-free path before defect generation 

and ∆λ is the change in λ due to defect generation. As anticipated in [333], the impact of 

∆λ is more prominent on ID,lin compared to ID,sat, i.e., (1-Bsat)/(1-Blin) < 1 (see Figure 

E.2a), for L = 0.13µm transistor used in this study. We also obtain L dependency for (1-

Bsat)/(1-Blin) using L = 0.13~1µm PMOS/NMOS transistors (Figure E.2b) and thus 

observe this ratio to decrease as L is reduced (i.e., Bsat is higher for reduced L, whereas 

Blin increases negligibly with L), which is again consistent with scattering theory [333]. 

Here, one needs to note that use of exact Fermi integrals (i.e., equations (8.8)-(8.9)), 

though will change the magnitudes of Blin and Bsat (Figure E.3), but will not change the 
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broad conclusions of Figure E.2, i.e., (1-Bsat)/(1-Blin) < 1 and this decreases with decrease 

in L. 

Lines in Figure E.3 also indicate negligible variation in the Blin vs. Bsat relationship 

(measured at different VG) due to interfacial defect generation (maximum ∆VT,lin ~ 0.06V, 

corresponding to a defect density of ~ 8x1011 cm-2). This is because the change in λ (less 

than 1nm) and l due to defect generation has negligible impact on Blin (as λ << L ) and 

also causes less than 2% increase in Bsat (for same Blin). In spite of this approximate 

invariance of Blin vs. Bsat (due to the defects), defect generation does increase both Blin and 

Bsat, when measured at fixed VG (symbols in Figure E.3). More interestingly, the 

increasing trend of Blin and Bsat follows approximately the same Blin vs. Bsat relationship 

measured with/without defects (lines in Figure E.3). This suggests that the Blin vs. Bsat 

relationship depends mainly on |VG-VT|, i.e., increase in |VT| (due to defect generation) 

has the same impact as the decrease in |VG|, at least for the defect density of < 1012 cm-2 

used in this study. And as discussed earlier, use of exact Fermi integrals though changes 

the magnitudes of Blin and Bsat, but do not affect the broad conclusions. 
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Figure E.2: (a) Creation of interfacial defects (marked using ∆VT,lin) for a PMOS 

strained transistor increases λ (Figure 8.4d). Resultant change in λ effects both ID,lin and 

ID,sat, which is monitored here using (1-Blin)∆λ/λ0 and (1-Bsat)∆λ/λ0. (b) Estimated 

average (1-Bsat)/ (1-Blin) for PMOS (due to interfacial defects) and NMOS (due to oxide 
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defects) transistors (having L of 0.13~1µm) decreases with decrease in L, which 

indicates an increase in ballisticity with reduced L. 
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Figure E.3: Interfacial defects in a PMOS transistor increases both Blin and Bsat, when 

measured at fixed VG, relationship between Blin and Bsat remains approximately invariant 

of defects (a) Using Maxwell-Boltzmann approximation for Fermi integrals, i.e., 

equations (8.10)-(8.11); (b) Using equations (8.8)-(8.9). Both the figures prove that for 

a particular transistor Blin and Bsat depends mainly on |VG-VT|. 

E.3. Variation of λ 

As µeff, for the PMOS transistor under study, increases due to NIT generation, we 

always observe an increase of λ, whether we characterize it using equations (8.10)-(8.11) 

(see Figure E.4a) or using equations (8.8)-(8.9) (Figure E.4b). Figure E.4 also shows that 

use of Maxwell-Boltzmann approximation underestimates the carrier flux from drain end 

[341], thus underestimates µeff, as well as λ. Moreover, Figure E.4b suggests 2kBTµeff/qvinj 

is not a good approximation for λ, as sometimes used in literature [338], and thus 

suggests λ ~ ( ) ( )0 12 B eff F inj Fk T qvµ η η−ℑ ℑ  [341] for a better estimation.  
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Figure E.4: Variation of λ extracted using (a) Maxwell-Boltzmann approximation for 

Fermi Integrals, i.e., equations (8.10)-(8.11) or (b) exact expressions of equations (8.8)-

(8.9). Figure (b) also shows the underestimation of λ induced by using λ = 2kBTµeff/qvinj 

[341]. 

E.4. Variation of l 

The parameter l is very critical within the framework of scattering theory. Recently, 

there have been lots of studies to identify the extent of this length along the MOS channel 

[342, 343]. The extraction of Blin-VG (hence, λ-VG) and Bsat-VG at different levels of VT 

enables us to have more insight into variation of l, which was not reported earlier.   

Our calculation involving equations (8.10)-(8.11) indicates a decrease of l with |VG| 

(Figure E.5a), which is also reported in [338, 429]. Additionally, l is observed to saturate 

at larger |VG|. Figure E.5a also shows that the generation of defects improves l at lower 

|VG|, whereas keeps l invariant to defects at higher |VG|. Next, we decrease |VDS,sat| to 

0.6V, which not only cause a reduction of l at lower |VG|, but at higher |VG|, l also starts to 

increase (Figure E.5b).  

We also study the limitation of equations (8.10)-(8.11) by calculating variation of l 

with |VG| at |VDS,sat| = 1.1V using equations (8.8)-(8.9) (Figure E.5c) and hence compare it 

with Figure E.5a. We observe that use of exact Fermi integrals causes the turnaround of l 

variation to appear, even at higher |VDS,sat|, which only appeared at lower |VDS,sat| when 

Maxwell-Boltzmann approximation was used (Figure E.5b). We will perform an 
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integrated analysis involving transport simulation and further experiment to explain 

variation in l. 
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Figure E.5: (a) Extracted l vs. |VG|, using Maxwell-Boltzmann approximation (i.e., 

equations (8.10)-(8.11)), shows an initial decrease, then saturation, when measured at 

|VDS,sat| = 1.1V. Whereas, (b) variation of l indicates a turnaround when measured at 

lower |VDS,sat| = 0.6V. (c) Turn-around in l variation starts to show up even at |VDS,sat| = 

1.1V, when exact expressions for drain currents or equations (8.8)-(8.9) are used. 

E.5. Scattering Theory Analysis: Summary 

In this appendix, we have broadened the application of scattering theory with time-

dependent parameter shifts and show that – despite dramatic changes in the device 

parameters – the relationship between the ballistic efficiencies are essentially invariant 

with respect to its time-zero value, once the effect of threshold voltage shift is taken into 

account. Our work also provides a novel scheme for the justifying the parametric 

variation in the scattering theory and allows an intuitive, yet powerful, generalization of 

the theory for applications in reliability-aware IC design. 
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