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ABSTRACT 

Stress engineering is widely used in the microelectronics industry to improve the on-

current (Ion) performance of the metal-oxide-semiconductor (MOS) transistors through the 

strain-induced mobility enhancement. However, there are still debates regarding the 

relevance of the low-field mobility in the saturation drain current of the nanoscale MOS 

transistors. Based on velocity saturation model, the high-field velocity is independent of 

the low-field mobility. In the other words, velocity saturation model predicts that mobility 

enhancement techniques will not improve Ion of the nanoscale MOS transistors. Ballistic 

transport model considers an ideal situation where the channel carriers do not experience 

any scattering when they transit from the source to the drain. Since mobility is a concept 

that involves channel scattering, ballistic transport regards mobility as irrelevant in the 

nanoscale MOS transistors. In quasi-ballistic transport model, channel carriers will 

undergo a number of channel scatterings before reaching the drain. Hence, quasi-ballistic 

transport model is able to account for the strain-induced Ion improvement in nanoscale 

MOS transistors. However, the saturation drain current equation of a transistor in the 

quasi-ballistic model comprises parameters that are not properly defined. Furthermore, 

some researchers managed to use velocity saturation model to fit the saturation current of 

the nanoscale MOS transistor. By improvising Lundstrom’s 1997 theory on the quasi-

ballistic transport and unifying the merits of existing transport models, we arrive at a 

simplified saturation drain current equation for nanoscale MOS transistors. 

Most research in stress engineering focus on the strain-induced Ion improvement, 

but disregard the effects of the mechanical stress on the off-current (Ioff). Using externally 

applied mechanical stress, we can isolate the effects of process variations from the strain-

induced effects from the strain-induced effects on Ioff. We studied the physics behind the 

strain-induced increase in the subthreshold Ioff and found that the strain-induced change in 

the quantum mechanical confinement decreases the subthreshold swing (Sts) of NMOS 

transistor but increases Sts of p-channel MOS (PMOS) transistor. It is well-known that 

uniaxial tensile stress leads to electron mobility enhancement and a reduction in the 

threshold voltage of NMOS transistor. Since our experimental results show that uniaxial 

tensile stress can increase the subthreshold Ioff of NMOS transistor, the effects of strain-

induced reduction in threshold voltage and the strain-induced mobility enhancement will 

dominate over the strain-induced improvement in the subthreshold swing. To extend the 

study to the process-induced stress, we need to reduce the effects of process variation on 

Ioff. In order to reduce the effects of wafer-to-wafer variation on Ioff, we intentionally use 
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consecutive wafers with different amount of process-induced stress. In addition, we also 

identify NMOS transistors whose Ioff is less sensitive to the die-to-die variation. Our 

experimental results show that CESL-induced tensile stress can increase both Ion and the 

subthreshold Ioff of NMOS transistors.  In fact, we observed that CESL-induced tensile 

stress has led to a bigger percentage increase in logIoff as compared to Ion in NMOS 

transistor. This makes us wonder if stress engineering can lead to an overall Ion 

improvement. The most straightforward approach to ascertain the overall strain-induced Ion 

improvement is to determine the strain-induced increase in logIoff, and then obtain the 

corresponding increase in Ion from the logIoff versus Ion plot characteristics plot. However, 

this approach does not explain why there is an overall strain-induced improvement in Ion 

when stress engineering actually leads to a bigger percentage increase in logIoff compared 

to that of Ion.  Hence, we introduce a third parameter (Vth,sat or DIBL) in the logIoff versus Ion 

characteristics. We found that the subthreshold Ioff is more sensitive to the change in Vth,sat 

as compared to Ion and thus the strain-induced increase in Ioff can be removed by a slight 

change in Vth,sat without much effect on Ion. This leads to an overall improvement strain-

induced improvement in Ion even though stress engineering actually leads to a bigger 

percentage increase in logIoff compared to that of Ion. Similar analysis can be applied by 

introducing DIBL as the third parameter in the logIoff versus Ion characteristics.  

Apart from the conventional <110> channel orientation on (100) surface-oriented 

silicon wafer, transistors can also be fabricated on 45° rotated (100) surface-oriented wafer 

with <100> channel orientation. We have evaluated the impact of the change in channel 

orientation together with mechanical stress on the performance of NMOS transistors and 

PMOS transistors. We found that NMOS transistors are not improved by switching from 

the conventional <110> channel orientation to <100> channel orientation but they can be 

improved by tensile stress. PMOS transistors are improved by switching from the 

conventional <110> channel orientation to <100> channel orientation but PMOS 

transistors with <100> channel orientation are not sensitive to mechanical stress. 
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1. Introduction 

1.1 Background 

For the past 40 years, relentless focus on Moore’s law scaling has provided ever-

increasing switching speed and packing density in the metal-oxide-semiconductor (MOS) 

transistor, as illustrated in Fig.1-1 [1.1]. Traditionally, the tradeoffs between the three main 

indices of transistor performance, which are the on-current (Ion), the short-channel effect 

(SCE) and the power consumption, can be achieved by simply scaling the thickness of the 

silicon oxynitride-based gate dielectrics. However, it has been recognized that this 

conventional scaling has confronted difficulties in the sub-100 nm regime because the 

gate-oxide leakage current will become excessively large when the physical gate oxide 

thickness reaches 1.5 nm, as shown in Fig.1-2 [1.2]. From the perspective of the total chip 

power consumption, the static power dissipation is expected to dominate over the dynamic 

power dissipation in the nanoscale MOS transistors, as shown in Fig.1-3 [1.3]. Owing to 

the large increase in the gate leakage for very thin silicon oxynitride-based gate dielectrics, 

there will be significant increase static power dissipation, leading to a large increase in the 

total chip power dissipation. Hence, performance enhancement techniques such as mobility 

enhancement techniques, high-k dielectrics and metal gates [1.4] have been explored to 

sustain the performance scaling trends. This work will focus on the mobility enhancement 

techniques rather than the high-k gate dielectric with metal gates. 
 

 
Figure 1-1 Moore’s Law: CPU transistor count has increased by two times and feature size 

has decreased by 0.7 times in every two years [1.1]. 
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NMOS transistorNMOS transistor

 

Figure 1-2 Excessive gate-oxide leakage occurs with further scaling of the conventional silicon 

oxynitride gate dielectric [1.2]. 

 

 

Figure 1-3 Total chip dynamic and static power dissipation trends based on the International 

Technology Roadmap for Semiconductor (ITRS) [1.3]. 
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1.2 Roles of carrier mobility in drain current transport 

 The drift-diffusion model is typically associated with the long-channel MOS 

transistors. The drain current (Ids) comprises the diffusion current (Idiff) and the drift current 

(Idrift). When the gate bias (VGS) is smaller than the threshold voltage, Ids is dominated by 

Idiff. When the VGS is bigger than the threshold voltage, Ids is dominated by Idrift. The 

equation for the saturation drain current (Ids) of a long-channel MOS transistor [1.5], 
 

( )2
satth,GSinvox,effds 2

VV
L

W
CI −= µ                                                                                          (1.1) 

 

where µeff is the low-field mobility. Cox,inv is the gate oxide capacitance at strong inversion 

per unit area. W is the gate width. L is the gate length. Vth,sat is the saturation threshold 

voltage.  

On the other hand, velocity saturation [1.6-1.10] is often associated with the 

nanoscale MOS transistors. It is based on the balance of energy equation for channel 

carriers: the rate of energy gained from the lateral electric field is equal to the rate of 

energy dissipation through the emission of longitudinal optical phonons [1.7]. For 

nanoscale MOS transistor in velocity saturation [1.6], 
 

( )satth,GSinvox,satds VVWCvI −=                                                                                                (1.2) 

                                                                             

where vsat is the saturation velocity. Based on the time-of-flight measurement, vsat for 

electrons in silicon is 107 cm/s while vsat for holes in silicon is 6×106 cm/s at a temperature 

of 300 K [1.9]. According to the theoretical predictions, vsat is independent of µeff [1.10]. 

From eqn. (1.2), the velocity saturation model predicts that mobility enhancement will not 

improve Ion of nanoscale MOS transistor. 

However, this is contradictory to the experimental observations of strained-induced Ion 

improvement in the nanoscale MOS transistors [1.11-1.13]. Furthermore, Monte Carlo 

simulation by Ruch [1.16] and Mizuno et al. [1.17] showed that the velocity overshoot can 

occur in the nanoscale MOS transistors. In addition, the Monte Carlo simulation by Miyata 

et al. [1.18] showed that velocity overshoot can be further increased by the application of 

mechanical stress. In fact, Kim et al. has reported their experimental observation of 

electron velocity overshoot in bulk n-channel MOS (NMOS) transistors at room 

temperature [1.19].  

Ballistic transport [1.20-1.23], which is associated with nanoscale MOS transistors, 

considers an ideal situation where the channel carrier does not undergo any scattering. 
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Since mobility is a concept that involved scattering, ballistic transport actually disregards 

µeff in the nanoscale MOS transistors [1.20-1.23] and thus cannot account for the strain-

induced Ion improvement in nanoscale MOS transistors.  

In the quasi-ballistic transport [1.24, 1.25], the channel carriers will experience some 

scatterings when it moves from the source to the drain but the number of channel 

scatterings is much smaller than that of the velocity saturation model. Since mobility is a 

concept that involved scattering, quasi-ballistic transport considers the effects of µeff and 

thus can account for the strain-induced Ion improvement in nanoscale MOS transistor 

[1.11-1.13]. However, there are some terms in the drain current equation for the quasi-

ballistic transport that are not properly defined.  
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Figure 1-4 Experimental correlation between low-field mobility (µµµµeff) and the high-field 

carrier velocity (veff) for the nanoscale NMOS transistors [1.29].  

 

At this point, it may seem that quasi-ballistic transport is the most appropriate model 

for nanoscale MOS transistor. However, some researchers have managed to use the 

conventional velocity saturation model to fit the experimental saturation drain current (Ids) 

of the nanoscale MOS transistors. In the physics-based model for MOS transistors 

developed by Hauser [1.26], vsat is treated as a fitting parameter that can be increased to 

2.06×107 cm/s so as to fit the experimental Ids versus the drain-to-source voltage (VDS) 

characteristics of the nanoscale NMOS transistor. Although this approach is conceptually 

wrong, this can avoid detailed discussion in velocity overshoot and quasi-ballistic 

transport. Furthermore, Khakifirooz et al. introduced a semi-empirical model for the 

saturation drain current of the nanoscale MOS transistor that is based on the sheet charge 

approximation [1.27, 1.28]. In addition, Tatsumura et al. [1.29] has performed an extensive 
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experimental study to show that there is indeed a correlation between the low-field 

mobility and the high-field carrier velocity, as shown in Fig. 1-4. Hence, there is a need to 

further clarify the drain current transport of the nanoscale MOS transistor. 

1.3 Mobility enhancement techniques 

 In view of the increasing cost and complexities involved in the scaling of MOS 

transistors, the semiconductor industry uses mobility enhancement techniques to improve 

transistor performance. From Fig. 1-5, the mobility enhancement techniques can be 

categorized into the substrate-induced stress and the process-induced stress [1.30]. The use 

of biaxial tensile stressed silicon on relaxed Si1-yGey virtual substrate [1.11, 1.31], will 

increase the mobilities of both NMOS transistors and p-channel MOS (PMOS) transistors. 

The use of 45° rotated (100) surface-oriented silicon instead of the conventional (100) 

surface-oriented silicon increases the hole mobility [1.32, 1.33] but does not affect the 

electron mobility [1.34].  Since the change in the channel orientation results in the 

mechanical insensitivity of <100> PMOS transistors [1.35, 1.36], stress engineering 

techniques cannot be used to improve Ion of <100> PMOS transistors. However, this 

unique property of <100> PMOS transistor will allow us to use a single tensile contact etch 

stop layer (CESL) over both <100> NMOS transistors and <100> PMOS transistors 

without degrading Ion of PMOS transistors. For Hybrid-Orientation Technology (HOT), 

PMOS transistors are fabricated on (110) surface-oriented silicon with <110> channel 

orientation while NMOS transistors are fabricated on (100) surface-oriented silicon with 

<110> channel orientation [1.37]. As opposed to 45° rotated (100) surface-oriented silicon, 

hole mobility is enhanced by HOT and can be enhanced by uniaxial compressive stress 

[1.37]. For process-induced stress, mechanical stress can be introduced into the channel 

through silicon nitride liners, S/D stressors, gate and contact. For liners, mechanical stress 

in CESL can be modulated such that compressive stressed CESL is deposited over PMOS 

transistors while tensile stressed CESL is deposited over NMOS transistors [1.38]. Stress 

Memorization technique (SMT), which involves the deposition of the tensile stressed 

silicon nitride liner over the NMOS transistor after Ge pre-amorphization implantation and 

S/D implantation, will induce a beneficial compressive vertical channel stress in NMOS 

transistor after S/D annealing [1.39, 1.40]. Embedded Si1-yGey (e-SiGe) S/D stressor will 

induce a longitudinal compressive stress for PMOS transistor [1.41].  Embedded carbon-

doped silicon (e-Si:C) S/D stressor will induce a longitudinal tensile stress for NMOS 

transistor [1.42]. Recently, Intel patented a novel way to increase Ion of NMOS transistors 
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by introducing longitudinal tensile stress to NMOS transistor using trench contact with 

tensile fill [1.43]. The stress engineering techniques are applicable to the silicon oxynitride 

gate dielectric/ poly-Si gate stack as well as the high-k gate dielectric/ metal gate stack. In 

fact, the channel strain of Gate-last high-k/ metal gate scheme is higher than Gate-first 

High-k/ metal gate and the conventional SiONx/ poly-Si gate schemes [1.44, 1.45] because 

it does not experience any reaction strain by gate. 

Main Mobility Enhancement Techniques

Substrate-based Process-based

Si1-yGey Crystal/ channel Liners S/D stressors Gate MEOL

� SSOI

� Bulk

� 45° rotated 
wafer

� HOT

CESL SMT e-SiGe e-Si:C Replac. 

gate

Contact
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Contact

 

Figure 1-5 Flow chart of the main mobility enhancement techniques [1.30]. 

 

Objectives 

(1) To clarify the drain current transport in the nanoscale MOS transistor  

 

There are some conflicting theories regarding the effects of mobility enhancement on the 

Ion of nanoscale MOS transistors: (i) velocity saturation model, (ii) quasi-ballistic model, 

(iii) ballistic model, and (iv) empirical model. However, experimental data has shown that 

stress engineering can improve Ion of the nanoscale MOS transistors through mobility 

enhancement. This work will clarify the merits and limitations of the theories and then 

come up with a simplified drain current equation that can reconcile the existing theories on 

drain current transport. 
 

(2) To determine if CESL-induced tensile stress can bring about an overall Ion 

improvement in NMOS transistor  
 

It is intuitive that a higher mobility will increase both Ion and subthreshold Ioff. This work 

will investigate the physics behind the overall strain-induced Ion improvement in NMOS 

transistors even though stress engineering leads to a bigger percentage increase in log Ioff 

than Ion.   
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(3) To determine the effects of switching from the conventional <110> channel 

orientation to <100> channel orientation on Ion and Ioff of MOS transistors that are 

fabricated on (100)Si 
 

Apart from the conventional (100) Si, 45° rotated (100)Si is also widely used in the 

semiconductor industry owing to its higher hole mobility. However, the effects of the 

change in channel orientation on Ion of NMOS transistor are not well studied. The physics 

behind the increase in effective channel length (Leff) is also left unexplored. This work will 

first study the effects of the change in channel orientation on electron mobility of NMOS 

transistors as well as the physics behind the increase in Leff. Then, we discuss the effects of 

the change in channel orientation on Ion and Ioff of NMOS transistor as well as the strain-

induced effects on  Ion and Ioff of <100> channel NMOS transistors. 

1.4 Organization of the Thesis 

Chapter 2 gives an overview of the stress engineering techniques and its effects on the 

conduction band minimum and valence band maximum. The usage of piezoresistance 

coefficients to predict the strain-induced change in mobility is also discussed. 
 

Chapter 3 explains the relevance of the low-field mobility (µeff) in the nanoscale MOS 

transistors. This work will unify the merits of velocity saturation model, the ballistic 

transport and the quasi-ballistic transport and then come up with a simplified saturation 

drain current equation for nanoscale MOS transistor.  
 

Chapter 4 discusses the effects of mechanical stress on the electrical parameters of MOS 

transistors. Unlike most publication, this work will discuss the physics behind the strain-

induced increase in the Ioff of NMOS transistors. This work will address why CESL-

induced tensile stress will lead to an overall Ion improvement in NMOS transistors even 

though the percentage increase in log Ioff is bigger than the percentage increase in Ion.  
 

Chapter 5 discusses the effects of the switching from the conventional (100)Si to 45° 

rotated (100)Si on Ion and Ioff of MOS transistors. This work shows that the effective 

conductivity electron mass of (100)Si is independent of channel orientation and discusses 

the mechanism behind the increase in Leff. 
  

Chapter 6 concludes the thesis by highlighting the main contributions of this project and 

providing some suggestions for future work.  
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2. Literature review on Stress Engineering  

2.1 Methods to introduce channel stress 

2.1.1 Substrate-induced stress 

 Fig. 2-1 shows the cross-section of MOS transistors fabricated on the strained-Si 

on relaxed Si1-yGey virtual substrate. The fabrication process can be found in Ref.[1.11]. 

For NMOS transistor, the silicon epitaxial layer is in-situ doped with boron. For PMOS 

transistor, the silicon epitaxial layer is in-situ doped with arsenic. Owing to the lattice 

mismatch between the epitaxial Si and the relaxed Si1-yGey virtual substrate, the transistors 

will experience biaxial tensile stress, leading to an increase in electron mobility and hole 

mobility [2.1, 2.2]. 
 

Strained-Si

n+ n+

Relaxed Si1-yGey

Graded Si1-yGey

Bulk Si substrate

p+ p+

Relaxed Si1-yGey

Graded Si1-yGey

Bulk Si substrate(a) (b)

Strained-Si

n+ n+

Relaxed Si1-yGey

Graded Si1-yGey

Bulk Si substrate

n+ n+

Relaxed Si1-yGey

Graded Si1-yGey

Bulk Si substrate

p+ p+

Relaxed Si1-yGey

Graded Si1-yGey

Bulk Si substrate(a) (b)  
Figure 2-1 Cross-section of (a) NMOS transistor, (b) PMOS transistor fabricated on the 

strained-Si on relaxed Si1-x Gey virtual substrate.  

 

A decrease in the thickness of the strained-Si layer causes a decrease in the carrier 

confinement because of quantum mechanical effects at the SiO2/ Si interface [2.3]. This 

leads to carrier conduction through the low-mobility relaxed Si1-yGey underlayer and thus 

degrading the mobility. When the thickness of the strained-Si layer is bigger than the 

equilibrium critical thickness (tcrit), strain relaxation will occur through the formation of 

misfit dislocations. Although a higher Ge content will increase the amount of biaxial 

tensile stress, tcrit will decrease with increasing Ge content [2.4]. Fiorenza et al. reported 

that there is mobility enhancement in MOS transistors fabricated on the strained-Si on 

relaxed Si1-yGey virtual substrate even though the strained-Si layer is significantly bigger 

than tcrit [2.5]. However, there will be a significant increase in the off-state leakage current 

of the MOS transistors whose thickness of the strained-Si layer is significantly bigger than 

tcrit [2.5]. From the photo-emission microscopy, the increase in the leakage current is 

caused by the enhanced dopant diffusion near misfit locations, which leads to the S/D 

electrical shorting [2.5]. 
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2.1.2 Process-induced stress 

2.1.2.1 Shallow trench isolation (STI) 

 The purpose of shallow trench isolation (STI) is to electrically isolate the adjacent 

MOS transistors. It involves the deposition of High Density Plasma (HDP) oxide in silicon 

trenches, followed by chemical mechanical polish (CMP) to planarize the silicon surface. 

Owing to the difference in thermal expansion coefficient between silicon and silicon 

dioxide, STI will induce a lateral compressive stress in the channel [2.6]. Based on 

piezoresistance coefficient, this is undesirable for NMOS transistors and PMOS transistors 

that are fabricated on (100) surface-oriented silicon. Furthermore, the mechanical stress-

induced dopant diffusion model has shown that STI-induced compressive stress will retard 

the diffusion of boron, arsenic and phosphorus [2.7]. This is consistent with the results 

obtained using the density function theory calculations [2.8]. In addition, Hsieh et al. 

showed that a reduction in S/D overhang can decrease the gate-to-S/D overlap of NMOS 

transistor owing to STI-induced retardation of the lateral diffusion of the n+ S/D extension 

implants [2.9]. 

2.1.2.2 Contact etch stop layer (CESL) 

In order to achieve a higher packing density, interconnects have migrated from the 

ordinary source/drain (S/D) contacts to the borderless S/D contacts (see Fig. 2-2). In the 

absence of the contact etch stop layer (CESL), the contact misalignment can result in a 

short-circuit between the n+ S/D and p-well (or p+ S/D and n-well) owing to the poor etch 

selectivity between STI and the inter-level dielectric (ILD). Fortunately, this problem can 

be alleviated by the use of CESL, as shown in Fig. 2-3 [2.10]. Etch selectivity is improved 

because the etching of the contact holes can be carried out in two steps: (i) etch ILD until 

CESL, and (ii) etch the CESL to expose the silicide. Subsequently, TiN is deposited over 

the contact holes for adhesion purposes and then the contact holes are filled with tungsten.  

Nowadays, CESL also serves as a mechanical stressor to enhance the channel carrier 

mobility. Experimental evidence shows that the presence of tensile stressed CESL will 

induce lateral tensile stress in the channel while compressive stressed CESL will induce 

lateral compressive stress [2.11]. There are various schemes for this stress engineering 

technique. For <110> MOS transistors fabricated on (100) surface-oriented silicon, the 

application of a single tensile stressed CESL will improve the Ion of NMOS transistor but 

degrade Ion of PMOS transistor. On the other hand, application of a single compressive 
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stressed CESL will improve the Ion of PMOS transistor but degrade Ion of NMOS 

transistor. This leads to the development of the dual-CESL technique, which involves 

tensile stressed CESL over the NMOS transistor and compressive stressed CESL on 

PMOS transistor [1.38] (see Fig. 2-4). 

Mechanical stress of plasma-enhanced chemical vapor deposition (PECVD) SiNx 

films is directly related to the evolution of hydrogen content and plasma ion bombardment 

during the deposition [2.12]. A smaller hydrogen content will yield a more tensile SiNx 

film. A bigger plasma ion bombardment will yield a more compressive SiNx film. 

Moreover, the tensile stress of PECVD SiNx film can be further increased by ultra-violet 

(UV) curing [2.13].  
 

2

h

H       NSi       HN         HSi +=−≡↔−=+−≡
v

                                                              (2.1) 

                                          

Since this reaction has a negative enthalpy (∆H) of -1.86 eV, =−≡  NSi  bonds and H2 

release are more energetically favored. From Fig. 2-5, UV curing promotes Si-N-Si cross-

linking due to dehydrogenization, leading to a near stoichiometric Si3N4 network 

containing smaller vacancies due to the remaining Si-H and N-H bonds [2.14].  The 

blanket CESL film stress (σ) can be measured by Tencor FLX-2320, which is based on the 

wafer-bowing measurements and the Stoney formula [2.11, 2.15]. 
 

( ) filmSi

2
substrateSi

16 Rt

tE

ν
σ

−
=                                                                                                               (2.2) 

 

where ESi is the Young’s modulus of silicon. vSi is the Poisson’s ratio of silicon. R is the 

radius of curvature of the substrate. tsubstrate is the thickness of the substrate. tfilm is the 

thickness of the film.  
 

(a)                                    (b)(a)                                    (b)  
Figure 2-2 Schematics of (a) the ordinary S/D contacts and (b) the borderless S/D contacts. 
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Figure 2-3 The importance of CESL to prevent the electrical shorting between n
+
 S/D and p-

well when there is a mask misalignment: (a) Without CESL, (b) With CESL. 
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Figure 2-4 Process flow of CESL as a mechanical stressor. 

 

 
Figure 2-5 Structural model for local bonding arrangement in PECVD SiNx film for (a) 

Without UV curing, (b) With UV curing [2.14]. 
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2.1.2.1 SiGe S/D for PMOS transistor 

Fig. 2-6 shows the fabrication process of the embedded Si1-yGey (e-SiGe) S/D 

stressor. After halo implantation and S/D extension implantation, the deep S/D regions are 

anisotropically etched. Next, e-SiGe S/D process is carried out by either (i) in-situ boron 

doping in the epitaxial SiGe growth process, or (ii) non-doped epitaxial SiGe growth 

followed by boron ion implantation [1.41]. Finally, the front-end process is completed by a 

spike anneal and a nickel silicidation process. Finite-element study and experimental 

measurement of the strain distribution show that the Si1-yGey S/D stressor will induce a 

longitudinal compressive stress in the silicon channel [2.16, 2.17]. When the Ge mole 

fraction (y) is increased, the longitudinal compressive stress will also be increased [1.43]. 

In addition, studies have shown that the parasitic S/D series resistance (Rsd) in Si1-yGey S/D 

stressor is lower than that in the conventional Si S/D because of the reduction in Schottky 

barrier height caused by Ge incorporation [2.18] and the pronounced boron activation in 

Si1-yGey [2.18, 2.19].  However, the increase of Ge content must be approached with care 

to avoid strain relaxation through the formation of misfit and threading dislocations [2.20]. 

Apart from dislocations, elastic strain relaxation can also occur at the edges of the recessed 

S/D close to the spacer [2.21]. Gonzalez et al. [2.22] has proposed a semi-empirical model 

to describe the effects of Ge mole fraction (y) in the Si1-yGey S/D stressor on the increase in 

the junction leakage current but he did not consider the effects of Ge content on Rsd.  
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Figure 2-6 Process flow of Si1-yGey S/D stressor for PMOS transistor. 
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2.1.2.1 Stress Memorization Technique (SMT) 

Fig. 2-7 illustrates the fabrication process of Stress Memorization Technique (SMT) 

[1.39]. After the spacer formation and S/D implantation, a Poly Amorphization 

Implantation (PAI) of the poly-Si gate by Ge is performed on the NMOS transistor. A high 

tensile stressed SiNx layer (also known as SMT cap) is selectively deposited over the 

NMOS transistor. The selective removal of tensile stressed SiNx layer over the PMOS 

transistor will alleviate the strain-induced degradation of hole mobility. Subsequently, S/D 

annealing is done to activate the S/D dopants. Next, the SiNx layer is removed and nickel 

silicidation is done. There are two distinct SMT phenomena: (i) S/D component that occurs 

at lower annealing temperature (around 500 °C), and (ii) poly component that occurs at the 

final high temperature anneal (around 1000 °C) [2.23]. The longitudinal tensile stress 

induced in the S/D regions is probably caused by volume expansion during amorphization, 

and the inability of the film to reduce to proper volume in the presence of a SMT cap 

[2.23]. When gate length, the S/D component of SMT is expected to increase [2.23]. On 

the other hand, Miyashita et al. found that the channel compressive stress in the vertical 

direction originates from the volume expansion of the poly-Si gate, which is associated 

with the grain growth and the highly concentrated dopants implanted into the poly-Si gates 

[1.40]. There are several uncertainties regarding the strain-induced effects of SMT on the 

gate leakage current. Miyashita et al. reported that the gate leakage current of NMOS 

transistor is increased when a SMT cap with a bigger tensile stress is used [1.40]. Liu et al. 

reported that the increase in the gate leakage current of NMOS transistor is caused by the 

strain-induced increase in the diffusion coefficient of the S/D extension implants of NMOS 

transistor [2.24]. This is consistent with the experimental observation of enhanced arsenic 

diffusion by tensile stress during S/D annealing [2.25]. Furthermore, the density function 

calculations also show that interstitial-mediated arsenic diffusion is enhanced by tensile 

stress at temperature of 1000 °C [2.8]. However, Morifuji et al. reported that the gate 

leakage current is reduced when a SMT cap with a bigger tensile stress owing to a 

reduction in the grain-size of the poly-Si gate [2.26]. This contradicts with Miyashita et al. 

who reported that the grain-size of the poly-Si gate is increased by SMT [1.40]. 
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Figure 2-7 Process flow of Stress Memorization Technique (SMT). 

2.1.2.2 e-Si:C S/D for NMOS transistor 

 Fig. 2-8 shows the fabrication process of the embedded Si:C (e-Si:C) S/D stressor 

for NMOS transistor. A straightforward approach is to recess the deep S/D region and then 

deposit e-Si:C using a selective epitaxy process [2.27]. A more recent approach is to use C 

ion implantation and solid-state epitaxy anneal to form e-Si:C in the S/D regions [1.42]. 

The second approach is able to achieve a higher substitutional C concentration in the S/D 

regions. The finite-element study and the experimental measurement of the strain 

distribution show that the Si1-yCy S/D stressor will induce a lateral tensile stress in the 

silicon channel [2.28-2.31]. Although a higher substitutional carbon concentration is 

desirable for stress engineering, the dopant activation in S/D regions decreases with 

increasing carbon concentration [2.30]. Despite the reduction in Schottky barrier height 

caused by carbon incorporation [2.32], the increase in carbon concentration degrades the 

S/D series resistance (Rsd) [1.42, 2.30] and thus compromises the Ion performance gain 

expected from stress engineering. The stress relaxation mechanism of Si1-yCy layers 

involves the formation of carbon-containing interstitial complexes [2.33], leading to 

carbon atom precipitation out from the substitutional sites and thus the longitudinal tensile 

stress is reduced. Simoen et al. proposed that the diffusion of the boron halo implants is 

retarded by the vertical compressive stress induced by Si1-yCy stressor, leading to a higher 

electric field at the depletion region of the S/D regions and thus junction leakage current is 

increased [2.34]. However, it has been reported that the presence of carbon in silicon can 

suppress the interstitial-enhanced boron diffusion [2.35]. Hence, there is a possibility that 
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the increased junction leakage current in e-Si:C S/D regions is caused by the ability of 

carbon to suppress the diffusion of the boron halo implants rather than the effects of the 

pure mechanical stress to retard the diffusion of the boron halo implants. Nevertheless, the 

important message is that Si1-yCy S/D stressor can increase both junction leakage current 

and Ion of NMOS transistor. 
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Figure 2-8 Process flow of e-Si:C S/D as a mechanical stressor. 

2.1.3 Externally applied mechanical stress 

 Externally applied mechanical stress allows us to decouple the effects of pure 

mechanical stress from the chemical nature of the mechanical stressor. For the Si1-yGey S/D 

stressor, the amount of longitudinal compressive stress induced in the PMOS transistor can 

be varied by changing the Ge concentration but this will decrease Rsd owing to the 

reduction in Schottky barrier height caused by Ge incorporation [2.18] and the pronounced 

boron activation in Si1-yGey S/D regions [2.18, 2.19]. The situation is more complicated for 

e-Si:C S/D stressor. Although a higher carbon concentration is desirable for tensile stress, 

the stress relaxation will cause carbon atom precipitation out from substitutional sites and 

thus reduce tensile stress [2.33]. Furthermore, an increase in carbon concentration will 

degrade Rsd [1.42, 2.30] and thus compromise the Ion performance gain expected from 

stress engineering.  

According to Kanno et al. [2.36], the wafer-to-wafer variation within a lot are 

attributed to the wafer position in the equipment and chamber conditions, while the die-to-

die variation with a wafer are caused by lithography and the wafer-edge effects.  From  

Fig. 2-9, statistics can be used to minimize the effects of the above variations and  

demonstrate that  the hole mobility enhancement by a new type of stress engineering 

technique, Diamond-like Carbon (DLC) liner [2.37, 2.38]. However, externally applied 
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mechanical stress can eliminate the influence of the above variations because the same 

transistor is used to study the effects of the mechanical stress. Hence, externally applied 

mechanical stress is often used to explain the effects of mechanical stress on the 

conduction band minimum of silicon [1.14] and valence band maximum of silicon [1.15, 

2.39]. From Fig. 2-10, Cantilever method [2.40, 2.41], three-point rod method [2.42] and 

four-point rod method [2.43] can be used to apply uniaxial stress, whereas o-rings [2.40, 

2.41, 2.43] can be used to apply biaxial stress. To apply uniaxial stress along the channel 

direction, the wafer strips are cut along the direction that is perpendicular to the poly-Si 

gate alignment. To apply uniaxial stress perpendicular to the channel direction, the wafer 

strips are cut along the direction that is parallel to the poly-Si gate alignment. For the 

externally applied biaxial stress, we can either use the entire wafer or cut the wafer into a 

square. From Fig. 2-11, downward force at the edges of the wafer strip induces uniaxial 

tensile stress, whereas upward force at the edges of the wafer strip induces uniaxial 

compressive stress. The application of upward force in the centre of the wafer will result in 

biaxial tensile stress while the application of a downward force in the centre of the wafer 

will result in biaxial compressive stress. From Fig. 2-12, uniaxial tensile stress results in a 

vertical displacement along the stress direction, whereas biaxial tensile stress results in an 

equal amount of vertical displacement for two perpendicular directions on the wafer 

surface [2.43]. Similar analysis can be done for compressive stress. 
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Figure 2-9 The use of statistics to compare the hole mobility enhancement by the Diamond-

like Carbon (DLC) liner [2.37].  
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Figure 2-10 Different types of externally applied mechanical stress. 
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Figure 2-11 Schematics of the curvature of the rectangular wafer strips under: (a) uniaxial 

tensile stress and (b) uniaxial compressive stress. Note that the transistor is on the top surface 

of the wafer strip.  
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Figure 2-12 Differences between uniaxial tensile stress and biaxial tensile tensile in terms of 

wafer displacement from equilibrium position [2.43]. 

2.2 Strain-induced mobility enhancement 

 It is well-established that the stress engineering techniques [1.11- 1.13] and the 

externally applied mechanical stress [1.14-1.15] can increase the electron mobility and 

hole mobility. This is consistent with hole mobility model [2.44, 2.45] and electron 

mobility model [2.45, 2.46]. This section will explain the effects of mechanical stress on 

the conduction band minimum and the valence band maximum as well as the usage of 

piezoresistance coefficients. 

2.2.1 First Brillouin zone 

 To simplify the discussion of the conduction band minimum and valence band 

maximum, it is a common practice to consider the effects of electron diffraction in a 

perfect crystal structure. As shown in Fig. 2-13, silicon has a diamond crystal structure 

[2.47]. This type of structure consists of two inter-penetrating face-centered cubic (FCC) 

structures that are displaced relative to one another by 1/4 of the lattice constant (a0). 

Primitive vectors of FCC are given by, 

( )T
0 1 , 1 ,05.0 a=1a , ( )T

02 1 , 0 ,15.0 a=a  and ( )T
03 0 , 1 ,15.0 a=a  

Primitive vectors of the reciprocal lattice (g1,  g2 and g3) are given by [2.48, 2.49], 

( )T

0

1 ,1 ,1
2

−=
a

π
1g , ( )T

0

1 ,1- ,1
2
a

π
=2g  and ( )T

0

1- ,1 ,1
2
a

π
=3g .  
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The first Brillouin zone in three dimensions can be defined as the smallest polyhedron 

confined by planes perpendicularly bisecting the reciprocal lattice vectors. Fig. 2-14 shows 

the reciprocal lattice for FCC is a body-centred cubic (BCC) lattice [2.48]. Since the 

reciprocal lattice vectors are obtained from the crystal lattice vectors, the symmetry of the 

Brillouin zone is determined by the symmetry of the crystal lattice. The center of Brillouin 

zone is denoted by, Γ  = (0,0,0) (2π/ao). The three high-symmetry directions in the 

Brillouin zone are [2.49], 

[100] direction: XΓ →∆→  

[111] direction: LΓ →Λ→  

[110] direction: KΓ →Σ→  

where X = (1,0,0) (2π/ao), L = (1,1,1) (2π/ao), K= U = (1,1,0) (3π/2ao),  

∆ = (ζ,0,0) (2π/ao), Λ =  (ζ,ζ,ζ) (2π/ao), Σ = (ζ,ζ,ζ) (3π/2ao) with 0 < ζ < 1. 
   

 
Figure 2-13 Schematics of a diamond crystal structure [2.47]. 

 

 
Figure 2-14 Reciprocal lattice of a face-centred cubic lattice with its first Brillouin zone [2.48]. 
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2.2.2 E-k diagram of unstrained bulk silicon 

  E-k diagram allows us to study the interactions with photons and phonons where 

energy (E) and momentum (k) have to be conserved. The interactions with electrons and 

holes lead to the concept of bandgap. ħk is regarded as the crystal momentum rather than 

true electron momentum  because it contains the effects of the internal crystal potential. E-

k diagram is obtained by solving the Schrödinger equation of an approximate one-electron 

problem. The Bloch theorem states that if a potential function, V(r) is periodic in the 

crystal lattice space, then the solutions for the wavefunction ψ(r, k) of the Schrödinger 

equation are of the form of a Bloch function. 
 

( ) ( )krkkrr ,)(,)(
2

2
*

2

ψψ EV
m

=







+∇−

h                                                                (2.3) 

 

( ) ( )krrkkr ,) exp(, bUi ⋅=ψ                                                                                       (2.4) 

                                 

where ( )kr,bU  is a periodic function with the same periodicity as V(r). Since E(k) is 

periodic in the reciprocal lattice, it is sufficient to study E-k diagram of the first Brillouin 

zone. There are two main categories of bandstructure calculations: (i) methods that 

describe the entire valence band and conduction bands, and (ii) methods that describe the 

near bandedge bandstructures. Pseudopotential method [2.50] assumes that the core 

electrons of an atom are tightly bound to its nucleus by an attractive core potential, and 

thus are treated as if they are frozen in an atomic-like configuration. The repulsive 

potential of core electrons will keep the valence electrons out of the nucleus of the atom. 

Hence, the net effect of the two opposing potentials on the valence electrons is a weak 

potential, which is also known as the pseudopotential.   

 Tight-binding method has a realistic description of the structural and the dielectric 

properties in terms of the chemical bonds. Using a minimal sp3 basis and the interactions 

between the nearest neighbours, this method can describe the valence bands but fails to 

reproduce the conduction band of indirect bandgap semiconductor such as silicon [2.51, 

2.52] because it omits the essential physics of the interactions between the excited atomic 

states and the anti-bonding p-like conduction states of Si near the X point of the Brillouin 

zone [2.53]. To mimic the influence of the excited state, s* orbital is added to the sp3 basis 

[2.53] but the transverse masses of the conduction band valleys are in poor agreement with 

the experimental values [2.54]. Following the recognition of the importance of d states in 

the pseudopotential calculations [2.55], sp3d5s* TB model is proposed [2.56].  
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The k·p method uses a parameterization of the bands at a given point in the Brillouin 

zone as a starting point, and then uses the perturbation theory to obtain the other points in 

the Brillouin zone.  It is known to be very efficient to accurately describe either the 

conduction band [2.57] or the valence band [2.58] in the vicinity of a given point of the 

Brillouin zone. By disregarding the effects of spin-orbit coupling, k·p method with 15 

bands can be used to generate silicon bandstructure [2.59, 2.60].  Although the accuracy 

will be increased when the split-off band is considered, the simulation time will be 

significantly increased [2.61].  
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Figure 2-15 Schematics of energy band diagram of silicon [2.61]. 
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Figure 2-16 Schematics of the conduction band valleys of silicon 
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Figure 2-17 Schematics of valence band maximum of silicon [2.62]. 
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Fig. 2-15 shows the E-k diagram of silicon. The conduction band minimum occurs at 

wave vector k ≈ 0.8 X = 0.8 (1,0,0) (2π/ao) [2.60]. From Fig. 2-16, there are four in-plane 

valleys (∆1, ∆2, ∆3, ∆4) and two out-of-plane valleys (∆5, ∆6). The valence band maximum 

occurs at Γ. From Fig. 2-17, the heavy hole (HH) band and the light hole (LH) band are 

degenerate at Γ  but the hole energy of the split-off (SO) band is 0.044 eV higher than the 

HH band and LH band [2.60, 2.62]. This splitting of the bands is caused by the spin-orbit 

interaction. Fig. 2-18 shows that LH band is relatively isotropic while the HH band is 

anisotropic [2.63]. This will affect the hole mobility along <110> channel direction and 

<100> channel direction on (100) surface-oriented silicon wafer. (refer to Chapter 5). 
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Figure 2-18 Constant energy surface and cross section of valence band maximum at kz =0 

plane [2.63].  
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2.2.3 Relationship between the effective mass and the E-k diagram 

Since the solutions of Schrödinger equation can be approximated by the Bloch 

function, it is sufficient to study the localized. Using our understanding on waves, we can 

define the group velocity of this wavepacket as [2.64], 
 

dk

dE

d

d
v

h

1ω

g ==
k

                                                                                                                 (2.5) 

 

where the electron energy (E) is the product of the angular frequency (ω) and the reduced 

Planck’s constant (ħ). In the presence of an external electric field, the work done on the 

electron during a time interval (δt) by an external force (Fext) is given by [2.64], 
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Substitute eqn.(2.7) into eqn.(2.8), and then re-arranging, 
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Eqn.(2.9) takes the form of the Newton’s equation of motion. Hence, the effective 

conductivity mass (m*) can be expressed as [2.64], 
 

2
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Ed

m h
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From eqn.(2.10), a bigger curvature in the E-k diagram means a smaller m
*. Here, it is 

important to note that the electron have positive m
* at conduction band (Ec) minimum and 

negative m
*at the valence band (Ev) maximum [2.65]. Positive m

* refers to the effective 

conductivity mass of electron, whereas negative m
* refers to the effective conductivity 

mass of hole. 
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2.2.4 Effects of mechanical stress on the conduction band minimum 

 For unstrained silicon, the conduction band minimum is made up of six degenerate 

conduction band valleys. From Fig. 2-19, mechanical stress will cause the splitting of the 

conduction band edge (∆Ec) and the resulting electron energy level of the conduction band 

valleys (∆1 to ∆6) will depend on the type of mechanical stress [1.14]. Considering (100) 

Si, uniaxial <110> tensile stress causes the electron energy level of the out-of-plane 

conduction band valleys (∆5, ∆6) to be  lower than the electron energy level of the in-plane 

conduction band valleys (∆1 to ∆4). Since electrons will preferentially occupy the lowest 

electron energy level, the in-plane effective electron mass will be smaller than the out-of-

plane effective electron mass. However, the situation is different for uniaxial tensile stress 

along <100> channel direction. Taking the uniaxial <100> tensile stress to be along the 

direction of ∆1 and ∆2, the electron energy level of the in-plane conduction band valleys 

(∆1, ∆2) will be bigger than the other conduction band valleys (∆3 to ∆6), and thus the in-

plane effective electron mass along the channel direction will be reduced.  

 From Fig. 2-20, the splitting of the conduction band edge (∆Ec) for biaxial tensile 

stress and uniaxial <100> tensile stress can reproduce the experimental low-field mobility 

enhancement. However, this is not the case for uniaxial <110> tensile stress. If we only 

consider the effects of ∆Ec, the electron mobility enhancement of the calculated σ// and the 

calculated σ⊥ will deviate from that of the experimental σ// and the experimental σ⊥ , as 

shown in Fig. 2-20(c). Note that σ// and σ⊥ refer to the cases where the mechanical stress is 

applied along the channel direction and perpendicular to the channel direction, 

respectively. This discrepancy can be explained as follows. Unlike <100> uniaxial stress, 

the energy surface of the out-of-plane valleys (∆5, ∆6) is warped under uniaxial <110> 

tensile stress, as shown in Fig. 2-21 [1.14]. The transverse mass of the out-of-plane 

conduction band ellipsoid that is perpendicular to the direction of the uniaxial <110> 

tensile stress (mt,⊥⊥⊥⊥) is bigger than the transverse mass of the out-of-plane conduction band 

ellipsoid under the unstrained condition (mt). On the other hand, the transverse mass of the 

out-of-plane conduction band ellipsoid that is parallel to the direction of the uniaxial 

<110> tensile stress (mt,//) is smaller than mt.  From Fig. 2-22, when uniaxial <110> tensile 

stress increases, mt,// decreases but mt,⊥ increases [2.66]. This leads to a decrease in the 

effective conductivity mass (m*) under uniaxial <110> tensile stress along the channel 

direction (also known as <110> longitudinal stress).  If band warping is not considered, 

which is the case for uniaxial <100> tensile stress, the strain-induced reduction in m* will 
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saturate at higher tensile stress [2.66] because the change of electron population and the 

suppression of the intervalley phonon scattering saturate at larger splitting of the 

conduction band edges [1.14]. On the other hand, electron mobility under uniaxial <110> 

tensile stress does not saturates at higher stress because of the warping of the out-of-plane 

conduction band valleys, as shown in Fig. 2-23 [1.14]. As a result, uniaxial <110> tensile 

stress is more advantageous than biaxial tensile and uniaxial <100> tensile stress in terms 

of electron mobility enhancement, particularly at higher tensile stress. 
 

(a) (b)

(c)

(a) (b)

(c)

 
Figure 2-19 Splitting of the conduction band edge (∆∆∆∆Ec) as a function of (a) biaxial stress, (b) 

uniaxial <100> stress, (c) uniaxial <110> stress [1.14]. 
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(a) (b)

(c)

(a) (b)

(c)
 

Figure 2-20 Electron mobility enhancement (∆∆∆∆µµµµe/∆µµµµe) as a function of the vertical electric field 

under (a) biaxial stress, (b) uniaxial <100> stress, (c) uniaxial <110> stress [1.14].  
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Figure 2-21 Energy contours of the out-of-plane conduction band valleys (∆∆∆∆5, ∆∆∆∆6) on (100) 

silicon plane under (a) uniaxial <100> tensile stress, (b) uniaxial <110> tensile stress [1.14]. 
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Figure 2-22 The effects of <110> uniaxial tensile stress on: (a) the longitudinal effective mass 

(mt,//) and the transverse effective mass (mt,⊥⊥⊥⊥) of the out-of-plane conduction valleys, (b) the 

effective conductivity mass (m
*
) [2.66].  

 

 
Figure 2-23 Electron mobility enhancement as a function of mechanical stress [1.14]. 

2.2.5 Effects of mechanical stress on the valence band maximum 

 Fig. 2-24 shows the constant energy contours of the light hole band maximum and 

heavy hole band maximum for the unstrained bulk silicon [1.15, 2.63].  The constant 

energy contours of the heavy hole band of the unstrained silicon are characterized by 

twelve low energy branches referred to as “wings”. kx, ky and kz are the wave vectors along 

x, y and z directions, respectively. ao is the lattice constant of the unstrained silicon. 

Considering (100) plane with kz = 0, there are eight out-of-plane wings (O1, O2, O3, O4, 

O5, O6, O7, O8) and the four in-plane wings (I1, I2, I3, I4). Figs. 2-25 shows the effects of 

mechanical stress on the constant energy contours of the lowest hole energy. The 

application of 1 GPa compressive stress along <110> channel direction leads to a lowering 

in the hole energy of I1 and I3 wings but a rise in the hole energy of I2 and I4 wings. 

Hence, there will be a carrier repopulation from I2 and I4 wings to I1 and I3 wings. Since 
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the <110> channel direction is along the direction of I2 and I4 wings, there will be a hole 

mobility enhancement along the channel direction. The application of 1 GPa tensile stress 

along <110> channel direction leads to the opposite conclusion: the hole carriers are 

redistributed from I1 and I3 wings to I2 and I4 wings, leading to a hole mobility 

degradation along <110> direction. From Fig. 2-24, it is worth noticing that the eight out-

of-plane wings (O1 to O8) are aligned 45° away from the kz axis [1.15]. The presence of a 

vertical confinement field in the z-direction will reorder kz so that the lowest hole energy is 

on the first subbands of the out-of-plane wings, and thus project the non-zero kz out-of-

plane wings into the 2-D Brillouin zone.  

Fig. 2-26 shows the effects of the vertical confinement field on the constant energy 

contours of the lowest hole energy subband of (100) silicon plane [1.15]. It is quite similar 

to the case of the unstrained bulk silicon (see Fig. 2-25) except for the presence of the out-

of-plane wings. Note that O5 through O8 wings cannot be seen because O5 through O8 

wings have the same energy as O1 through O4 wings. From Fig. 2-26(b), the application of 

uniaxial <110> compressive stress to the hole inversion layer will lower the hole energy of 

I1 and I3 wings but increase in the hole energy of I2 and I4 wings, resulting in hole 

mobility enhancement along <110> direction  [1.15]. From Fig. 2-25(b), the application of 

uniaxial <110> tensile stress to bulk silicon will lower the hole energy of I2 and I4 wings 

but increase in the hole energy of I1 and I3 wings, leading to a hole mobility degradation 

along <110> direction. Hence, we would expect that the application of uniaxial <110> 

tensile stress to the hole inversion layer will degrade the hole mobility along <110> 

direction. 
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Figure 2-24 Constant energy contours of (a) the light hole band and (b) heavy hole band at ΓΓΓΓ 

for unstressed bulk silicon [1.15, 2.63]. kx, ky and kz are the wave vectors along x, y and z 

directions.  
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Figure 2-25 Constant energy contours separated by 25 meV for the lowest hole energy band of 

(100) bulk silicon at ΓΓΓΓ under (a) the unstressed condition, (b) the uniaxial compressive stress 

along <110> direction, and (c) the uniaxial tensile stress along <110> direction [1.15]. 
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Figure 2-26 Constant energy contours of the lowest hole energy band at ΓΓΓΓ of silicon inversion 

layer in (100) plane with vertical confinement field of 1 MV/cm under (a) the unstrained 

condition, (b) the uniaxial compressive stress along <110> channel direction (as indicated by 

the arrow) [1.15]. 
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2.2.6 Low-field mobility: Drude model 

In semiconductors, the collisions experienced by the free electrons or holes are 

mostly caused by phonons and doping impurities. Electron-electron collisions are much 

less important. The simplest transport model was developed by Drude. Its main assumption 

is that the collisions act as a damping force on the electrons and thus prevents the electrons 

from being indefinitely accelerated by the applied electric field. The expression for the 

low-field mobility (µeff) is given by [2.66],  
  

*
m

eff
m

qτ
µ =                                                                                                                       (2.11)  

                         

where mτ is the momentum relaxation time. The low-field mobility can be improved by: (i) 

a smaller m*, (ii) a larger energy split between subbands to suppress phonon scattering , 

and (iii) a smaller density-of-state effective mass (mDOS) has a smaller number of final 

states and thus reduce the scattering frequency. According to Guillaume and Mouis [2.67], 

the application of uniaxial compressive stress along <110> direction on (100) Si plane will 

decrease the mDOS of the valence subband with the lowest hole energy. For (100) surface-

oriented silicon, m
*is given by 3(

l
m -1 +2 mt

-1)-1 , whereas mDOS is given by 3
ttmmm

l
 

[2.68]. From cyclotron measurements, 
l

m is 0.97m0 while mt is 0.19mo where mo is the free 

electron mass [2.69]. 

2.2.6.1 Phonon scattering 

Atoms in crystals vibrate naturally around their equilibrium lattice positions because of 

heat transfer. The positional disturbance of atoms will be transmitted in the manner as if 

the atoms were connected to each other by massless springs. For silicon, there are two 

atoms in a primitive cell and thus there are two vibrational modes, namely the optical 

phonon and the acoustic phonon. In addition, phonons can be further classified based on 

the oscillation direction and wave propagation direction: longitudinal phonons and 

transverse phonons. In short, the phonons are also classified by their range of frequencies 

in the phonon dispersion spectrum: the higher frequency mode consists of the longitudinal 

optical (LO) phonons and the transverse optical (TO) phonons while the lower frequency 

mode consists of the longitudinal acoustic (LA) phonons and the transverse acoustic (TA) 

phonons. For acoustic phonon, the two atoms in the unit cell oscillate in phase [2.70]. For 

optical phonon, the two atoms in the unit cell oscillate out of phase [2.70]. 
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Fig. 2-27 shows the phonon dispersion spectrum of silicon along the <100> direction 

of the first Brillouin zone (Γ→ ∆ → X) [2.71]. Intra-valley scattering refers to the 

scattering within the same conduction band valley and usually involves only acoustic 

phonons [2.71]. Since mechanical stress removes the degeneracy of the six conduction 

band valleys, intervalley scattering would be affected by mechanical stress. The intervalley 

scattering is of g-type when the electrons scatter between conduction band valleys on the 

same k axis (e.g. from ∆5 to ∆6 as defined in Fig. 2-16). The intervalley scattering is of f-

type when electrons scatter between conduction band valleys on the perpendicular k axis 

(e.g. from ∆1 to ∆5 as defined in Fig. 2-16). As shown in Fig. 2-15, the conduction band 

minimum occurs near to X of the first Brillouin zone. From Fig. 2-26, the phonon 

scattering can be fully suppressed if the energy splitting of the conduction band valleys can 

be bigger than 60 meV. Similar analysis can be done for valence band maximum. 

According to Sun et al. [2.72] and Thomson et al. [2.73], the process-induced compressive 

stress , which are typically around 1 GPa, results in valence band splitting of about 20 – 30 

meV. Since the optical phonon energy of silicon is over 60 meV, the phonon scattering 

rate is only slightly reduced. Hence, the strain-induced hole mobility enhancement is 

mainly caused by the warping of the valence subbands rather than the strain-induced 

reduction in the phonon scattering. 
 

 
Figure 2-27 Phonon dispersion spectrum of silicon along the (100) direction of the first 

Brillouin ( ΓΓΓΓ→→→→ ∆∆∆∆ →→→→ X). The f and g phonons participate in the intervalley scattering of 

electrons [2.71]. 
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2.3 Usage of Piezoresistance coefficients  

The most accurate approach to estimate the strain-induced change in the low-field 

mobility (∆µ/µ) is to use the bandstructure calculation together with the Monte Carlo 

simulation of mobility [1.14]. However, an approximate piezoresistance model is often 

used to organize the experimental data owing to its simplicity. For silicon, the 

piezoresistance coefficient (πij) is related to the change in piezoresistivity (∆ρκ/ρκ) and the 

mechanical stress (σκ) where the subscript i, j = 1, 2, 3, 4, 5, 6 and κ = 1, 2, 3, 4, 5, 6 [2.74, 

2.75]. For silicon, there are only three non-zero independent components of piezoresistive 

tensor [2.76], as shown in Table 2-1. 
 

Table 2-1 Components of the piezoresistive tensor of bulk silicon (units: 10
-11 

Pa
-1

) [2.74]. 

 π11 π12 π44 

p-Si 6.6 -1.1 138.1 

n-Si -102.2 53.4 -13.6 
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Using matrix manipulations [2.75, 2.76, 2.40, 2.41], eqn. (2.12) can be expressed as 

( )outout///// σπσπσπµµ ++−≈∆ ⊥⊥
. σ//, σ⊥ and σout are the mechanical stress that are parallel 

to L, perpendicular to L, and along the quantum confinement direction, respectively. π/, π⊥ 

and πout are the piezoresistance coefficients that are parallel to L, perpendicular to L, and 

along the quantum confinement direction, respectively. Tensile stress is taken to be 

positive stress while compressive stress is taken to be negative stress. From eqn.(1.1), the 

saturation drain current of long-channel MOS transistor is related to the low-field mobility. 

Hence, the piezoresistance coefficient can be found from the slope of the ∆µ/µ versus the 

uniaxial stress plot and dsds / II∆  versus uniaxial stress plot [2.41, 2.78]. Table 2-2 shows 

the device-level piezoresistance coefficients for MOS transistors fabricated on (100) Si 

wafer with <110> channel and <100> channel. A negative piezoresistance coefficient 
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means that tensile stress will improve the mobility. On the other hand, a positive 

piezoresistance coefficient means that compressive stress will improve the mobility. The 

differences in extracted π-coefficients [2.41, 2.77, 2.78, 2.79, 2.80] can be attributed to the 

variation in the channel doping concentration of the transistors [2.81]. Uniaxial tensile 

stress along the channel direction is beneficial to both <110> NMOS transistor and <100> 

NMOS transistor. The application of the uniaxial compressive stress along the channel 

direction is beneficial to <110> PMOS transistor. However, piezoresistance coefficient 

predicts that <100> PMOS transistor is virtually insensitive to mechanical stress. This is 

consistent with experimental results [1.35, 2.82]. Unlike <100> mechanical stress, <110> 

mechanical stress contains shear-strain components δxy = δyx. Since shear strain 

deformation potential is higher than the other strain deformation potentials, the warping of 

valence subband structure is more significant for <110> mechanical stress (see Fig. 2-26 

and Fig. 2-28) [1.15, 2.44]. In fact, the valence subband structure for unstrained silicon and 

<100> uniaxial stress are quite similar.  
 

Table 2-2 Device-level piezoresistance coefficients of the MOS transistors fabricated on (100) 

surface-oriented silicon wafer (units: 10
-11

 Pa
-1

).  

 

 <110> channel direction <100> channel direction 

 NMOS  PMOS  NMOS  PMOS  

π// (-49)a (90)a  (-38.6)c (9.1)c,d 

 (-48.5)b (60)b (-42.6)d (-15)e 

 (-35.5)c,d (71.7)c,d (-47.7)e  

 (-32)e (71)e   

π⊥ (-16)a (-46)a (-18.7)c  (-6.2)c,d  

 (-21.2)b (-38.8)b (-20.7)d (9)e 

 (-14.5)c,d (-33.8)c,d (-22)e  

 (-15)e (-32)e   

πout (87)a (-44)a   

 (27)e (-20)e   

          aafter [2.41],b after [2.77], c after [2.78], d after [2.79], e after [2.80]. 
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Figure 2-28 First Heavy-hole subband equivalent energy lines of (100) surface-oriented silicon 

under uniaxial <100> tensile stress of 1.5 GPa (Courtesy of Dr Pham from BST, TU 

Braunschweig, Germany, Ref. [2.44]). 

 

 From Table 2-2, for <110> NMOS transistor fabricated on (100) Si, πout is 

positive, whereas π// is negative. This means that uniaxial tensile stress will decrease the 

in-plane effective electron mass along the channel direction (mx) but increase the out-of-

plane effective electron mass (mz). This is consistent with Nakabayashi et al. [2.83] who 

reported that the channel carriers with lighter mx will have heavier mz. On the other hand, 

the uniaxial compressive stress will decrease hole mx but increase the hole mz [2.84].   

 However, the accuracy of the approximate piezoresistance model in eqn. (2.13) is 

only restricted to low mechanical stress [2.78]. This can be understood using the relation: 

resistivity, ρ is the reciprocal of the product of the electron charge, low-field mobility and 

carrier concentration.  
 

s

su

u

ns

u µ
µµ

ρ
ρρ

ρ
ρ −

=
−

=
∆                                                                                                 (2.13a)         

          

u

us

u µ
µµ

µ
µ −

=
∆                                                                                                                 (2.13b) 

 

where ρs , ρu , µs and µu are the resistivity of the stress-engineered MOS transistor, the 

resistivity of the unstrained MOS transistor, the low-field mobility of the stress-engineered 

MOS transistor, and the low-field mobility of the unstrained MOS transistor, respectively. 

At low mechanical stress, µs ≈ µu, 
                                                                                       

uu ρ
ρ

µ
µ ∆

≈
∆                                                                                                                          (2.14) 
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However, µs and µu differ significantly at higher level of mechanical stress. Tsang et 

al.[2.85] developed a C-R conversion by combining eqn.(2.12) , eqn.(2.13a) and 

eqn.(2.13b)  
 

1
1

1
1

1

1

κij
κ

κ −

+




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
=−
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






+

∆
=

∆

∑
κ

σπ
ρ
ρµ

µ                                                                           (2.15) 

 

From Fig. 2-29, C-R conversion model (eqn.2.15) has a better fit to the experimental ∆µ/µ 

versus the externally applied uniaxial stress as compared to the approximate 

piezoresistance model (eqn. 2.12).  
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Figure 2-29 Non-linearity of piezoresistance coefficient at higher uniaxial stress [2.85]. C-R 

conversion model is represented by eqn. (2.16). ∆∆∆∆µµµµ/µµµµ ≈≈≈≈ ∆∆∆∆ρρρρ/ρρρρ ×××× ππππ refers to the piezoresistance 

model, which is given by eqn. (2.13).  

 



36 

 

3. Drain current transport in nanoscale MOS transistors 

 This chapter will evaluate the merits and limitations of various drain current 

transport models. According to Natori [1.2.1], the carrier transport in MOS transistors can 

be classified based on the relative dimension between the gate length (L) and the mean free 

path (λ), as illustrated in Fig. 3-1. Qualitatively, λ is the average distance covered by the 

channel carrier between the successive collisions. λ is estimated to be in the 10 nm range 

[3.1]. Hence, the probability of a carrier encountering scattering events within the channel 

is expected to decrease when the transistor scaling intensifies. Since mobility is a concept 

involving channel scattering, mobility becomes irrelevant for ballistic transport.  
 

S D
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Gate length (L)

Drift-diffusion transport

(L >> λ)

Described by mobility

Quasi-Ballistic transport

(L ~ λ)

Ballistic transport (L < λ)
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Gate length (L)

Drift-diffusion transport

(L >> λ)

Described by mobility

Quasi-Ballistic transport

(L ~ λ)

Ballistic transport (L < λ)

Mobility is not applicable
 

Figure 3-1 Classification of carrier transport in MOS transistors [1.21]. 

3.1 Velocity saturation model 

The main advantage of this model is the simplicity of its saturation drain current 

equation for the nanoscale MOS transistor: ( )satth,GSinvox,satds VVWCvI −= . From Fig. 3-2, vsat 

for electrons is 107 cm/s , whereas vsat for holes is 6×106 cm/s at temperature of 300 K 

[1.9]. Based on the theoretical predictions [1.10], vsat is independent of µeff. In the other 

words, the velocity saturation model predicts that the Ion of the nanoscale MOS transistors 

cannot be increased by mobility enhancement techniques. This is contradictory to the 

experimental results of strain-induced Ion improvement in nanoscale MOS transistors 

[1.11-1.13]. In addition, Tatsumura et al. [1.29] and Khakifirooz [3.2] have experimentally 

proven that the high-field carrier velocity is indeed related to the low-field mobility. 
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Figure 3-2 Time-of-flight measurement suggests that the low-field mobility (µµµµeff) is 

independent of carrier velocity at high lateral electric field [1.9].  
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Figure 3-3 Electron velocity overshoot has been observed at room temperature in bulk NMOS 

transistor with gate length (L) of 32 nm [1.19].   

 

Monte Carlo simulation [1.16-1.18] and experimental data [1.19] showed that 

velocity overshoot can occur in the nanoscale MOS transistors. Fig. 3-3 shows that 

electron velocity overshoot can be observed at room temperature in bulk NMOS transistor 

with nominal gate length (L) of 37 nm [1.19]. The physics behind the observation of 

velocity overshoot can be understood as follows. Lateral electric fields well-above 104 

V/cm are present in the channel of a nanoscale MOS transistor. This is certainly high 

enough to cause velocity saturation in bulk silicon, but transients can occur in short, high 

electric field regions. This can be understood as follows. Electrons are first injected into 

the channel and then are accelerated by the lateral electric field. Although several phonon 

collisions are required to reduce a carrier’s energy, a single large angle scattering event can 

remove all of its directed momentum, and this causes the energy relaxation times to be 

longer than the momentum relaxation times [3.3]. As a consequence, the mobility is 

initially high, so the velocity can be very high. As the energy increases, scattering 

increases and thus mobility decreases, and the velocity eventually decreases to 107 cm/s 
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(saturation velocity of electrons in silicon). From Fig.3-4, the spatial width of the transient 

is approximately 100 nm [3.4]. Since the gate length of the state-of-the-art MOS transistors 

is below 100 nm, strong velocity overshoot can be expected in the state-of-the-art MOS 

transistors.  

 
Figure 3-4 The average velocity versus position for electrons injected into a short slab of 

silicon with a high electric field [3.4]. Dotted line refers to the average velocity of electrons. 

Solid line refers to the kinetic energy of the electrons. 

 

 Another common misconception about velocity saturation is related to the drain 

current saturation in the drain current (Ids) versus the drain-to-source (VDS) characteristics 

at high VDS. From eqn. (1.2), the velocity saturation model predicts that the saturation Ids of 

the short channel MOS transistor has a linear relationship with VGS, and thus the Ids versus 

VDS characteristics of a nanoscale transistor is expected to have constant spacing for equal 

VGS step at high VDS [3.5]. On the other hand, the saturation Ids of the long channel MOS 

transistor is controlled by pinchoff [3.6]. Based on the constant mobility assumption,    

eqn. (1.1) predicts that the saturation Ids of long channel MOS transistor has a quadratic 

relationship with VGS and thus the saturation Ids versus VDS characteristics is expected to 

have increasing spacing for equal VGS step [3.5]. However, the constant spacing for equal 

VGS step is often observed in the experimental Ids versus VDS characteristics of the long 

channel MOS transistor, as shown in Fig. 3-5. Hence, the constant spacing in the Ids versus 

VDS characteristics at high VDS cannot be taken as an indication of the onset of velocity 

saturation. Using the concept of velocity saturation, Suzuki and Usuki [3.7] proposed an 

equation for the saturation drain voltage (VDsat) that can account for the disparity between 

the experimental VDsat and the VDsat that is predicted by the classical pinchoff theory [3.8] 

:
th,satGSDsat VVV −= . 
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 where µe is the low-field mobility. vsat is the saturation velocity. Based on the conventional 

MOS transistor theory, VDsat is given by (VGS -Vth,sat)/m where 1.1 ≤ m ≤ 1.4 [3.9].  
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Figure 3-5 Equal spacing in the Ids versus VDS characteristics at high VDS is observed in (a) 

long-channel NMOS transistor, (b) short-channel NMOS transistor.  

3.2 Ballistic transport model 

 According to Natori [1.20], the saturation drain current of a nanoscale MOS 

transistor under ballistic transport is,  
 

( )satth,GSoxinjds VVWCvI −=                                                                                                   (3.2) 

  

where Cox is the gate oxide capacitance per unit area. The injection velocity (vinj) is given 

by [1.20], 
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Substituting eqn.(3.3) into eqn. (3.2), 
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where Mv is the effective lowest level degeneracy in the conduction subband that is 

modified to include the effects of the population in upper subband levels. When VGS 

increases, the potential barrier at the source-channel region is lowered and thus the carrier 

density is increased. According to Pauli principle, the carriers are expected to populate 

higher energy levels and the increase in kinetic energy leads to an increase in the mean 

velocity [3.1]. Hence, vinj increases with an increase in VGS, as shown in Fig. 3-6 [1.21].  

 From Fig. 3-7, Natori’s ballistic theory [1.20] predicts that an increase in 

temperature will increase vinj, and thus the saturation drain current is expected to increase 

with increasing temperature in accordance with eqn. (3.2). However, this theoretical 

prediction of the temperature behaviour of Ids is contradictory to the experimental data. 

According to Park et al. [3.10], the experimental Ids will experience a reversal in 

temperature dependency across the temperature independent point (TIP) owing to the 

opposing behaviour of the low-field mobility (µeff) and the threshold voltage with 

temperature. When VGS is smaller than TIP, Ids will increase with increasing temperature. 

This can be associated with vinj of Natori’s 1994 theory [1.20]. When VGS is bigger than 

TIP, Ids will decrease with increasing temperature owing to the mobility degradation at 

elevated temperature [3.11-3.13]. 
 

 
Figure 3-6 Injection velocity (vinj) as a function of the inversion carrier density [1.21]. 
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Figure 3-7 Temperature dependency of the injection velocity (vinj) and the saturation drain 

current of the nanoscale NMOS transistors [1.20]. 

 

Another problem with Natori’s 1994 theory [1.20] is that his theory predicts that the 

saturation Ids of the nanoscale MOS transistor will follow a (VGS - Vth,sat)
3/2 relationship. 

From eqn. (3.4), Vth,sat can be found by extrapolating the Ids
2/3 versus VGS characteristics. In 

this context, we regard this threshold voltage as the extrapolated threshold voltage          

(VT, extrapol). First of all, there is clearly no unique gate voltage at which drain current begins 

to flow.  Considering a large geometry NMOS transistor with no short-channel effects and 

no narrow-channel effects, the threshold voltage of conduction (VT, 2φF) is given by [3.14], 

( )
ox

BSFAosi
2FFB2,T

22
F C

VNq
VV

−
++=

φεε
φφ

 where VBS is the substrate-source voltage. VFB is 

the flatband voltage. φF is Fermi-level of bulk . From Fig.3-8, VT,extrapol is always bigger 

than VT, 2 φF.  

From Fig. 3-9(a), the measured Ids
2/3 versus VGS characteristics is smaller than the 

extrapolated line and VT,extrapol is smaller than VT,2φF. Hence, it is unlikely that the saturation 

Ids of nanoscale MOS transistor will follow a (VGS -Vth,sat)
3/2 relationship. On the other hand, 

eqn. (1.2), which is based on the concepts of velocity saturation, predicts that Ids will 

follow a linear relationship with VGS. In the other words, Vth,sat can be found by 

extrapolating the Ids
 versus VGS characteristics. From Fig. 3-9(b), the measured Ids

 versus 

VGS characteristics is quite close to the extrapolated line and VT,extrapol is bigger than VT, 2 φF. 

Hence, it is more likely that the saturation Ids of nanoscale MOS transistor will follow a 

(VGS -Vth,sat)
  relationship.  
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Figure 3-8 Illustration of VT, 2φφφφF and VT,extrapol in the Ids versus VGS characteristics[3.14]. 

 

 
Figure 3-9 As opposed to Natori’s 1994 theory on ballistic transport, the saturation Ids of the 

nanoscale NMOS transistor (L = 60 nm) does not follow a (VGS -Vth,sat)
3/2 relationship.  The 

symbols indicate the data points that are used for the linear extrapolation. The thicker lines 

indicate the experimental values of Ids. 

 

In Natori’s 2008 paper [3.1], he acknowledged that his equation for the saturation 

drain current of nanoscale MOS transistor in ballistic transport is independent of the gate 

length. From Fig. 3-10, the simulation results show that the drain current of a  double-gate 

NMOS transistor in ballistic transport is found independent of the channel length, except 

for the shortest gate length (10 nm) for which the short channel effects (SCEs) are 

exacerbated, leading to the strong reduction of the threshold voltage [3.15]. This is 

contradictory to the experimental data, which clearly show that the drain-induced barrier 

lowering (DIBL) and SCEs will increase in the saturation Ids of the nanoscale MOS 

transistor. 
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Furthermore, Natori also pointed out that his theory is derived by Landeur’s 

formula whereby the source and drain are assumed to be ideal reservoirs that inject 

sufficient carriers into the channel [3.1]. In the other words, Natori’s theory does not 

consider the effects of the S/D series resistance (Rsd) on the carrier transport. With 

reference to Fig. 3-11, the potential along the channel direction varies linearly in the source 

and drain regions when Rsd is considered but the potential profile in the channel is the same 

with or without Rsd [3.15]. From Fig. 3-12, when Rsd is considered, the simulated Ids of a 

NMOS transistor in the ballistic transport will become comparable to a NMOS transistor in 

the drift-diffusion transport [3.15]. 

 
Figure 3-10 Simulation results of the drain current as a function of VDS for a double-gate 

NMOS transistor with several channel lengths [3.15]. Solid line for ballistic transport and 

dashed line for classical diffusive transport. 

 

 
Figure 3-11 Impact of the S/D series resistance (Rsd) on the potential profile along the channel 

of NMOS transistor [3.15]. 
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Figure 3-12 Impact of the S/D series resistance (Rsd) on the Ids versus VDS characteristics of a 

NMOS transistor [3.15]. 

 

Using the concepts of ballistic transport, Saad et al. proposed that the equation of 

VDsat can be expressed as follows [3.16], 
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l
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where α is less than 1. According to Saad et al. [3.16], α is around 0.7 when VDS is 0.9 V. 

Despite the complexity of their theory, the important message is that VDsat of long-channel 

MOS transistor is bigger than VDsat of nanoscale MOS transistor [3.17].  

Another fundamental problem of ballistic transport is the definition of ballistic 

transport based on the relative dimension between L and λ. From Fig. 3-13, the 

experimental results show a dramatic decrease of λ (down to 2.6 nm) and a reduction in µeff 

when gate length is reduced [3.18]. This means that ballistic transport is unlikely to occur 

in the state-of-the-art MOS transistors with L ≥ 32 nm because L > λ. This strong reduction 

in mobility is typically observed in MOS transistors when the gate length is further 

reduced [3.19-3.23]. The exact mechanism of the mobility degradation is still not clearly 

understood. It is first attributed to the presence of halo implants because the contribution of 

halo implants to the channel doping concentration increases with decreasing gate length 
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[3.19]. However, the mobility degradation also occurs in MOS transistors without halo 

implants, as shown in Fig. 3-14 [3.20]. Furthermore, this mobility degradation is also 

observed in the undoped double gate MOS transistors [3.20] and the undoped fully-

depleted silicon-on-insulator (FD-SOI) MOS transistors [3.23]. This indicates that the halo 

implant is not the dominant factor involved in the mobility degradation at shorter gate 

length.  

Another limiting transport mechanism expected to be non-negligible in the short-

channel MOS transistor is the presence of neutral defects induced by S/D extension 

implants [3.20]. From Fig. 3-15, the increase in the activation anneal temperature from 

1050 °C to 1080 °C improves the low-field mobility of NMOS transistors at short gate 

length without any effect on the threshold voltage (Vth), evidencing neutral defects 

recovery. Another explanation of the mobility degradation at smaller gate length is that the 

increase in the long-range Coulomb scattering interactions between the high-density 

electron gases in the S/D regions and the channel electrons for very short channel MOS 

transistors [3.21, 3.22]. As shown in Fig. 3-16, the short-range Coulomb scattering, which 

occurs between the electron-electron interactions as well as the electron–ion interactions, 

will cease to exist when the distance between the electron and ion (r) becomes bigger than 

the screening length [3.22]. On the other hand, the plasma fluctuations present in the high 

electron density regions can penetrate into the channel of the MOS transistor through 

distances in the order of tens of nanometers [3.21, 3.22]. Fig. 3-17 shows that the long-

range Coulomb scattering thermalizes the electron distribution in the S/D regions from the 

ambient temperature of 300 K to elevated S/D effective temperature of 800 K [3.22]. 

Monte Carlo simulation of Ids versus VDS characteristics shows that the long-range 

Coulomb scattering is essential to properly model the Ids versus VDS characteristics of a 

nanoscale MOS transistor, as shown in Fig. 3-18. 

According to Heiblum & Eastman [3.24], the electrons will experience ballistic 

transport if there is no obstacle to scatter the electrons. In the other words, the electrons 

will move under the influence of the electric field in accordance to Newton’s 2nd law of 

motion when it is in a vacuum environment or there is no obstacle. In Year 1928, Bloch 

postulated that the wave-particle duality of electron allows it to move without scattering in 

the densely packed atoms of a crystalline solid if (i) the crystal lattice is perfect, and (ii) 

there is no lattice vibration [3.25]. However, doping impurities such as boron, arsenic and 

phosphorus are added to the silicon crystal so as to tune the electrical parameters such as 

the threshold voltage and Ioff. These dopants will disrupt the periodic arrangement of the 
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crystal lattice, leading to collisions with the impurity ions and the crystalline defects. 

Moreover, the atoms in crystals are always in constant motion according to the Particle 

Theory of Matter. These thermal vibrations cause waves of compression and expansion to 

move through the crystal and thus scatter the electrons [3.25]. Therefore, achieving 

ballistic transport in MOS transistors is only an ideal situation [3.1]. 
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Figure 3-13 Mean free path (λλλλ) as a function of Leff  for NMOS transistor [3.18]. Constant gate 

overdrive of 1.1 V is used. The drain bias is 10 mV. 
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Figure 3-14 Mobility degradation with Leff is observed in NMOS transistors without halo 

implants [3.20]. 
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Figure 3-15(a) Schematics of neutral defects near S/D regions , (b) Neutral defects recovery by 

increasing the rapid thermal anneal (RTA) temperature [3.20]. 
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Figure 3-16 Role of long-range Coulomb scattering in nanoscale MOS transistor: (a) Region 

of influence, (b) Potential fluctuations in the S/D regions [3.22]. Note that r is the distance 

between the channel carrier and the scattering ion. 
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Figure 3-17 The effective electron temperature in the S/D regions is at 800 K rather than the 

ambient temperature of 300 K: (a) the carrier velocity distribution, (b) the kinetic energy 

distribution at location close to the source and drain contacts [3.22]. 
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Figure 3-18 Effects of the long-range Coulomb scattering on the Ids versus VDS characteristics 

of a nanoscale NMOS transistor [3.22]. 

3.3 Quasi-ballistic transport 

Based on Lundstrom’s 1997 theory on quasi-ballistic transport, the saturation drain 

current (Ids) of a nanoscale MOS transistor is related to the low-field mobility (µeff).  In the 

other words, quasi-ballistic transport is able to account for the strain-induced Ion 

improvement in the nanoscale MOS transistor [1.11-1.13]. 
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with the thermal velocity (vT) is given by [1.24], 
 

( )tBT /2 mTkv π=                                                                                                            (3.10) 

       

where kB is the Boltzmann’s constant. T is the absolute temperature. Using eqn. (3.10), vT 

is approximately equal to 1.2 × 107 cm/s at temperature of 25 °C.  

According to Lundstrom [1.25], if a carrier backscatters beyond the critical length 

(ℓ), it is likely to exit from the drain and is unlikely to return back to the source, as shown 

in Fig. 3-19. For NMOS transistor, ℓ is defined as the distance between the top of the 

conduction band edge and the point along the channel where channel potential drops by 

kBT/q. From Fig. 3-20, ε(0+), which is  defined as the average electric field within the 

length ℓ ,increases with increasing VDS [1.25]. When pinch-off occurs, VDS is fixed at VDsat 

and thus ε(0+) becomes independent of VDS (see Fig. 3-21) [3.26]. According to Lee et 
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al.[3.27], ε(0+) of a nanoscale PMOS transistor with a nominal gate length of 50 nm is 

between 8 ×104 V/cm and 3 ×105 V/cm . 
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Figure 3-19 Definition of the critical length ( l ) for NMOS transistor [1.25]. 
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Figure 3-20 The average electric field, ε(0

+
) is a function of VDS [1.25]. 
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Figure 3-21 Schematics of the potential profile along the channel length of a NMOS transistor 

under quasi-ballistic transport [3.26]. ∆∆∆∆Voverlap is the drop in potential in the source series 

resistance and the accumulation region under the source-to-gate overlap. (Vs)intrinsic and  

(VD)intrinsic are the intrinsic source bias and the intrinsic drain bias, respectively. Φbarrier is the 

potential barrier at the source-channel. 
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Figure 3-22 The thermal injection velocity ( T
~v ) versus the inversion layer density (ns) [1.25]. 

For VGS below threshold voltage, T
~v  ≈ 1.2 ×××× 10 

7
 cm/s. For VGS above threshold voltage, the 

channel carriers become degenerate and T
~v  increases. 

 

However, there is actually a major flaw in eqn. (3.10). At very low temperature 

such as close to 0 K, vT tends to zero and thus eqn. (3.9) predicts that the saturation Ids will 

approach zero. However, there are numerous reports that MOS transistors and CMOS 

integrated circuits can function quite well at very low temperature such as liquid helium 

temperature [3.28-3.30]. In Year 2000, Lundstrom and Ren [1.25] made an attempt to 

incorporate Natori’s 1994 theory into their theory,  
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where the inversion layer, Qi(VGS) is approximately equal to 2Cox(VGS -Vth,sat) when VGS is 

bigger than the threshold voltage. η = (EF -Ec)/ (kBT) where EF is the Fermi level, and Ec is 

the conduction band edge. UDS is VDS normalized to kBT/q. The Fermi-Dirac integral,  

( ) dy
uy

y
u ∫

∞
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=ℑ

0

2/1 )exp(1
 [1.21]. The equation for the thermal injection velocity ( T

~v ) is 

given by [1.25],  
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As opposed to vT in eqn. (3.10), T
~v  in eqn. (3.12) is a function of T and VGS. From             

Fig. 3-22, T
~v  actually increases with increasing VGS [1.25]. 
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3.4 Semi-empirical model 

 Khakifirooz et al. proposed a semi-empirical model for the saturation drain current 

of the nanoscale MOS transistor [1.28]. This model is based on the “virtual source”, which 

is located at the top of the conduction band profile for NMOS transistor, as shown in     

Fig. 3-23. Based on the “charge-sheet” approximation, the saturation Ids of the nanoscale 

MOS transistor can be described by the product of the local charge density (Qixo) and the 

carrier velocity (vxo) [1.27,1.28]. 
 

xoixods vWQI =                                                                                                                   (3.13) 

 

where Qixo is given by [1.28],  
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where Rs is the source series resistance, and m is the body-effect coefficient.  

vxo is given by [1.27, 1.28] is, 
 

( )vWRC

v
v

δ211 sox
xo +−

=                                                                                                 (3.15) 

 

where δ  is the drain-induced-barrier lowering (DIBL) with units of V/V. The carrier 

velocity can be extracted as follows [1.27], 
 

( )satth,GSox

ds /

VVC

WI
v

−
=                                                                                                          (3.16) 

 

The semi-empirical model is able to account for the strain-induced Ion enhancement in the 

nanoscale MOS transistor. From Fig. 3-24, stress engineering can increase vxo of the 

nanoscale MOS transistors to beyond vsat [1.27]. In addition, semi-empirical method 

considers the effects of Rs on the saturation Ids of the nanoscale MOS transistors. 

Furthermore, the semi-empirical model predicts that the saturation Ids of the nanoscale 

MOS transistors is dependent on DIBL and SCE (see Fig. 3-25). 
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Figure 3-23 Illustration of the virtual source point (xo) in the NMOS transistor. Qixo and vxo 

are defined at the top of the conduction band profile along the channel direction. [1.28]. 
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Figure 3-24 Extracted virtual source velocity (vxo) as a function of the gate length for (a) 

NMOS transistors, (b) PMOS transistors that are fabricated on (100) Si wafer with <110> 

channel orientation [1.27]. Stress engineering can increase vxo to beyond vsat. 
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Figure 3-25 Extracted virtual source velocity (vxo) and effective carrier velocity (v) versus 

DIBL for the nanoscale NMOS transistors and PMOS transistors [1.27]. 
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3.5 Results and Discussion 

3.5.1 Temperature dependency of the drain current  

In Section 3.1.2, we have pointed out that Natori’s 1994 theory on ballistic 

transport [1.20] predicts that the saturation drain current of nanoscale MOS transistor will 

increase when temperature increases. However, experimental results have shown that the 

Ion of nanoscale MOS transistor actually decreases with increasing temperature. In this 

chapter, we will look into the VGS range where the prediction of Natori’s 1994 theory is 

valid. Another motivation of this study is to identify the gate length of MOS transistors and 

VGS biasing condition in which Ids is less sensitive to temperature. 

From Fig. 3-26, we observed that the temperature independent point (TIP) is 

dependent on the gate length of the transistors. For 1 µm long PMOS transistor, TIP is 

about -0.6 V. For 60 nm long PMOS transistor, TIP is about -0.95 V. Since the power 

supply voltage (VDD) of these PMOS transistors is -1.2 V, Ion of the short-channel PMOS 

transistor is less sensitive to a temperature increase compared to that of the long-channel 

PMOS transistor. In the other words, the temperature dependency of Ids will obey Natori’s 

1994 theory only if the transistor is biased with VGS below TIP. The practical implication of 

this work is that if we can operate the MOS transistors at VGS below TIP, Ids will not be 

degraded by joule heating in the integrated circuits [3.31].  

To further investigate the validity of Natori 1994 theory on the temperature 

dependency of Ids, we studied the gate length dependency of TIP. Fig. 3-27 shows that TIP 

versus L characteristics of MOS transistors is related to the saturation threshold voltage 

(Vth,sat) versus L characteristics. Vth,sat is extracted using the constant current method with 

reference current, Iref = 0.1 µA W/L. When the MOS transistors are in the reverse short 

channel effect (RSCE) regime (0.1 µm ≤ L ≤ 10 µm), both Vth,sat and TIP increase with 

decreasing L. When the MOS transistors are in the short-channel effect (SCE) regime (L < 

60 nm), both Vth,sat and TIP decrease with decreasing L. It is interesting to note that both 

TIP and Vth,sat reach their maximum point in the transition between RSCE and SCE 

regimes. In addition, we studied the effects of the drain bias (VDS) on the TIP versus L 

characteristics of the NMOS transistors. From Fig. 3-28, both TIP and Vth,sat of NMOS 

transistors in the SCE regime decrease when VDS is increased from 0.6 V to 1.2 V. This 

shows that the roll-off of TIP at smaller gate length is indeed caused by SCE. 
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Figure 3-26 Temperature independent point (TIP) of the long-channel PMOS transistor with 

nominal gate length of 1 µµµµm (a, b), and the short-channel PMOS transistor with nominal gate 

length of 60 nm (c,d). VDD is -1.2  
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Figure 3-27 Gate length dependency of temperature independent point (TIP) for (a) NMOS 

transistor, (b) PMOS transistor. VDD is 1.2 V. 
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(a)                                                      (b)  
Figure 3-28 NMOS transistors (fabricated by 65 nm CMOS technology) in the SCE regime: 

(a) TIP decreases with increasing VDS, (b) Vth decreases with increasing VDS. Note that DIBL = 

Vth,lin -Vth,sat. 

 

Previous work has shown that it is more appropriate to use the effective drive current 

(Ieff) in the gate delay metric compared to Ion because Ion is never reached during inverter 

switching [3.32]. Using the four-point model for Ieff extraction [3.33], we extracted the 

percentage change in Ieff (∆Ieff) when the temperature is increased from -25°C to 125°C. 

Moreover, we also measured the percentage change in Ion (∆Ion) when the temperature is 

increased from -25°C to 125°C. From Fig. 3-29, we observed that ∆Ieff and ∆Ion are the 

smallest when the MOS transistors are in the transition between the SCE regime and RSCE 

regime. This corresponds to a maximum in the TIP versus L characteristics. Hence, Ion and 

Ieff of transistors in the transition regime are less sensitive to temperature variation.  

In short, we have studied the gate length dependency of Ion, Ieff, Vth,sat and TIP. We 

found that the gate length dependency of TIP in the nanoscale MOS transistors is related to 

the Vth,sat versus L characteristics. Based on the simulation results by Hisamitsu et al. 

[3.34], an increase in the threshold adjustment implant dose will increase the magnitude of 

TIP, as shown in Fig. 3-30. Since the temperature sensitivity of Ids will be smaller when 

TIP is closer to the operating VGS, we can tune the dose of the threshold adjustment implant 

such that TIP of the MOS transistor will match the operating VGS of the transistors. 

However, this approach will degrade Ion and Ieff because an increase in the dose of the 

threshold adjustment will increase in Coulomb scattering [3.11]. From Fig. 3-29, 

maximum TIP occurs at the transition regime between RSCE regime and SCE regime. 

Hence, a better approach is to tune the halo implant such that the nanoscale MOS transistor 

with the target gate length will lie in the transition between RSCE regime and SCE regime.  
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Figure 3-29 Temperature sensitivity in Ion and Ieff of NMOS transistors as a function of L. 
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Figure 3-30 Simulation shows that threshold adjustment implant can increase TIP [3.34]. 

3.5.2 Saturation drain current equation 

Table 3-1 summarizes the merits and limitations of various drain current transport 

theories for the nanoscale MOS transistors. The quasi-ballistic transport and the semi-

empirical model are able to account for the strain-induced Ion improvement in the 

nanoscale MOS transistor [1.11-1.13]. Only the semi-empirical model can account for the 

effects of the parasitic S/D series resistance (Rsd) on the drain current of the nanoscale 

MOS transistor. From Fig. 3-12, the simulated Ids of a nanoscale MOS transistor in ballistic 

transport will become comparable to that in drift-diffusion transport when Rsd is considered 

[3.15]. Hence, it is important to consider the effects of Rsd in the drain current transport of 

the nanoscale MOS transistor. On the other hand, the velocity saturation model and the 

semi-empirical model consist of parameters that can be easily obtained from the standard 

electrical measurements. However, ballistic transport and quasi-ballistic transport provide 

a better physical picture of the carrier transport as compared to the semi-empirical model. 
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Hence, there is a need to unify the merits of the above transport models and then come up 

with a simplified equation for the saturation drain current of nanoscale MOS transistor.  
 

Table 3-1 Merits and limitations of various drain current transport theories for the nanoscale 

MOS transistors.
  

 Velocity 

saturation 

modela 

Ballistic 

transportb 

Quasi-ballistic 

transportc 

Semi-

empirical 

modeld 

Ion is related to µeff  No No Yes Yes 

Velocity overshoot  No Yes Yes Yes 

L dependency  No No Yes Yes 

Ease of parameter extraction Yes No No Yes 

Rsd dependency  No No No Yes 

Better Ion performance at very low 

temp ( T � 0 K) 

Yes No No  Yes 

a after [1.6-1.10],b after [1.20-1.23], cafter [1.24,1.25], d after [1.27,1.28]. 
 

By improvising Lundstrom’s 1997 theory, we proposed that the equation of the 

saturation drain current of nanoscale MOS transistor can be expressed as follows, 
 

( ) ( )satth,GSoxsdGSeffeffds ,,, VVWCRTVvI −= µ                                                                       (3.17a) 

 

Furthermore, effective carrier velocity (veff) is also related to v1 and v2 terms. 
 

( )
( ) ( )

1

GSeff2sdGS1
sdGSeffeff ,,

1
,,

1
,,,

−









+=

TVvRTVv
RTVv

µ
µ                                                   (3.17b)                                     

 

( ) ( )sdGSinjsdGS1 ,,,, RTVvRTVv =                                                                                         (3.17c)                                                     

 

( ) ( ) ( )+= 0,, GSeffGS2 εµ TVTVv                                                                                           (3.17d) 

 

where veff can be experimentally extracted at high VDS [3.35]. Table 3-2 shows the 

differences among our proposed theory, Natori’s 1994 theory and Lundstrom’s 1997 

theory. Although Lundstrom’s 1997 theory is able to account for the strain-induced Ion 

improvement, his theory is unable to explain the Ion improvement at very low temperature 

such as liquid helium temperature. In Lundstrom’s 1997 theory, v1 is equal to vT, which is 

only dependent on temperature. From the perspective of gaining thermal energy from the 

ambient, when temperature is very low, the kinetic energy of the channel carriers are 

expected to be low, and thus leading to a smaller Ion. In Natori’s 1994 theory, v1 is equal to 
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vinj term, which is a function of both VGS and temperature. In this case, even when the 

temperature is very low, an increase in VGS can lower the potential barrier at the source-

channel region, leading to an increase in the carrier density. Since the drain current is a 

product of the carrier density and the carrier velocity, the introduction of vinj into 

Lundstrom’s 1997 theory may be able to account for the experimental observation of Ion 

enhancement at very low temperature. Hence, we proposed to replace v1 of   Lundstrom’s 

1997 theory by v1 of Natori’s 1994 theory. 
 

Table 3-2 Comparison between Natori’s 1994 theory, Lundstrom’s 1997 theory and our 

proposed theory on drain current transport of the nanoscale MOS transistor. 

 

 v1 v2 Remarks 

Natori’s theory  vinj (VGS, T) ------ Cannot account for  

• Strain-induced Ion improvement 

• Ion degradation at elevated temp. 

Lundstrom’s  

theory  

( )tBT /2 mTkv π=  ( ) ( )+0,GSeff εµ TV  Cannot account for  

• Ion improvement at liquid helium 

temp. 

Our proposed 

theory 

vinj (VGS, T, Rsd) ( ) ( )+0,GSeff εµ TV  Can account for  

• Strain-induced Ion improvement 

• Ion degradation at elevated temp. 

• Ion improvement at liquid helium 

temp. 

 

 

In addition, we also modify the definition of vinj to include the effects of Rsd. Our 

rationale can be understood as follows. From Fig. 3-12, the presence of Rsd will not affect 

the conduction band edge (Ec) profile in the n-channel [3.15]. However, the presence of Rsd 

will cause a potential drop in the S/D regions, resulting in a built-in electric field with the 

S/D regions, as shown in Fig. 3-31. This electric field in the source region will accelerate 

the electrons. Hence, the presence of Rsd allows the electrons to attain higher energy prior 

to thermionic emission from the source into the channel.  According to Chen et al. [3.36], 

Rs is about 75 Ω-µm and Ion of the NMOS transistor (L = 68 nm, Tox = 1.65 nm) is about 

800 µA/µm. Hence, the voltage drop in the source side due to Rs is about 800 µA/µm × 75 

Ω-µm = 60 mV. (Note that vT is approximately 26 meV at room temperature). We 

proposed that the electrons are “heated” up by this 60 meV energy due to Rsd and thus their 

velocities can be significantly bigger than 1.2×107 cm/s. Moreover, this extra energy from 
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electron heating in the Rsd region is expected to increase with increasing VGS because a 

higher VGS implies a bigger Ids. According to Nakanishi et al. [3.22], the long-range 

Coulomb scattering thermalizes the electron distribution in the S/D regions from the 

ambient temperature of 300 K to elevated S/D effective temperature of 800K, and thus the 

maximum carrier velocity achievable in the S/D region can increase to 6×107 cm/s, as 

shown in Fig. 3-17. By considering the electron heating in the Rsd regions, our simplified 

saturation drain current of nanoscale MOS transistor can overcome the weakness of 

Lundstrom’s 1997 theory [1.24] and account for Ion improvement of MOS transistors and 

CMOS integrated circuits at very low temperature such as liquid helium temperature. 
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Source DrainChannel
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Figure 3-31 Effects of Rsd on Ec of a NMOS transistor in saturation operation. 
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Figure 3-32 Effects of CESL-induced tensile stress on: (a) µµµµeff versus VGS characteristics, (b) 

veff versus VGS characteristics of a NMOS transistor (L = 60 nm). 
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Figure 3-33 Effects of temperature on vsat_eff and veff of a NMOS transistor with nominal gate 

length of 60 nm. Note that vsat_eff refers to the average value of veff when VGS is close to VDD. 

 

As shown in Fig. 3-32 and   Fig. 3-33, veff is a function of VGS and T at a fixed VDS. 

The relationship between veff and µeff can be understood as follows. From eqn.(3.17d), a 

higher µeff will lead to a  higher v2 should give a higher effective velocity. An inspection of 

Figs. 3-32 shows that this is case at low VGS (i.e. before the peak in µeff). At high VGS (i.e. 

after  the peak in µeff), Fig. 3-32(c) shows that µeff becomes insensitive to the strain, but 

Fig.3-32 (d) shows that vsat_eff clearly is increased by strain even at high VGS. The 

mechanism behind the strain-induced change in µeff depends on the VGS range. For low 

VGS, µeff is affected by phonon scattering, which is decreased by uniaxial tensile stress 

owing to the strain-induced suppression of the intervalley photon scattering. On the other 

hand, at high VGS, µeff is affected by surface roughness scattering. Strain effects on surface 

roughness limited mobility is controlled by two competing factors. The first factor is 

related to the strain effects on the proximity of the carrier centroid to the roughness 

induced potential perturbations at the Si/SiO2 interface. Since uniaxial tensile stress moves 

the centroid of the inversion charge closer to the Si/SiO2 interface [3.37], the 

carrier/roughness interaction increases, and thus the surface roughness limited mobility 

decreases. The second factor is related to the morphological change in surface roughness 

by strain. Atomic force microscopy measurements on epitaxially 0.8% strained SOI 

devices have shown that tensile stress can indeed reduce the surface roughness [3.38], and 

thus leads to the electron mobility enhancement. Owing to the competing factors in the 

surface-limited mobility, it appears that mobility is not affected by strain. Unlike µeff that is 

extracted at low drain bias, vsat_eff is extracted at high drain bias. For the same gate bias, the  

electric field across the Si/SiO2 interface will be smaller at high drain bias compared to low 



61 

 

drain bias. Hence, the carrier centroid will be further away from the Si/SiO2 interface at 

high drain bias. In the other words, the strain effects on the proximity of the carrier 

centroid to the surface roughness induced potential perturbations at the Si/SiO2 interface is 

expected to be smaller for high drain bias compared to low drain bias. Considering the 

same amount of tensile stress, the morphological change in surface roughness by strain is 

the same for high drain bias and low drain bias. Therefore, at high VGS, there is a strain-

induced improvement at high VDS (i.e. vsat_eff) but not at low VGS (i.e. µeff).  

The significance of v2 term is that it establishes a link between Ion of the nanoscale 

MOS transistor and µeff. With reference to Fig. 1-4, there is an experimental correlation 

between the low-field mobility and the high-field carrier velocity [1.29]. Furthermore, the 

v2 term also provides a better compatibility between theory and the experimental results of 

the strain-induced Ion improvement in the nanoscale MOS transistor [1.11-1.13]. As 

explained in Section 3.1.2, one of the weaknesses of Natori’s 1994 theory on ballistic 

transport [1.20] is that it cannot account for the experimental observation of the strain-

induced Ion improvement. By incorporating the v2 term from Lundstrom’s 1997 theory 

[1.24] into Natori’s 1994 theory [1.20], our simplified saturation drain current of nanoscale 

MOS transistor can overcome the weakness of Natori’s 1994 theory [1.20] and account for 

the strain-induced Ion performance of MOS transistors [1.11-1.13]. 

Another weakness in Lundstrom’s 1997 theory is that there is no equation for 

ε(0+). With reference to Fig. 3-20 and Fig. 3-21, we deduce that ε(0+) is a function of both 

VGS and VDS such that ε(0+, VDS = VDD) is approximately equal to ε(0+, VDS = VDsat) where 

VDD is the power supply voltage and VDsat is the saturation drain voltage. Therefore, we 

propose that ε(0+) can be expressed as follows, 
 

( )
eff

Dsat10
L

Vα
ε =+                                                                                                               (3.18a) 

 

where the correction factor (α1) is smaller than 1. Based on the conventional MOS 

transistor theory [3.9], VDsat is given by (VGS - Vth,sat)/m where 1.1 ≤ m ≤ 1.4. Furthermore, 

Suzuki and Usuki [3.7] also proposed that VDsat is smaller than (VGS - Vth,sat) for the short-

channel MOS transistors, as shown in eqn. (3.1).  This shows that the relationship of      

VDsat = (VGS - Vth,sat)/m is still reasonably correct for very short MOS transistors. Therefore, 

ε(0+) can also be expressed as, 
 

( )
( )

eff

satth,GS20
L

VV −
=+ α

ε                                                                                                   (3.18b) 
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where correction factor (α2) is smaller than 1. Using the Leff extraction method proposed by 

Guo et al. [3.39], we found that the Leff of our 60 nm NMOS transistor) is 0.030 µm. Using 

the constant current method with reference current, Iref = 0.1 µA W/L, the extracted Vth,sat is 

about 0.3 V. By substituting Leff = 3 × 10-6 cm, VGS = 1.2 V, Vth,sat = 0.3 V into eqn. (3.18b), 
 

( ) 2
51030 αε ××=+                          (units: V/cm)                                                         (3.18c) 

 

Since the low-field mobility can be taken as the proportionality constant between the high-

field carrier velocity and the lateral electric field, we can write vsat_eff ≈ µeff × ε(0+).  
 

( )
eff

sat_eff0
µ

ε
v

=+                                                                                                                 (3.18d) 

 

The value of α2 can be estimated from the veff versus VGS characteristics and the µeff versus 

VGS characteristics. From Fig. 3-32, for the CESL with a tensile stress of 1.2 GPa, vsat_eff of 

the NMOS transistor with mask gate length of 60 nm is 7.3×106 cm/s. From  Fig. 3-33(c), 

µeff is about 85 cm2V-1s-1 at VGS =1.2 V. Substituting vsat_eff = 7.3×106 cm/s and µeff =85 

cm2V-1s-1 into eqn. (3.18d),  
 

( ) V/cm 10588.8
85

103.7
0 4

6

eff

sat_eff ×=
×

==+

µ
ε

v                                                                  (3.18e) 

 

According to Lee et al.[3.27], the simulated ε(0+) of a PMOS transistor with a nominal gate 

length of 50 nm is between 8 ×104 V/cm and 3 ×105 V/cm for gate overdrives between     

0.4 V and 0.8 V. This shows that our estimation of ε(0+) based on experimental data is 

reasonably correct. By solving eqn. (3.18c) and eqn. (3.18e), α2 is equal to 0.29.  

 When temperature decreases, vinj decreases according to Natori’s 1994 theory on 

ballistic transport [1.20] (see Fig. 3-7). Since v1 is related to vinj (see eqn. 3.17c), v1 is 

expected to decrease with decreasing temperature. From eqn. (3.17d), v2 is related to µeff. 

From Fig. 3-34, based on the general understanding of the inversion layer mobility, the µeff 

versus VGS characteristics can be categorized into three dominant scattering mechanisms: 

(i) Coulomb-limited mobility, (ii) Phonon-limited mobility, and (iii) Surface-roughness 

limited mobility. Here, we will like to point out that the Coulomb-limited mobility has a 

different temperature dependency as compared to phonon-limited mobility [3.12] and 

surface-roughness limited mobility [3.13]. According to Chen et al. [3.40], when 

temperature is decreased, the thermal velocity of carriers are reduced and thus the 
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interaction time between channel carriers and the ionized impurity charges  becomes 

bigger, leading to a higher Coulomb scattering probability and lower Coulomb mobility. 

Since Coulomb-limited mobility exhibits very weak dependency on the process-induced 

stress, it is recommended that we avoid Coulomb mobility domination in the carrier 

transport by using a lower channel doping concentration [3.40]. From Fig. 3-32, µeff of our 

MOS transistor at VGS that is close to VDD of 1.2 V will be dominated by surface roughness 

scattering rather than Coulomb scattering. Since v2 is related to µeff , we expect v2 to 

increase when temperature decreases. From Fig. 3-33, we observed that the experimental 

veff increases when temperature decreases, and thus we believe that v2 dominates over v1.  
 

                               
Figure 3-34 Effects of the scattering mechanism on the µµµµeff versus VGS characteristics.   
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Figure 3-35 Schematic diagram showing the relationship of v1, v2 and veff with VGS 

 

Another evidence to show the relative importance of v1 and v2 is through their VGS 

dependency.  Fig. 3-35 shows the schematics of the behaviour of v1, v2 and veff with VGS. 

As discussed in Section 3.1.2, an increase in VGS will lower the potential barrier at the 

source-to-channel region and thus the carrier density is increased. According to Pauli 

principle, the carriers are expected to populate higher energy levels and the increase in 

kinetic energy leads to an increase in the mean velocity [3.1]. Hence, vinj is expected to 

increase with an increase in VGS. Since v1 is related to vinj, v1 is expected to increase with 

increasing VGS as shown in Fig. 3-6 [1.21]. At VGS close to VDD, µeff is dominated by 
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surface-roughness scattering and thus µeff is expected to decrease when VGS increases. 

From eqn. (3.17d), )0(eff2
+= εµv . From eqn.(3.18b), )0( +ε  increases with increasing 

VGS. Owing to the opposing effects of µeff and )0( +ε  with increasing VGS, v2 is expected to 

approach a constant when VGS increases. This behavior of v2 resembles that of veff and thus 

we believe that v2 dominates over v1. 

Since veff approaches a constant when VGS is close to VDD (see Fig. 3-32 and        

Fig. 3-33), it is more appropriate to replace veff in eqn. (3.17a) by vsat_eff, which is the 

average value of veff when VGS is close to VDD.  
 

( ) ( )sat_IVth,GSinvox,effsat_effds , VVWCTvI −= µ                                                                         (3.19) 

 

From Fig. 3-32, vsat_eff of NMOS transistor increases when tensile stress increases. 

This shows that eqn. (3.19) is able to account for the strain-induced Ion improvement in the 

short-channel MOS transistors by stress engineering [1.11-1.13]. As shown in Fig. 3-33, 

vsat_eff increases when temperature decreases, resulting in a better Ion performance at lower 

temperature. This shows that eqn. (3.19) is able to account for the Ion improvement in MOS 

transistor at very low temperature such as the liquid helium temperature [3.28-3.30]. 

Moreover, Vth,sat in eqn. (3.17a) needs to be replaced by Vth,sat_IV, which is a fitting 

parameter in the saturation Ids versus VGS characteristics. Vth,sat_IV is extracted using the 

linear extrapolation of the saturation Ids versus VGS characteristics when veff approaches a 

constant in the veff versus VGS characteristics. Since veff of our NMOS transistor approaches 

a constant when 1 V ≤ VGS ≤ 1.2 V (see Fig. 3-32), we performed a best-fit line of the 

saturation Ids versus VGS characteristics when VGS is close to 1.2 V.  On the other hand, 

both the linear threshold voltage (Vth,lin) and the saturation threshold voltage (Vth,sat) are 

extracted using the Constant Current method with reference current (Iref) defined as 0.1 

µAW/L. Typically, the saturation threshold voltage of nanoscale MOS transistor will be 

smaller than the linear threshold voltage owing to the short-channel effects. For our 

nanoscale NMOS transistor, the extracted Vth,sat is 0.351 V and Vth,lin is 0.484 V. From   

Fig. 3-36, Vth,sat_IV of our nanoscale NMOS transistor is 0.603 V. Our explanation is that 

Vth,sat_IV accounts for additional VGS that is required to produce electrons to screen the 

Coulombic scattering centre, and thus Vth,sat_IV is bigger than the linear threshold voltage. 

Furthermore, polysilicon depletion and quantum mechanical effects will make the gate 

oxide appears thicker, and thus Cox in eqn. (3.17a) has to be replaced by Cox,inv, which is 

the gate oxide capacitance at inversion per unit area. 
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Figure 3-36 Extraction of Vth,sat_IV from the saturation Ids versus VGS characteristics. 
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Figure 3-37 Vth,sat_IV includes a component to overcome the Coulombic scattering by 

“screening”: (a) µµµµeff versus VGS characteristics, (b) veff versus VGS characteristics of a NMOS 

transistor with a nominal gate length of 60 nm. 

 

At this point, it may seem that eqn. (3.19) is quite similar to the equation for velocity 

saturation, as shown in eqn. (1.2). Here, we would like to highlight the differences between 

the effective saturation velocity (vsat_eff) in eqn. (3.19) and vsat in eqn. (1.2). First of all, vsat 

is the equilibrium value of carrier velocity in silicon, whereas vsat_eff is taken to be the 

average veff when VGS is close to VDD. From eqn. (3.17b) and  eqn. (3.17c), veff is a function 

of vinj. According to the Monte Carlo simulation by Natori [1.21], vinj ranges between 
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electrons in silicon [1.9]. veff can be experimentally extracted at high VDS (e.g. VDS = 1.2 V) 

as follows [3.35],  
 

invox,

m
eff

WC

g
v =                                                                                                                  (3.20a) 

 

where gm is the measured transconductance. To account for Rsd, we should use the intrinsic 

transconductance (gmi) instead of gm [3.41]. 
 

invox,

mi
eff

WC

g
v =                                                                                                                  (3.20b) 

where 
( )0

msdsd

0
m

mi
11 gRgR

g
g

+−
= , 

ms

m0
m 1 gR

g
g

−
=    , Rs = 0.5 Rsd, 

 gd is the measured drain conductance. Rsd is extracted using a method proposed by Chern 

et al. [3.42]. From Fig. 3-38, vsat_eff of a NMOS transistor with nominal gate length of 32 

nm is bigger than 107 cm/s at temperature of 300 K even before Rsd correction. This shows 

that the accuracy of Rsd extraction will not affect our conclusion. 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

2.5

NMOS

transistor

L = 32 nm

R
sd

 = 390 Ω−µm

130 Ω−µm

No R
sd

 

correction

 

 

v
e

lo
c
it
y
, 

v
e

ff
 (

1
0

7
 c

m
/s

)

Gate voltage , V
GS

 (V)
 

Figure 3-38 Effects of Rsd correction on vsat_eff of a nanoscale NMOS transistor at room 

temperature. 
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3.5.3 Physics behind the apparent velocity saturation 

We observed that the aggressive transistor scaling brings about another 

phenomenon that can be easily confused with velocity saturation. As explained in     

Section 1.2, velocity saturation occurs when there is no net gain in energy of the channel 

carriers [1.7]. From Fig. 3-39, a strong reduction in mobility is observed when L decreases. 

From Section 3.1.2, this strong reduction in mobility observed during transistor scaling has 

been attributed to various mechanisms: (i) the increase in halo implant contribution to the 

channel doping concentration [3.21], (ii) the presence of neutral defects induced by S/D 

extension implants [3.22], and (iii) the increase in the long-range Coulomb scattering 

interactions between the high-density electron gases in the S/D regions and the channel 

electrons for very short channel MOS transistors [3.23, 3.24]. Since vsat_eff is the average 

value of veff when VGS is close to VDD, we can understand the physics behind the apparent 

velocity saturation by studying the veff versus VGS characteristics. From eqn. (3.17b), veff is 

a function of both v1 and v2. From the temperature dependency and the VGS dependency, 

we deduced that v2 dominates over v1 such that veff ≈ v2 = ( ) ( )+0,GSeff εµ TV  (see Fig. 3-31, 

Fig. 3-34, Fig. 3-35). From eqn. (3.18b), ( )+0ε  is expected to increase with decreasing L. 

Hence, vsat_eff will tend to saturate when L decreases owing to the opposing effects of µeff 

and ( )+0ε  with decreasing L. This explains the observation of the apparent velocity 

saturation during the gate length scaling of MOS transistors within the same CMOS 

technology node.  If we consider the carrier velocity of individual MOS transistor, there is 

no velocity saturation because vsat_eff of NMOS transistor can go beyond 107 cm/s. 
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Figure 3-39 Effects of transistor scaling on (a) the µµµµeff versus L characteristics and (b) the 

vsat_eff versus L characteristics of NMOS transistors.  
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4. Effects of mechanical stress on the electrical parameters 

4.1 On-current (Ion) 

 The typical approach to assess the amount of strain-induced Ion improvement is to 

compare the log Ioff versus Ion plot of the stress-engineered MOS transistors with that of the 

unstressed MOS transistors. Subsequently, the amount of strain-induced Ion improvement 

can be found by considering the amount of horizontal shift in the log Ioff versus Ion plot for 

a fixed Ioff, as shown in Fig. 4-1 [1.42]. The assumptions are: (i) Ioff is not affected by stress 

engineering, and (ii) the linearity of the log Ioff versus Ion plot. However, several 

researchers have reported on strain-induced Ioff increase [2.5, 2.20, 2.22, 2.34]. From     

Fig. 4-2, the linearity assumption of the log Ioff versus Ion plot is only valid for a specified 

range of Ion and Ioff, which is different for each CMOS process fabrication flow [1.39]. 

However, there is no published report that discusses the physics behind the linearity of the 

log Ioff versus Ion plot. 

 
Figure 4-1 log Ioff versus Ion plot to assess Ion improvement by stress engineering [1.42].  
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Figure 4-2 Validity of the linearity assumption in the log Ioff versus Ion plot for NMOS 

transistor [1.39].  
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4.2 Threshold voltage 

 Fig. 4-3 shows that the biaxial tensile stress leads to negative threshold voltage 

shifts for both NMOS transistors and PMOS transistors [4.1]. The threshold voltage shift, 

∆Vth(σ) = Vth(σ) - Vth(0) where Vth(σ) is the threshold voltage of the stress engineered MOS 

transistor while Vth(0) is the threshold voltage of the unstrained MOS transistor. Since the 

threshold voltage of enhancement-type NMOS transistor is positive, a negative ∆Vth(σ) 

means that the biaxial tensile stress reduces the magnitude of the threshold voltage of the 

NMOS transistors. Since the threshold voltage of enhancement-type PMOS transistor is 

negative, a negative ∆Vth(σ) means that the biaxial tensile stress increases the magnitude of 

the threshold voltage of the PMOS transistor. From Fig. 4-4, uniaxial tensile stress and 

biaxial tensile stress reduce the magnitude of the threshold voltage of NMOS transistors. 

According to Zhang et al. [4.1] and Lim et al. [4.2], the strain-induced effects on the 

threshold voltage (Vth) is mainly caused by the strain-induced change in the silicon 

bandgap. Hence, it is important to clarify the effects of mechanical stress on silicon 

bandgap before we discuss the equation for the strain-induced change in threshold voltage. 
 

 
Figure 4-3 Biaxial tensile stress leads to negative threshold voltage shifts in<110> MOS 

transistors on (100) Si [4.1]. Ref.[a]: N. Sugii et al., TED, 49(12), pp. 2237-2243 (2002). Ref. 

[b]: K. Rim et al., TED, 47(7), pp. 1406-1414 (2000). Ref. [c]: Q. Xiang et al., VLSI Symp. 

2002, pp. 101-102. 
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Figure 4-4 Uniaxial tensile stress and biaxial tensile stress lead to negative threshold voltage 

shift in <110> NMOS transistors on (100) Si [4.2]. Ref.[a]: Q. Xiang et al., VLSI Symp. 2003, 

pp.101-102. Ref. [b]: N. Sugii et al., TED, Vol. 49, pp. 2237-2243 (2002). 

4.2.1 Strain-induced effects on silicon bandgap 

There are several conflicting reports regarding the effects of uniaxial stress on the 

silicon bandgap. Lim et al. showed that the uniaxial tensile stress will narrow the silicon 

bandgap while the uniaxial compressive stress will broaden the silicon bandgap [4.2]. 

However, Yang et al. arrived at an opposite conclusion [4.3]. Using tight-binding 

bandstructure calculation, Lu et al. [4.4] showed that the silicon bandgap is reduced for 

both tensile stress and compressive stress. From Fig. 4-5, compressive stress results in a 

bigger bandgap narrowing compared to tensile stress. Moreover, the silicon bandgap 

narrowing induced by <100> uniaxial stress and biaxial stress is larger than that induced by 

<110> uniaxial stress. Since tensile stress-induced change in Vth [4.2] and compressive 

stress-induced change on the gate-induced-drain-leakage (GIDL) current [4.5] have been 

attributed to the reduction in silicon bandgap, it is more reasonable to say that silicon 

bandgap is reduced by both uniaxial tensile stress and uniaxial compressive stress.  
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Figure 4-5 Effects of mechanical stress on the silicon bandgap of (100) Si[4.4]. 
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4.2.2 Equations for strain-induced change in the threshold voltage 

4.2.2.1 Biaxially tensile stressed MOS transistor  

 By considering equal inversion charge density at threshold voltage, Zhang and 

Fossum proposed that the equation for the strain-induced change in the Vth of a biaxial 

tensile stressed <110> NMOS transistor on the relaxed Si1-yGey virtual substrate can be 

expressed as follows [4.1],  
 

( ) ( ) ( )[ ] ( )
( ) 









−−−∆−≈∆

0
ln01-  )(

e

eB
GGcth µ

σµ
σσ

q

Tk
mEEmEV                                          (4.1)     

 

Similar expression can be obtained for a biaxial tensile stressed <110> PMOS transistor on 

the relaxed Si1-yGeyvirtual substrate [4.1]. 
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where the body-effect coefficient (m) typically lies between 1.1 and 1.4 [3.8]. EG(0), µe(0) 

and µh(0) are the silicon bandgap, the electron mobility and the hole mobility of unstrained 

MOS transistor, respectively. EG(σ) µe(σ)  and  µh(σ)  are the silicon bandgap, the electron 

mobility and the hole mobility of the stress-engineered MOS transistor, respectively.. 

Sissc χχ −=∆E  where Siχ  is the electron affinity of the poly-Si gate and ssχ  is the electron 

affinity of the biaxial tensile stressed silicon channel.  

4.2.2.2 Uniaxially tensile stressed <110> MOS transistor 

 For uniaxial tensile stress, ∆Ec term is zero because the electron affinity for n+ 

poly-Si gate is the same as the electron affinity of the silicon channel [4.2]. Hence, the 

equation for the strain-induced change in the Vth of a uniaxially stressed <110> NMOS 

transistor can be expressed as [4.2],  
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Similarly, the equation of strain-induced change in Vth of a unaxially stressed <110> 

PMOS transistor can be expressed as, 
 

( ) ( )[ ] ( )
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From Fig. 4-5, uniaxial tensile stress leads to silicon bandgap narrowing and thus 

( ) ( )[ ]σGG 0 EE −  is positive. From Section 2.2.4, the application of uniaxial tensile stress 

leads to µe(σ) > µe(0) and µh(σ) < µh(0) [1.14, 1.15]. From eqn. (4.3), uniaxial tensile stress 

results in a negative ∆Vth(σ) in NMOS transistor. Since the threshold voltage of 

enhancement type NMOS transistor is a positive value, tensile stress is expected to reduce 

the magnitude of the threshold voltage of NMOS transistor. From eqn. (4.4), the strain-

induced effects on the threshold voltage of PMOS transistor is not clear because the first 

term is positive whereas the second term is negative. Hence, there is a need to verify the 

effects of uniaxial stress on Vth of PMOS transistor. 

4.3 Gate leakage current 

Fig. 4-6 shows the strain-induced change in gate tunneling current (∆Ig/Ig) for <110> 

MOS transistors fabricated on (100) Si surface [4.6, 4.7, 4.8]. For <110> NMOS transistor, 

uniaxial tensile stress decreases ∆Ig/Ig but uniaxial compressive stress increases ∆Ig/Ig. For 

<110> PMOS transistor, uniaxial compressive stress decreases ∆Ig/Ig but uniaxial tensile 

stress increases ∆Ig/Ig. The strain-induced change in gate current can be understood from 

the strain-induced change in the out-of-plane effective mass (mz), the subband splitting and 

the carrier re-population. As explained in Chapter 2.2.4, uniaxial <110> tensile stress 

lowers the electron energy level of out-of-plane conduction band valleys (∆5, ∆6) while 

uniaxial <110> compressive stress increases the electron energy level of out-of-plane 

conduction band valleys (∆5, ∆6). In the other words, the tunneling barrier height (φB) for 

electrons increases under tensile stress but decreases under compressive stress. From  

Table 2-2, πout for <110> NMOS transistor is positive, and thus  tensile stress will increase 

mz but compressive stress will decrease mz. Since the tunneling probability decreases with 

increasing φB and increasing mz [2.75], the gate tunneling current for NMOS transistor is 

expected to decrease under tensile stress but increase under compressive stress. 
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Owing to the strain-induced degeneracy splitting of the heavy-hole band and the 

light-hole band, the term “heavy hole” and “light hole” is ambiguous. The upper band 

refers to the valence subband that is nearer to the conduction band, whereas the lower band 

refers to the valence subband that is further away from the conduction band [2.86]. Since 

holes will preferentially occupy the lowest hole energy level, most of the holes will reside 

in the upper band.  From Fig. 4-7, the hole energy lowering by tensile stress is comparable 

to that of compressive stress [2.86]. Hence, the strain-induced change in the gate tunneling 

current for PMOS transistor is unlikely to be caused by the change in the φB for holes. 

From Table 2-2, πout for <110> PMOS transistor is negative, and thus tensile stress will 

decrease mz but compressive stress will increase mz. Since the tunneling probability 

decreases with increasing mz [2.75], the gate tunneling current for PMOS transistor is 

expected to increase under tensile stress but decrease under compressive stress [4.8]. 
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Figure 4-6 The effects of uniaxial stress on gate tunneling current of <110> MOS transistors 

on (100) Si surface[4.7,4.8].  
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Figure 4-7 Valence band edge energy as a function of the uniaxial <110> stress [2.86]. 
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4.4 Gate-induced-drain leakage (GIDL) current 

From Fig. 4-8, the new GIDL current mechanism will require a smaller gate-to-drain 

bias for band-to-band tunnelling (BTBT) to occur because of the built-in potential barrier 

at the p-body and n+ drain junction [4.9]. From Fig. 4-9, NMOS transistor with the highest 

threshold adjustment implant has the largest GIDL current [4.9]. This shows that the GIDL 

current in nanoscale MOS transistor is indeed dominated by the BTBT current in the 

reverse-biased p-n junction formed between the body and drain.  
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Figure 4-8  (a) Classical GIDL mechanism, (b) New GIDL mechanism[4.9] 
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Figure 4-9 Effects of threshold adjustment implant on the GIDL current of a nanoscale  

NMOS transistor (L = 40 nm)[4.9].  HVT: High dose, RVT: Regular dose, LVT: Low dose. 

 

The tunneling current density for the BTBT process in the reverse-biased p-n junction is 

expressed in the following [4.9], 
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where Ej is the maximum electric field in the p-n junction. Vapp is the applied reverse bias 

on the p-n junction. TCAD simulation [4.10] and experimental results [4.5] show that STI-

induced compressive stress will increase GIDL current owing to the strain-induced 

bandgap narrowing. 
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4.5 Gate oxide thickness 

4.5.1 Poisson’s ratio 

Poisson’s ratio (v) is defined as the ratio of the transverse strain (δy) to the 

longitudinal strain (δx) [4.11]: v = - δy/ δx.  From Fig. 4-10, the application of uniaxial 

tensile stress along x direction will lead to elongation along x direction (positive δx) and  a 

contraction along y direction (negative δy). On the other hand, the application of uniaxial 

compressive stress along x direction will lead to a negative δx and a positive δy. By 

convention, σx is positive for tensile stress and negative for compressive stress.  

Unlike the substrate-induced stress, the process-induced stress such as the tensile 

stressed CESL will transfer mechanical stress to the channel, the gate electrode and the 

gate dielectric. Experiment data show that the Poisson’s ratio of SiO2 (voxide) is between 

0.17 and 0.25 [4.12] and Poisson’s ratio of Si3N4 is about 0.26 [4.13]. Hence, the Poisson’s 

ratio of silicon oxynitride is expected to be a positive number. Therefore, the application of 

uniaxial tensile stress along the channel direction will lead to the physical thinning of the 

gate dielectric. Considering a MOS transistor fabricated on (100) surface-oriented silicon 

with <110> channel orientation, the Young’s modulus of silicon (Esi) is 169 GPa [4.14]. 

By Hooke’s law, the mechanical stress experienced by silicon along x direction (σsilicon) is 

given by the product of the mechanical strain experienced by silicon along x direction 

(δsilicon) and Esi. Since the physical gate oxide thickness (~20 Å) is much thinner than the Si 

substrate, the gate oxide will tend to follow the strain at the Si/ SiO2 interface [4.15]. In the 

other words, the strain experienced by the gate oxide along x direction (δoxide)x is 

approximately equal to (δsilicon). Using voxide of 0.17 and Esi of 169 GPa, the percentage 

increase in Tox is estimated to be around 0.03 % when uniaxial compressive stress of 300 

MPa is applied along <110> channel direction. This indicates that the change in the 

physical gate oxide thickness owing to Poisson’s ratio is almost negligible. 
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Figure 4-10 Effects of Poisson’s ratio under (a) tensile stress, (b) compressive stress [4.11].  
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4.5.2 Quantum confinement 

 For the state-of-the-art MOS transistors with ultra-thin gate oxide and high 

substrate doping, the electrons/holes in the potential well at Si-SiO2 interface create a two-

dimensional electron gas (2-DEG)/ two-dimensional hole gas (2-DHG) [4.16]. In the other 

words, their potential energy in the direction perpendicular to the silicon surface (z) is 

quantized, whereas the energy of their motion in the plane parallel to the semiconductor 

surface can take arbitrary values. The electrostatics of the 2-DEG or 2-DHG can be 

described by the system of 1D Schrödinger’s equation and Poisson’s equation, as 

follows[4.16]. 
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where j = 1,2,3 …  Note that j = 1 corresponds to the ground state. 
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where mz is the effective mass describing the dynamics of the electron motion in the z 

direction. Ej refers to the discrete energy level. V(z) is the electrostatic potential that 

describes the band bending at Si-SiO2 interface. ρdep1 represents the charge density of the 

depletion layer. Nj is the carrier concentration in the jth subband.  Since the self-consistent 

calculations of 1D Schrödinger’s equation and Poisson’s equation [4.16, 4.17] are very 

time consuming, the approximate inversion layer centroid (zI) can be obtained by using the 

triangular potential well approximation. From Fig. 4-11, the triangular potential well 

approximation is closer to the actual Ec bending when j is small. This corresponds to the 

case of the subthreshold conduction. 
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where z = 0 corresponds to the Si-SiO2 interface. z > 0 refers to the depth into silicon 

substrate. Fs is the effective electric field at the Si-SiO2 interface. Since 0
2

2

=
dz

Vd  , we can 

decouple the 1D Schrödinger’s equation and Poisson’s equation. 
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Figure 4-11 Triangular potential well approximation. 

 

Substituting V(z) = -Fsz into eqn. (4.6) and re-arranging,   
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Next, we introduce a new variable, 
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Using Faà di Bruno's formula, which generalizes chain rule to higher derivatives [4.18],  
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Differentiating eqn. (4.10) with respect to z,  
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Substituting eqn. (4.12) into eqn. (4.11),  
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Substituting eqn. (4.10) and eqn. (4.13) into eqn. (4.9),  
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This is in the form of the Airy differential equation [4.19]: f’’(x) - xf(x) = 0 with two 

linearly independent solutions are labeled Ai(x) and Bi(x). From Fig. 4-12, Bi(x) diverges 

for ∞→x  while Ai(x) decays monotonically to zero for x > 0 and oscillates for x < 0.  
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From Handbook of mathematical functions [4.20], 
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Considering the boundary conditions of ψj, 
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When z = ∞, s = ∞, 

                     0  )(sj =∞=ψ                                                                                             (4.16b)                   

 

Hence, the solution of eqn.(4.14) can be expressed as,  
 

)Ai(   j sαψ =                                                                                                                     (4.17) 

 

where α is a constant. Ej is chosen such that that Ai(s) has j roots, and Ej is taken to be zero 

for all s below this jth root.  
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Figure 4-12 Graphical representation of Airy functions, Ai(x) and Bi(x) [4.19]. 

 

Solving eqn.(4.15), eqn.(4.16a) and eqn. (4.17),  
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Inversion charge centroid (zI) is given by [4.16], 
 

3/1

2
z

2
SI0

I 12
3 








=

∗
Nqm

z
hεε                                                                                                        (4.19) 



79 

 

where 
invdepl 32

11
NNN +=∗ . Experimental results show that zI of silicon inversion layer 

about 1 nm [4.22]. Considering quantum mechanical effects, the effective gate oxide 

capacitance (Cox
*) is given by [4.23, 4.24]. 
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ε
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εε                                                                                                  (4.20)  

where zD is the poly-Si depletion charge centroid.  Unlike Cox,inv in eqn.(3.19) that refers to 

gate oxide capacitance in strong inversion, Cox
* is a general term for gate oxide capacitance 

for depletion mode, subthreshold mode as well as strong inversion. According to 

Nakabayashi et al. [2.83], a smaller mx leads to a bigger mz, resulting in a smaller zI. From 

Table 2-2, uniaxial tensile stress decreases mx of NMOS transistor, whereas uniaxial 

compressive stress decreases mx of PMOS transistor. Hence, tensile stress will increase 

Cox
* of NMOS transistor but decrease Cox

* of PMOS transistor. On the other hand, 

compressive stress will increase Cox
* of PMOS transistor but decrease Cox

* of NMOS 

transistor. From Fig. 4-13, experimental data shows that the application of compressive 

stress to PMOS transistor has minimal effects on the physical gate oxide thickness (Tox) 

but decreases the electrical oxide thickness (EOT) [4.25]. Similarly, the application of 

uniaxial stress to NMOS transistor has minimal effects on Tox but decreases EOT. 
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Figure 4-13 Effects of compressive stress on the C-V characteristics of PMOS capacitor [4.25].  
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4.6 Subthreshold off-current (Ioff) 

 The subthreshold conduction occurs when VGS is below the threshold voltage. 

From Fig. 4-14, the subthreshold current appears as a linear portion of the log Ids versus 

VGS characteristics of a NMOS transistor. Unlike the strong inversion region in which the 

drift current dominates, the subthreshold current is dominated by diffusion current. The 

equation of the subthreshold current of MOS transistor can be expressed as [4.26],  
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Where µsub is the low-field mobility in the subthreshold regime [4.27-4.29]. Since Einstein 

relation states that the diffusion coefficient is related to µeff, we will expect µsub to increase 

when µeff increases. From Fig. 4-15, magnetoresistance (MR) mobility measurements 

shows that there is indeed a correlation between µeff and µsub [4.29]. From Fig. 4-16, 

uniaxial tensile stress increases Ion and subthreshold Ioff of <110> NMOS transistor [4.30]. 

From Fig. 4-17, CESL-induced compressive stress increases the subthreshold current of 

<110> PMOS transistors [4.25].  
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Figure 4-14 Subthreshold current is taken to be the linear portion of log Ids versus VGS 

characteristics of NMOS transistor.  
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Figure 4-15 Magnetoresistance (MR) mobility measurements show that there is a correlation 

between µµµµsub and µµµµeff [4.29]. 

 

I d
s
/ 
V

D
S

 (
µ

A
/V

 ×L/W)

Gate voltage, VGS (V)

∆Vth= 3 mV/ 100 MPa

0 MPa ≤ σtensile ≤ 150 MPa 

in steps of 50 MPa

σtensile ↑

σtensile ↑

<110> NMOS transistor

-1              0               1               2                3               4 

400

300

200

100

0

VDS = 40 mV

I d
s
/ 
V

D
S

 (
µ

A
/V

 ×L/W)

Gate voltage, VGS (V)

∆Vth= 3 mV/ 100 MPa

0 MPa ≤ σtensile ≤ 150 MPa 

in steps of 50 MPa

σtensile ↑

σtensile ↑

<110> NMOS transistor

-1              0               1               2                3               4 

400

300

200

100

0

VDS = 40 mV

 

Figure 4-16 Effects of externally applied tensile stress on the Ids versus VGS characteristics of a 

relatively long NMOS transistor with 4 nm conventional gate dielectric [4.30]. Inset shows the 

threshold voltage shift in the subthreshold regime. 
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Figure 4-17 Effects of CESL-induced compressive stress on the subthreshold current of <110> 

PMOS transistor with L = 0.55 µµµµm and W = 10 µµµµm [4.25]. 
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The subthreshold swing (Sts) is defined as the inverse of the logIds versus VGS 

characteristics of a MOS transistor. In general, the equation of Sts can be expressed as 

follows [4.26], 
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Tmk
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where the body-effect coefficient (m) can be expressed as [4.26], 
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where Nch is the channel doping concentration.ψB is the difference between the Fermi level 

in the channel region and the intrinsic Fermi level. For very short MOS transistors, the 

equation of Sts has to be modified to account for the degradation of Sts when the short 

channel effects are strong [4.31] but qualitatively Sts still decreases when Cox increases. For 

MOS transistors with thick gate oxide and low channel doping, Cox = εoεox/Tox. For the 

state-of-the-art MOS transistors with ultra-thin gate oxide and high channel doping, 

quantum confinement must be considered. Hence, Cox in eqn. (4.23) must be replaced by 

Cox
* in eqn.(4.35). 
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As discussed in Section 4.5.2, the application of uniaxial tensile stress along the channel 

direction will increase Cox
* of NMOS transistor but decrease Cox

* of PMOS transistor 

owing to the strain-induced change in the quantum confinement. Based on eqn. (4.22) and 

eqn.(4.24),  the application of uniaxial tensile stress is expected to improve Sts of NMOS 

transistor but degrade Sts of PMOS transistor. 
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4.7 Results and Discussion 

4.7.1 Physics behind the linearity in the log Ioff versus Ion characteristics 

One of the assumptions used to determine the amount of strain-induced Ion 

improvement is the linearity of the log Ioff versus Ion plot. From Fig. 4-18, we observed that 

the linearity is only valid for transistors in the short channel effect (SCE) regime, which 

correspond to L = 0.12 µm, 0.13 µm, 0.14 µm, 0.15 µm in this context. The physics behind 

the linearity can be understood as follows. In Chapter 3, we have improvised Lundstrom’s 

quasi-ballistic theory and arrived at a simplified drain current equation for the nanoscale 

MOS transistor. Since Ion is taken to be the saturation drain current when VGS = VDD, we 

can rewrite eqn. (3.19) as follows, 
 

( ) ( )sat_IVth,DDinvox,effsat_effon , VVWCTvI −= µ                                                                             (4.25) 

 

From Fig.4-19, vsat_eff and Vth,sat_IV have  good linearity with DIBL, Vth,lin and Vth,sat. Note 

that Constant current method with reference current of 0.1µA W/L is used to extract the 

saturation threshold voltage (Vth,sat) and the linear threshold voltage (Vth,lin). In this context, 

DIBL = Vth,lin – Vth,sat. In the other words, eqn. (4.25) can be expressed in terms of DIBL, 

Vth,sat and Vth,lin. 
 

21on DIBL AAI +×≈                                                                                                       (4.26a) 

 

4satth,3on AVAI +×≈                                                                                                        (4.26b) 

 

6linth,5on AVAI +×≈                                                                                                         (4.26c)     

          

where A1, A2, A3, A4, A5 and A6 are constants. From Fig. 4-19, DIBL, Vth,lin and Vth,sat are less 

than 1, and thus we can ignore the second order terms. During the subthreshold 

conduction, MOS transistor behaves like a bipolar transistor. 
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where IBJTO is the saturation current constant. During normal bipolar transistor operation, a 

base-emitter voltage (VBE_eq) is applied to reduce the energy barrier at the emitter-base 

junction. Since the emitter-base energy barrier of the parasitic bipolar transistor is 

equivalent to the energy barrier (φbarrier) at the source-channel, VBE_eq will be proportional to 
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DIBL because the reduction of φbarrier is proportional to the change in the threshold voltage 

when VDS is varied [4.32].  From Fig. 4-20, logIoff has a good linearity with DIBL, Vth,sat 

and Vth,lin. 
 

87off DIBLlog AAI +×=                                                                                                 (4.28a) 

 

10satth,9offlog AVAI +×=                                                                                                  (4.28b) 

 

12linth,11offlog AVAI +×=                                                                                                (4.28c) 

 

where A7, A8, A9, A10, A11 and A12 are constants. From Fig. 4-21, the equation of best-fit line 

is log Ioff = 8.333×10-3 × Ion - 1.122. This is comparable with the logIoff versus Ion equations 

that are obtained by mathematical elimination of the third parameter (see Table 4-1). Based 

on MOS transistors fabricated by 0.11 µm CMOS technology, our experimental results 

show that DIBL, Vth,sat and Vth,lin can be used as the third parameter in the log Ioff versus Ion 

plot. This conclusion is also applicable to MOS transistors that are fabricated by 65 nm 

CMOS technology, as shown in Fig. 4-28. 
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Figure 4-18 Linearity of logIoff versus Ion plot is valid for the short channel effect (SCE) regime 

of transistors fabricated by 0.11 µµµµm CMOS technology. (a) & (b) refer to NMOS transistors. 

(c) & (d) refer to PMOS transistors. 
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Figure 4-19 For NMOS transistors in the SCE regime: (a) vsat_eff has a good linearity with 

DIBL, (b) Vth,sat_IV has a good linearity with DIBL, (c) vsat_eff has a good linearity with Vth,sat ,(d) 

Vth,sat_IV has a good linearity with Vth,sat, (e) vsat_eff has a good linearity with Vth,lin , (f) Vth,sat_IV 

has a good linearity with Vth,lin.  
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Figure 4-20 Third parameter in the log Ioff versus Ion characteristics of NMOS transistors in 

SCE regime: (a) and (b) show that DIBL has a linear relationship with log Ioff and Ion. (c) and 

(d) show that Vth,sat has a linear relationship with log Ioff and Ion. (e) and (f) show that Vth,lin has 

a linear relationship with log Ioff and Ion.  
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Figure 4-21 Best-fit line of the log Ioff versus Ion plot of NMOS transistors in the SCE regime.   
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Figure 4-22 Linearity of log Ioff versus Ion characteristics of NMOS transistors in SCE regime 

(65 nm CMOS technology).  
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Table 4-1 Evaluation of the suitability of the third parameter in the log Ioff versus Ion plot.  

 

Best-fit line of Ion  Best-fit line of logIoff  Mathematical elimination  

Ion = 2335×DIBL + 394 logIoff = 19.50×DIBL + 2.16 logIoff = 8.35×10-3×Ion-1.13 

Ion = -1357×Vth,sat + 823 logIoff = -11.34×Vth,sat + 5.74 logIoff = 8.36×10-3×Ion-1.14 

Ion = -3195×Vth,lin+ 1407 logIoff = -26.69×Vth,lin+ 10.62 logIoff = 8.35×10-3×Ion-1.13 

 

 

However, the linearity of the log Ioff versus Ion characteristics may not be valid for 

PMOS transistors fabricated by 40 nm CMOS technology even though the transistors are 

in the SCE regime. From Fig. 4-23, there are two peaks in the Vth versus L characteristics. 

The first peak occurs at L around 0.15 µm because of the pile up of channel dopants near 

the S/D regions due to the defects generated during the deep S/D implantation [4.33 – 

4.35]. The second peak occurs around 55 nm because of the high-angle halo implant that is 

used to suppress the short-channel effects [4.36, 4.37]. Typically, the threshold voltage of 

transistors in SCE regime will decrease with a reduction in L. This is valid for our PMOS 

transistors with L = 45 nm and L = 50 nm. However, we observed an anomalous increase 

in the threshold voltage when L is further reduced to 32 nm and 40 nm. When L is further 

reduced to 32 nm and 40 nm, there are kinks in the on-state current (Ids_on) versus L 

characteristics and off-state current (Ids_off) versus L characteristics. Our theory is that the 

cross-over of the halo implants is responsible for the above observations in the look-ahead 

transistor test structure. From Fig. 4-24, scenario 1 refers to the the onset of the cross-over 

of halo implants occurs at mask gate length (L1). Scenario 2 refers to the cross-over of halo 

implants occurs at a slightly smaller mask gate length (L2). If we were to disregard the 

effects of the halo implants on the gate-to-S/D overlap, the metallurgical channel length is 

expected to be bigger for scenario 1 compared to scenario 2 (i.e. Lmet,1 > Lmet,2). However, 

experimental data have shown that halo implants can decrease the gate-to-S/D overlap 

[4.38], resulting in a longer Leff [4.39]. When the effects of halo implants on the gate-to-

S/D overlap are considered, the reduction in the gate-to-S/D overlap by the halo implants 

is expected to be bigger for scenario 2 compared to scenario 1. The difference in the 

reduction of the gate-to-S/D overlap can offset a small difference in the gate electrode 

length, resulting in an interesting phenomenon whereby Lmet,1 is comparable to Lmet,2 even 

though they have different mask gate lengths. This results in kinks in the Ioff and Ion versus 

L characteristics, leading to a poor linearity in logIoff versus Ion plot even though the 

transistors are in SCE regime. 
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(a)                                                        (b)

(c)                                                        (d)

 
Figure 4-23 Linearity of the log Ioff versus Ion characteristics may not be valid for PMOS 

transistors that are fabricated by 45 nm CMOS technology: (a) Anomalous increase in the 

threshold voltage, (b) Kink in the Ids_on versus L characteristics, (c) Kink in the Ids_off versus L 

characteristics, (d) Poor linearity in SCE regime. Ids_on is Ids@ VGS = VDD = -0.9 V. Ion is Ids@ 

VGS = VDS =VDD = -0.9 V. Ids_off is Ids@ VGS = 0 V . Ioff is Ids@VGS = 0 V & VDS =VDD = -0.9 V.  
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Figure 4-24 Mechanism responsible for the poor linearity in log Ioff versus Ion plot of PMOS 

transistors fabricated by 40nm CMOS technology. (a) & (c) refer to the case for the onset of 

the cross-over of halo implants. (b) & (d) refer to the case for the cross over of halo implants.  
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4.7.2 Four-point bending measurement 

Experimental data has shown that the externally applied tensilel stress can 

increase the subthreshold current of NMOS transistors [4.30]. This work will explain the 

physics behind the strain-induced increase in the subthreshold current. From Fig. 4-25, 

the strain-induced change in silicon bandgap (EG) is a non-linear function of mechanical 

stress, whereas the strain-induced change in the effective electron mass (mx) is a linear 

function of mechanical stress. Hence, we would expect the inherent mechanical stress in 

the MOS transistors to affect the mechanical stress sensitivity of the silicon bandgap. 

From Fig. 4-26, the effects of externally applied tensile stress on EG is expected to be the 

bigger for highly tensile stressed CESL and highly compressive stressed CESL, as 

compared to neutral CESL and low compressive stressed CESL. On the other hand, we 

would expect the strain-induced effects on Ion to be less influenced by the inherent 

mechanical stress in the MOS transistor because mx is a linear function of mechanical 

stress. 

From Section 4.2 and Section 4.4, the strain-induced change in Vth,sat and GIDL 

current are functions of the silicon bandgap. Hence, we would expect the effects of 

externally applied tensile stress on the threshold voltage and the GIDL current to be more 

obvious when the transistor has a highly tensile CESL. From Fig. 4-27 and Fig. 4-28, the 

externally applied tensile stress has resulted in an increase in GIDL current of NMOS 

transistors and PMOS transistors, as predicted by eqn. (4.5). We observed that uniaxial 

tensile stress increases the subthreshold current of <110> NMOS transistor but decreases 

the subthreshold current of <110> PMOS transistor. The factors involved in the strain-

induced change in the subthreshold current are: (i) the strain-induced change in the low-

field mobility (ii) the strain-induced change in threshold voltage, (iii) strain-induced 

change in the gate oxide thickness. From Section 4.6, experimental data has shown that 

µsub is expected to increase when µeff increases. Since tensile stress is expected to increase 

µeff of NMOS transistor [1.14] but decrease µeff of PMOS transistor [1.15], we would 

expect tensile stress to increase µsub of NMOS transistor but decrease µsub of PMOS 

transistor. Considering the strain-induced effects on µsub, tensile stress can increase the 

subthreshold current of NMOS transistor but decrease the subthreshold current of PMOS 

transistor. From Fig. 4-27, tensile stress has reduced Vth,sat  of <110> NMOS transistor  

from 0.366 V to 0.320 V, as predicted by eqn. (4.5). From Fig. 4-28, tensile stress has 

increased Vth,sat  of <110>  PMOS transistor from 0.407V to 0.449 V. This shows that the 

mobility term of eqn. (4.3) actually dominates over the bandgap term of eqn. (4.3). A 
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decrease in Vth,sat of <110> NMOS transistor leads to an increase in the subthreshold 

current whereas an increase in the magnitude of Vth,sat of <110> PMOS transistor leads to a 

decrease in the subthreshold current. From Fig. 4-27 and Fig. 4-28, we observed that the 

externally applied uniaxial tensile stress leads to a small improvement in Sts of <110> 

NMOS transistor but a small degradation in Sts of <110> PMOS transistor. As discussed in 

Section 4.5, this shows that the strain-induced change in zI dominate over the strain-

induced change in Tox. An improvement in Sts is expected to decrease the subthreshold 

current of NMOS transistor, whereas degradation in Sts is expected to increase the 

subthreshold current of PMOS transistor. Since there is an experimental observation of the 

strain-induced Ioff decrease in <110> PMOS transistor and strain-induced Ioff increase in 

<110> NMOS transistor, the effects of the strain-induced mobility degradation and the 

strain-induced increase in the magnitude of Vth,sat dominate over the effects of the strain-

induced Sts degradation. From Ref. [4.25], the presence of CESL-induced stress will lead to 

a 3 % increase in Cox,inv and a 21 % increase in µeff. From eqn. (3.19), the saturation drain 

current of the nanoscale MOS transistor is a linear function of both Cox,inv and µeff. Hence, 

we believe that the strain-induced increase in µeff will dominate over the strain-induced 

increase in Cox,inv for MOS transistors that are in strong inversion. 
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Figure 4-25 The effects of uniaxial stress on (a) the silicon bandgap and (b) the effective 

electron mass along the channel direction (mx).  
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Figure 4-26 Effects of a “mechanical stress bias” in MOS transistor on the sensitivity of the 

silicon bandgap to a small amount of externally applied tensile stress: (a) highly compressively 

stressed CESL, (b) low compressive stressed CESL, (c) highly tensile stressed CESL. 
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Figure 4-27 Effects of the externally applied uniaxial tensile stress on <110> channel NMOS 

transistor fabricated on (100) Si substrate with 0.7 GPa tensile stressed CESL.  
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Figure 4-28 Effects of the externally applied uniaxial tensile stress on <110> channel PMOS 

transistor on (100) Si substrate with 0.7 GPa tensile stressed CESL. 

4.7.3 Tensile stressed contact etch stop layer (CESL) 

Table 4-2 summarizes the impact of the material nature of the mechanical stressor 

on the MOS transistor. In terms of thermal budget, the strained-Si on relaxed Si1-yGey 

virtual substrate, STI, e-Si1-yGey S/D stressor, e-Si:C S/D stressor and SMT have to 

undergo the high temperature annealing (around 900 °C) for S/D dopant activation. Since 

CESL is deposited after nickel salicidation, the maximum thermal budget for CESL should 

be relatively lower (around 500 °C) to avoid a phase transition from the low sheet 

resistivity NiSi to the high resistivity NiSi2 [4.40]. Since the strain-induced change in 

dopant diffusion is highly dependent on temperature, CESL-induced tensile stress will be 

the least affected by the strain-induced dopant diffusion as compared to the other stress 

engineering techniques. Considering the strain-induced diffusion of the S/D extension 

implants, CESL-induced tensile stress will lead to a minimal change in the effective 

channel length (∆Leff). Furthermore, studies have shown that the parasitic S/D series [2.18, 

2.19]. On the other hand, studies show that an increase in carbon concentration in the               

e-Si:C S/D stressor degrades Rsd [1.42, 2.30]. Fiorenza et al. has shown that the use of the 

strained-Si on relaxed Si1-yGey virtual substrate can increase the S/D leakage current owing 
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to the enhanced dopant diffusion near the misfit dislocation [2.4, 2.5]. Simoen et al. 

reported that the implementation of e-Si1-yGey S/D stressor can increase the junction 

leakage current owing to the strain relaxation through the formation of misfit and 

dislocations [2.20]. Osten et al. reported that the strain relaxation mechanism for e-Si:C 

S/D stressor is through the precipitation of carbon atom from the substitutional sites of the 

silicon lattice [2.33] and thus the channel stress decreases. The strain relaxation 

mechanism for SMT is through the recrystallization of the poly-Si gate [2.26] and thus the 

resistance of the poly-Si gate may be different compared to an unstrained MOS transistor. 

In contrast to the other stress engineering techniques, the stress relaxation of CESL does 

not occur at the S/D junctions or within the poly-Si gate. Although cracks may be 

generated in the tensile stressed CESL and delamination may occur in the compressive 

stressed CESL [4.41], severe cracking and delamination issues should be resolved during 

the development of the CESL recipe. In view of the thermal budget, the change in Rsd, and 

the strain-relaxation mechanism, CESL has the least complications compared to the other 

stress engineering techniques. Therefore, we studied the effects of tensile stress on the 

performance of NMOS transistor using tensile stressed CESL.  
 

Table 4-2  Comparison between various stress engineering techniques. 

Stress engineering 

techniques 

Thermal budget  

(∆Leff) 

Change in Rsd Strain-relaxation 

mechanism 

CESL Max. temp limited 

by nickel silicide 

No Cracking of CESL 

Delamination of CESL 

Strained-Si on Si1-yGey 

virtual substrate 

High temp. S/D 

anneal 

No Misfit and dislocations 

(S/D electrical shorting) 

STI High temp. S/D 

anneal 

No Misfit and dislocations 

(S/D electrical shorting) 

e-Si1-yGey S/D stressor High temp. S/D 

anneal 

Decrease Rsd Misfit and dislocations 

(High junction leakage) 

e-Si:C S/D stressor High temp. S/D 

anneal 

Increase Rsd Precipitation of carbon 

atoms  

SMT High temp. S/D 

anneal 

No Grain size of the poly-Si 

gate changes 
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4.7.3.1 Selection of MOS transistors  

In order to minimize the effects of inter-wafer variation and intra-wafer variation 

on Ioff, we need to select transistors whose gate lengths are less sensitive to the statistical 

variation in gate length (∆L). Hueting and Heringa [4.42] have proposed an analytical 

model for NMOS transistors with halo implants, which shows that there is a minimum 

point in the log Ioff versus L characteristics. According to basic principles of calculus, Ioff 

will be the least sensitive to the statistical variation in gate length at the minimum in the 

log Ioff versus L characteristics. Using MOS transistors that are fabricated by 65 nm low-

power CMOS technology, we found that the actual situation is more complicated. From 

Fig. 4-29, there are two minimum in the log Ioff versus L characteristics of NMOS 

transistors. The first minimum corresponds a Vth,sat maximum, whereas the second 

minimum corresponds to a DIBL minimum. From Fig. 4-30, there is a region of nearly 

constant in the log Ioff versus L characteristics of PMOS transistors. Unlike the NMOS 

transistors whose maximum Vth,sat and minimum DIBL are positioned at about 0.33 µm 

apart, the PMOS transistors have its maximum Vth,sat and its minimum DIBL positioned at 

about 0.07 µm apart. We believe that the interaction between the Ioff minimum at 

maximum Vth,sat and the Ioff minimum at minimum DIBL.  
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Figure 4-29 Region of nearly constant Ioff for NMOS transistors fabricated by 65 nm CMOS 

technology: (a) Maximum Vth,sat , (b) Minimum DIBL. 

 



96 

 

0.1 1 10
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0

1

2

3

4

5

lo
g

 I
o
ff
 (

p
A

/µ
m

) 

 

Gate length, L ((((µm))))

D
IB

L
 (

V
)

PMOS transistors

min. DIBL

(a)                                                           (b)                 
0.1 1 10

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0

1

2

3

4

5

V
th,sat

lo
g

 I
o
ff
 (

p
A

/µ
m

) 

 

Gate length, L ((((µm))))

T
h

re
s
h

o
ld

 v
o

lt
a
g

e
 (

V
)

V
th,lin

PMOS transistors

Region of nearly constant I
off

 

0.1 1 10
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0

1

2

3

4

5

lo
g

 I
o
ff
 (

p
A

/µ
m

) 

 

Gate length, L ((((µm))))

D
IB

L
 (

V
)

PMOS transistors

min. DIBL

(a)                                                           (b)                 
0.1 1 10

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0

1

2

3

4

5

V
th,sat

lo
g

 I
o
ff
 (

p
A

/µ
m

) 

 

Gate length, L ((((µm))))

T
h

re
s
h

o
ld

 v
o

lt
a
g

e
 (

V
)

V
th,lin

PMOS transistors

Region of nearly constant I
off

  
Figure 4-30 Region of nearly constant Ioff for PMOS transistors fabricated by 65 nm CMOS 

technology: (a) Maximum Vth,sat , (b) Minimum DIBL 

 

4.7.3.2 Overall performance improvement of <110> NMOS transistor 

This study was performed using NMOS transistors with 125 MPa compressive 

stressed CESL (c-CESL) and 500 MPa tensile stressed CESL (t-CESL). Our approach is to 

use transistors whose Ioff is less sensitive to ∆L to study the effects of CESL-induced 

tensile stress on Ioff. Subsequently, we will use transistors that have a good linearity in 

logIoff versus Ion characteristics to assess the overall strain-induced Ion improvement. From 

Fig. 4-31, NMOS transistors with nominal gate length of 0.15 µm are in the transition 

between SCE regime and RSCE regime, and thus Ioff of these transistors will be less 

sensitive to ∆L. This is evident in the poor linearity in the logIoff versus Ion characteristics 

of NMOS transistors with L = 0.15 µm. From Fig.4-31, [(Ion)t-CESL-(Ion)c-CESL] is 6.635 

µA/µm (1.4 %  increase), whereas [(logIoff)t-CESL -(log Ioff)c-CESL] is 0.1 (6.67 % increases). 

This observation of the strain-induced Ioff increase in NMOS transistor is consistent with 

our four-point bending results (see Fig. 4-27). Fig. 4-32 shows that CESL-induced tensile 

stress decreases Vth,sat of the NMOS transistors, which can be explained by eqn. (4.5). At 

the same time, the CESL-induced tensile stress leads to a slight improvement in Sts, which 

has been explained in Section 4.5 & Section 4.6. Since our experimental results show that 

CESL-induced tensile stress actually increases the subthreshold current of NMOS 

transistors, we believe that the effects of the strain-induced reduction in Vth,sat and the 

strain-induced increase in µsub dominate over the effects of the strain-induced improvement 

in Sts.  
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[(Ion)t-CESL-(Ion)c-CESL] 
= 6.635 µA/µm

L = 0.15 µm

[(logIoff)t-CESL -(log Ioff)c-CESL]
=0.1 

L = 0.15 µm

Step 1: Transition regime

Ioff is less sensitive to ∆L variation.

Step 2: SCE regime

Good linearity in logIoff versus Ion plot
Overall strain-induced Ion

improvement

Method 1: Without introducing a third parameter

Best-fit line: log Ioff = C1× Ion + C2

Increase in Ion owing to a strain-induced increase in Ioff,  

Ion_increase_by_offcurrent = [(logIoff)t-CESL -(log Ioff)c-CESL] / C1

Overall strain-induced increase in Ion, 
Ion_improvement = [(Ion)t-CESL-(Ion)c-CESL] -
Ion_increase_by_offcurrent

Method 2: Introducing a third parameter

Best-fit line: log Ioff = C1 × Vth,sat + C2

Best-fit line: Ion = C3 × Vth,sat + C4

To offset the strain-induced Ioff increase ,
Vth_sat_offset_off = [(log Ioff)t-CESL – (log Ioff)c-CESL]/ C1

To offset the strain-induced Ion increase ,
Vth_sat_offset_on = [(Ion)t-CESL – (Ion)c-CESL]/ C3

Overall strain-induced increase in Ion, 
Ion_improvement = C3(Vth_sat_offset_on - Vth_sat_offset_off)  

 

Figure 4-31 Overall strain-induced Ion improvement in <110> NMOS transistors. 
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Figure 4-32 The effects of CESL-induced tensile stress on: (a) Vth,sat , (b) µµµµeff , (c) Sts of NMOS 

transistors in the transition between SCE regime and RSCE regime. 

 

To assess the overall strain-induced Ion improvement in NMOS transistors, we 

need to use transistors with a good linearity in the logIoff versus Ion characteristics. This 

corresponds to transistors in SCE regime (with L = 0.12 µm and L = 0.13 µm). Fig. 4-31 

shows the differences between the two methods that can be used to ascertain the overall 

strain-induced Ion improvement. Unlike Method 1, Method 2 introduces Vth,sat as a a third 

parameter in the logIoff versus Ion plot. In this manner, Method 2 can address the physics 

behind how the bigger percentage increase in the strain-induced logIoff compared to the 

percentage increase in strain-induced Ion can lead to an overall strain-induced Ion 

improvement. The details of Method 1 and Method 2 can be found in Table 4-3 and    

Table 4-4 respectively. For Method 1, Ion_increase_by_offcurrent refers to the corresponding 

increase in Ion owing to the strain-induced increase in logIoff. For Method 2, Vth_sat_offset_on 

and Vth_sat_offset_off  refer to the Vth,sat increase to offset the strain-induced Ion increase and the 

strain-induced logIoff increase, respectively. From Table 4-4 and Fig. 4-33, we observed 

that Vth_sat_offset_on is bigger than Vth_sat_offset_off but stress engineering actually leads to a 

bigger percentage increase in logIoff as compared to the percentage increase in Ion. This 

indicates that logIoff is more sensitive to the change in Vth,sat  compared to Ion such that the 

strain-induced increase in logIoff can be removed by a slight change in Vth,sat without much 

effect on Ion. Therefore, stress engineering can lead to an overall strain-induced Ion 

improvement in <110> NMOS transistors on (100) p-Si substrate even though stress 

engineering actually leads to a bigger percentage increase in logIoff as compared to the 

percentage increase in Ion. 
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Table 4-3 Method 1 to ascertain the overall strain-induced Ion improvement of <110> NMOS 

transistors. 

 

 t-CESL c-CESL 

Best-fit line  

log Ioff = C1× Ion + C2 

log Ioff = 0.0135Ion - 

6.4307 

logIoff = 0.0154 Ion - 

7.3079 

Effects of strain-induced increase  

in off-current, Ion_increase_by_offcurrent 

= [(logIoff)t-CESL -(log Ioff)c-CESL] / C1 

1.926 µA/µm 

 

1.688 µA/µm 

 

Ion_improvement =  

[(Ion)t-CESL-(Ion)c-CESL]-Ion_increase_by_offcurrent 

4.709 µA/µm 4.947 µA/µm 

 
 

Table 4-4 Method 2 to ascertain the overall strain-induced Ion improvement of <110> NMOS 

transistor using Vth,sat as  a third parameter in the logIoff versus Ion plot. 

 

 t-CESL c-CESL 

Best-fit line  

log Ioff = C1 × Vth,sat + C2                                                       

log Ioff = -16.941 × Vth,sat 

+8.1941                                                         

log Ioff = -18.509× Vth,sat 

+8.8968                                                         

Best-fit line  
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Figure 4-33 Overall performance improvement in <110> NMOS transistors by the CESL-

induced tensile stress: (a) log Ioff versus Ion characteristics, (b) Ion versus Vth,sat characteristics, 

(c) log Ioff versus Vth,sat characteristics.  

4.7.3.3 Overall performance improvement of <100> NMOS transistor 

Similar analysis can be done for <100> NMOS transistors on (100)Si. From      

Fig. 4-34, NMOS transistors with nominal gate length of 70 nm are in the transition 

between SCE regime and RSCE regime. Based on 30 transistors, [(Ion)t-CESL-(Ion)n-CESL] is 

115.34 µA/µm (22% increase), whereas [(logIoff)t-CESL -(log Ioff)n-CESL] is 0.71 (355% 

increase). In order to assess the overall strain-induced Ion improvement, we used transistors 

in the SCE regime (L = 32 nm) because of the good linearity in the logIoff versus Ion plot. 

By introducing Vth,sat as the third parameter, we observed that Vth_sat_offset_on is bigger than 

Vth_sat_offset_off but stress engineering actually leads to a bigger percentage increase in logIoff 

as compared to the percentage increase in Ion. The details can be found in Table 4-5 and 

Fig. 4-35. This indicates that logIoff is more sensitive to the change in Vth,sat compared to Ion 

such that the strain-induced increase in logIoff can be removed by a slight change in Vth,sat 

without much effect on Ion. Therefore, stress engineering can lead to an overall strain-
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induced Ion improvement in <100> NMOS transistors on (100) p-Si substrate stress 

engineering actually leads to a bigger percentage increase in logIoff as compared to the 

percentage increase in Ion. 
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Figure 4-34 Overall strain-induced Ion improvement in <100> NMOS transistors. 
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Table 4-5 Overall performance improvement for <100> channel NMOS transistor by stress 

engineering when we consider Vth,sat as the third parameter in the log Ioff versus Ion 

characteristics.  

 t-CESL n-CESL 

Best-fit line  

Ion = C9 × Vth,sat + C10                                                            

Ion = -1352.5 Vth,sat + 1037.9  Ion = -1259 Vth,sat + 

962.6  

Best-fit line  

log Ioff = C11 × Vth,sat + C12                                                         

log Ioff = -8.922 Vth,sat + 6.669                                                         log Ioff = -9.85 Vth,sat + 

7.03  

Vth_sat_offset_on = 

[(Ion)t-CESL – (Ion)n-CESL]/ C9 

8.53×10-2   V 9.16×10-2   V 

Vth_sat_offset_off = 

[(log Ioff)t-CESL – (log Ioff)n-CESL]/ C11                                                        

7.02×10-2   V 6.355×10-2   V 

Ion_improvement = 

C9(Vth_sat_offset_on - Vth_sat_offset_off)  

20.4       µA/µm 35.31       µA/µm 
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Figure 4-35 Overall performance improvement in <100> NMOS transistors by CESL-induced 

tensile stress: (a) the log Ioff versus Ion characteristics, (b) the Ion versus Vth,sat characteristics, 

and (c) the log Ioff versus Vth,sat characteristics.  
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5. Impact of the change in channel orientation on performance 

 From Fig. 5-1, the switching from <110> to <100> channel orientation can lead to 

an increase in Ion of PMOS transistor fabricated on (100) Si owing to a hole mobility 

enhancement [1.32]. Historically, wafer dicing was done by sawing through the scribe 

lines and hence the wafer notch needs to be formed along the easily cleaved crystal 

direction, which is <110> direction. However, laser system is now readily available for 

wafer dicing, and thus it is no longer a technological requirement to use <110> direction. 

Orienting the channel direction along <100> direction is a simple process change in the 

starting wafer, as shown in Fig. 5-2. Since the poly-Si gate of the transistor is aligned 

along the wafer notch, the channel direction of the conventional (100) wafer is <110> 

while the channel direction of 45° rotated (100) wafer is <100>.  
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Figure 5-1 Switching in channel orientation increases hole mobility[1.32].  
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5.1   Impact of channel orientation on hole mobility   

 From Fig. 5-3, the LH band is relatively isotropic on (100) plane but HH band is 

anisotropic on (100) plane. We observed that the curvature of the E-k diagram of HH band 

is bigger for <100> direction compared to <110> direction. Based on eqn. (2.10), <100> 

direction would have a smaller effective conductivity mass (m*), and thus a bigger low-

field hole mobility. From eqn. (3.19), an increase in the hole mobility will lead to an 

increase in the Ion of the nanoscale PMOS transistor. Hence, the switching from the 

conventional <110> channel orientation to <100> channel orientation will increase Ion of 

PMOS transistors fabricated on (100) surface-oriented silicon wafers, as shown in Fig. 5-4.  
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Figure 5-3 Effects of channel orientation on the effective hole mass of (100)Si[1.34].  
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Figure 5-4 Effects of channel orientation increases Ion of PMOS transistors on (100)Si [1.33]. 
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5.2 Limited studies on the impact of channel orientation on electron mobility  

 Unlike hole mobility, the effects of the switching from the conventional <110> 

channel orientation to <100> channel orientation on the electron mobility is less studied. 

Fig. 5-5 shows the calculations of the effective conductivity mass (m*) for <110> NMOS 

transistor and <100> NMOS transistor on (100)Si [1.34]. This has been attributed to the 

axial symmetry of the unstrained conduction band valleys on (100) plane [5.1]. However, 

Skotnicki did not explain how he arrived at the effective mass of the in-plane conduction 

band valleys for <110> channel [1.34]. Based on eqn. (2.11), m
* of NMOS transistor 

should be unchanged after channel orientation if the momentum relaxation time ( mτ ) is 

independent of channel direction.  
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Figure 5-5 Calculations of the effective conductivity electron mass (m

*
): (a) 45°°°° rotated 

(100)Si, (b) conventional (100) Si [1.34], (c) conduction band valleys on (100)Si plane. 
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The calculations of m
* for NMOS transistors can be understood as follows. The 

generalized effective mass equation can be defined by the three orthogonal coordinate 

systems: (i) device coordinate system (DCS), (ii) crystal coordinate system (CCS) and (iii) 

ellipsoid coordinate system (ECS) [5.2]. For silicon, the k-space close to the conduction 

band minimum can be described by an ellipsoid with 
l

m  along its major axis and mt along 

its two minor axes. The constant energy ellipsoid can be expressed as in ECS, 
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where //k  is the direction along the major axis of the conduction band ellipsoid. 1⊥k  and 

2⊥k  are the directions along the minor axes of the conduction band ellipsoid. In compact 

vector notation, eqn. (5.1) can be written as [5.2], 
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where ( )T
21//E ,, ⊥⊥= kkkk

r
.The inverse effective mass tensor of the conduction band valley 

(ME
-1) in ECS is a 3×3 diagonal matrix with diagonal elements of 

l
m , mt and mt [5.3]. 

From Fig. 2-16, ME
-1 will be different for each conduction band ellipsoid.  
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For ∆5 and ∆6 (bulk silicon),   
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To calculate m* of NMOS transistor, we need to express the constant energy ellipsoid in 

DCS. First of all, the rotation matrix 
DC←ℜ will transforms an arbitrary vector 

( )T
zyxD ,, kkkk =

r
 in DCS to a vector Ck

r
 in CCS. Subsequently, the rotation matrix 

CE←ℜ will 

transform vector Ck
r

 to Ek
r

. 

 

( )DDCCEE kk
rr

←← ℜℜ=                                                                                                           (5.4) 

 

 For  (100) Si, the principal axes of the six-fold degenerate conduction band ellipsoids are 

along the crystal coordinate axes, and thus CE←ℜ  will be an identity matrix. The columns 

of DC←ℜ  are the components of the unit vectors along L, W, and the quantum confinement 

direction. Considering <100> NMOS transistor on (100) Si, DC←ℜ  is an identity matrix 

[5.2]. Substituting eqn.(5.4) into eqn. (5.2), 
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where kx, ky and kz are the direction along L, W, and the quantum confinement direction, 

respectively. The inverse effective mass (MD
-1) in the DCS is given by [5.2], 
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For unstrained silicon, the six conduction band valleys are degenerate, and thus there is an 

equal probability that an electron will reside in one of the six conduction band valleys. By 

considering the average conductivity mass of the six conduction band valleys and using 

eqn. (2.11),  
 









= ∑ ∆

i

i

x

E
dk

d

m
2

2

2*

1
6
11

h

                                                                                                     (5.7) 

    



108 

 

where iE∆ is the constant energy surface of the ith conduction band valley where i = 1 to 6 . 

Solving eqn. (5.5) and eqn. (5.7), we arrive at 








+=

tmmm

21
3
11

*
l

 for <100> NMOS 

transistor on (100) Si.  

5.3 Experimental evidence of an increase in Leff by channel orientation 

From Fig. 5-6, the change in channel orientation results in a reduction in Ig_off of 

PMOS transistor and NMOS transistor [1.33]. Ig_off is the gate current when the body, 

source and gate terminals are grounded while the drain terminal is tied to VDD. Considering 

the same S/D implantation dose, the use of a thin-offset spacer is expected to increase the 

S/D-to-gate overlap and thus Ig_off of MOS transistors with thin offset spacer will be bigger 

than that of reference. Considering the same offset spacer but vary the S/D implantation 

dose, Ig_off of MOS transistor with a bigger implant dose will be bigger than that of 

reference. In the other words, the value of Ig_off in ascending order is SDE2 > SDE1 > Ref. 

This shows that a reduction in Ig_off is indicative of a smaller gate-to-drain overlap length 

[1.33]. In the other words, <100> MOS transistor has a bigger Leff as compared to <110> 

MOS transistor.  

From Fig. 5-6, we observed that Ig_off of NMOS transistor with thin offset spacer is 

smaller than that of SCE1 and SCE2. This is contradictory to that of PMOS transistor. This 

can be understood as follows. Since arsenic has a bigger atomic mass than boron, the 

arsenic implantation damage is expected to be bigger than boron implantation damage. If 

the S/D annealing is not sufficient to remove the crystalline defects in silicon caused by 

arsenic implantation, transient enhanced diffusion of arsenic can occur [5.4] and thus lead 

an even bigger increase in S/D-to-gate overlap length. This can account for the bigger Ig_off 

of NMOS transistor with SDE1 and SDE2 compared to that of thin offset spacer.  
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Figure 5-6 The effects of channel orientation on Ig_off of: (a) PMOS transistors, (b) NMOS 

transistors on (100) Si [1.33]. S/D extension implant dose: Ref = Thin Offset = SDE1 < SDE2. 

Thickness of the gate offset spacer: Ref = SDE1 = SDE2 > Thin Offset. 

5.4 Mechanism behind the increase in Leff by channel orientation 

The existing work did not provide any reference or experimental results for their 

claim that the boron diffusion coefficient is smaller in <100> channel orientation as 

compared to <110> channel orientation [1.32, 1.33]. Hence, this work will study the 

mechanism behind the increase in Leff owing to the change in channel orientation. For 

PMOS transistor, the S/D extension implant can be either boron or BF2 , and arsenic is 

used as the halo implant. For NMOS transistor, arsenic is used as the S/D extension 

implant and boron is used as the halo implant. Since the dose of the S/D extension implant 

is typically one or two orders bigger than the dose of the halo implant [5.5], the impact of 

channel orientation on the S/D extension implants is likely to dominate over that of halo 

implants. 

5.4.1 Impact of channel orientation on diffusion 

Although boron can interact with silicon interstitials to form big boron interstitials 

clusters (BICs) during high temperature diffusion after ion implantation [5.6], BICs cannot 

go through <100> channel and <110> channel easily because BICs are much bigger than 

boron. Hence, it is sufficient to focus on boron diffusion. In an oxidizing ambient, the 

boron diffusion coefficient and the boron diffusion depth tend to be larger for (100) Si 

compared to (110) Si [5.7, 5.8]. Aleksandrov and Afonin used the difference in the 

interface-state density (∆Dit) for gate oxide on various Si planes to explain the orientation 

dependent boron diffusion in an oxidizing ambient [5.9]. This can be understood as 

follows. It is well-known that ∆Dit at SiO2/Si interface acts as a sink for the excess silicon 

interstitials [5.10]. Since ∆Dit of (111)Si > ∆Dit of (110)Si > ∆Dit of (100)Si [5.11], the 
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effective rate of generation for the intrinsic interstitials is highest for (100)Si and the 

lowest for (111)Si [5.9]. Hence, the supersaturation by intrinsic interstitials (aint) is the 

biggest for (100)Si and the smallest for (111)Si [5.9]. Since a decrease in aint will lead to 

an increase in boron diffusion [5.12], boron diffusion into (111)Si > (110)Si > (100)Si 

[5.9]. For the state-of-the-art PMOS transistors, transient enhanced diffusion (TED) of 

boron and boron enhanced diffusion (BED) are also important. Since OED, TED and BED 

are related phenomena involving boron diffusion enhanced by silicon interstitials [5.13, 

5.14], the crystal orientation dependence trend for OED [5.7, 5.8] can be applied to TED 

and BED. Hence, the boron diffusion studies reported from the 1970s up to now [5.7-5.14] 

show that the boron diffusion is faster for (100)Si compared to (110)Si. For silicon, [100] 

direction is perpendicular to (100) plane, whereas [110] direction is perpendicular to (110) 

plane, as shown in Fig. 5-7 [5.15]. In the other words, boron diffusion is faster along 

<100> crystal direction compared to <110> crystal direction. Therefore, the increase in Leff 

of <100> channel PMOS transistors on (100) Si is unlikely to be caused by a change in 

boron diffusion coefficient of p+ S/D extension implants. 

Since arsenic TED and boron TED are mediated by silicon interstitials [5.16], we 

can expect arsenic diffusion of (100)Si > arsenic diffusion of (110)Si > arsenic diffusion of 

(111)Si. Experimental studies show that there is negligible difference in arsenic diffusion 

for (100)Si and (111)Si [5.17]. Hence, there will be minimal change in the arsenic 

diffusion coefficient after the change in channel orientation. Therefore, the increase in Leff 

of NMOS transistor is unlikely to be caused by the change in arsenic diffusion coefficient 

of the n+ S/D extension implants. 
 

(a)                                  (b)(a)                                  (b)  
Figure 5-7 For cubic crystal structure such as silicon, (a) [100] direction is perpendicular to 

(100) plane, (b) [110] direction is perpendicular to (110) plane [5.15]. 
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5.4.2 Impact of channel orientation on ion channeling 

 It is well-known that the ion motion into a crystalline solid target can become 

constrained into the relatively open spaces in the crystal between the adjacent rows of 

atoms along the low Miller index crystallographic directions. This is known as 

channelling. From Fig. 5-8, the types of channelling can be catergorized according to the 

critical angle [5.18]. The critical angle (θc) is defined as the maximum angle at which an 

ion can approach the “potential wall” of open space before it is reflected back into the 

channel. When the angle of incidence of the implanted ion (θimpl) is smaller than θc, the 

ions will experience direct channelling. When θimpl > θc, the ions will experience random 

movement into the silicon lattice. However, the random nuclear collisions of the ion may 

result in a trajectory that is aligned with a major crystallographic axis. This is known as the 

indirect channelling.  
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Figure 5-8  Various types of ion channeling : (a) planar channeling, (b) axial channeling, (c) 

indirect channeling [5.18].  
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Figure 5-9 Monte Carlo simulation of the two-dimensional implanted boron distribution into 

(100)Si at a mask edge [5.19].  
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Since <100> transistors and <110> transistors are fabricated on (100)Si, they will 

have the same probability of experiencing the axial channelling and the planar channelling.  

Here, we are referring to a special case of indirect channeling whereby the S/D extension 

implants can channel beneath the poly-Si gate and thus affects Leff. We called this 

phenomenon as the lateral ion channelling. From Fig. 5-9, Monte Carlo simulation of the 

two-dimensional implanted boron distribution into (100) Si at a mask edge shows that the 

lateral channelling for <100> channel is smaller than that of <110> channel [5.19]. As 

there is no equation for lateral ion channelling, we have to modify the equations for planar 

channelling and axial channelling. The equation of the critical angle for planar channelling 

can be expressed as follows [5.18].  
 

( )
ion

planar
2

Siion
1planarc

E

NdqZZ
K=θ                                                                                (5.8) 

 

where K1 is a constant. Zion and ZSi are the atomic numbers of the incident ions and silicon, 

respectively. Eion is the incident ion energy. N is the density of silicon. dplanar is the 

interplanar spacing that defines a planar channel for ion channeling.  From Fig. 5-10, 

(θc)planar is bigger for (110)Si compared to (100)Si [5.22].  For lateral ion channelling, we 

need to define the open space in the silicon lattice (Aopen_space). From Fig. 5-11 and        

Table 5-1,  Aopen_space  along <110> direction is bigger for <110> channel as compared to 

<100> channel [5.20, 5.21]. The effective radius of the open space in the silicon crystal 

lattice (reff) can be expressed as follows, 
 

( ) 2/1
open_spaceeff /πAr =                                                                                               (5.9) 

 

Hence, the equation of the critical angle for planar channelling can be expressed as 

follows, 

( )
ion

eff
2

Siion
2lateralc

2

E

NrqZZ
K=θ                                                                                 (5.10) 

 

Table 5-1 The area of open space (Aopen_space) in the silicon crystal lattice for various surface 

orientation and crystal directions [5.20]. 

Surface orientation/ crystal direction Area of the open space, Aopen_space (nm2)  

(110)/ <110> 0.1053 

(100)/<100> 0.0369 

(111)/ <111> 0.0213 
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Figure 5-10 Critical angle for planar channeling along {110} plane and {100} plane as a 

function of the incident ion energy [5.22].   
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Figure 5-11 Arrangements of the silicon atoms in (100) Si and (110) Si that are viewed along 

the direction normal to the plane [5.20, 5.21].  
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5.5 Results and Discussion 

5.5.1 Validity of the six degenerate ellipsoid model 

This work will show that m
* of NMOS transistor on (100)Si is independent of 

channel orientation even though the actual conduction band minimum at the SiO2/Si 

interface may be slightly different from the six degenerate ellipsoid model. First, we will 

assume the validity of the six degenerate ellipsoid model and then calculate m* of (100) Si 

with an arbitrary channel orientation. From Fig. 5-12, DC←ℜ  for (100)Si with a generalized 

channel orientation can be expressed as follows, 
 

















=ℜ ←

1           0           0    

0      cos      sin-

0      sin      cos  

DC θθ

θθ
                                                                                           (5.11) 

 

where θ = 0 corresponds to <100> channel orientation. Since CE←ℜ  is an identity matrix 

for (100)Si, DCDE ←← ℜ=ℜ . By substituting eqn. (5.3) into eqn.(5.6), we can obtain MD
-1.  

For ∆1 and ∆2 (bulk silicon),  
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For ∆3 and ∆4 (bulk silicon),  
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For ∆5 and ∆6 (bulk silicon),  
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By substituting eqn.(5.12), eqn. (5.13) and eqn.(5.14) into eqn.(5.5),  
                                                                                                         









+







++









−+








+== ∆∆

t

z

t

y

t

yx

t

x

m
k

mm
k

mm
kk

mm
kEE

1
2

cossin
2

sincossincossincos
2

2
222

2
2

2
22

2
2

21

hh

h
h

l

ll

θθ

θθθθθθ

                          (5.15) 

   









+







++









−+








+== ∆∆

t

z

t

y

t

yx

t

x

m
k

mm
k

mm
kk

mm
kEE

1
2

cossin
2

sincossincossincos
2

2
222

2
2

2
22

2
2

43

hh

h
h

l

ll

θθ

θθθθθθ

                           (5.16) 

 









+







+







== ∆∆

l

hhh

m
k

m
k

m
kEE z

t

y

t

x

1
2

1
2

1
2

2
2

2
2

2
2

65
                                                   (5.17) 

 

 

Substituting eqn.(5.15), eqn.(5.16) and eqn.(5.17) into eqn. (5.7),  
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Hence, the six degenerate ellipsoid model predicts that m
* of (100) Si is 

independent of the channel orientation. As opposed to bulk silicon, the electron carrier 

concentration in the inversion-layer silicon has a charge centroid about 1 nm away from 

the interface between silicon and the gate dielectric owing to quantum confinement [4.22]. 

The out-of-plane mass is a function of the distance of the inversion-layer charge centroid 

from the SiO2/Si interface [2.83]. Hence, we believe that the conduction band minimum 

near the SiO2/Si interface may be slightly different from that of bulk silicon (see             

Fig. 5-13). Considering (100)Si, ME
-1 of the in-plane valleys (∆1 to ∆4) near the SiO2/Si 

interface will be the same as that of bulk silicon, as shown in eqn. (5.3a) and  eqn. (5.3b). 

Our theory is that the out-of-plane conduction valleys (∆5 and ∆6) that are near the SiO2/Si 

interface may be slightly different from that of bulk silicon. 
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Figure 5-12

DE←ℜ  of (100) Si for a generalized channel orientation.  
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Figure 5-13 (a) Schematics of the six conduction band valleys of (100) Si, (b) Validity of the six 

degenerate ellipsoid model for the conduction band energy minimum of silicon at the interface 

between SiO2/Si interface. 
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where 'tm  is the transverse mass of ∆5 near the SiO2/Si interface. '
l

m  is the longitudinal 

mass of ∆5 near the SiO2/Si interface. 
 

For ∆6 (near the SiO2/Si interface),    
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where ''tm  is the transverse mass of ∆6 near the SiO2/Si interface. ''
l

m  is the longitudinal 

mass of ∆6 near the SiO2/Si interface. Since we do not know which conduction band 

valleys near the SiO2/Si interface will have the lowest energy, we will explore the various 

possibilities.   
 

Case 1: The six conduction band valleys (∆1 to ∆6) have the same electron energy but 

1
E

−
M  for the out-of-plane valleys (∆5 and ∆6) near the SiO2/Si interface are different from 

that of bulk silicon. Since there is equal probability that an electron can reside in one of the 

six conduction band valleys, we have to consider the average of the six conduction band 

valleys when we calculate m*. 
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                                                                                (5.21)                                       

 

Case 2: The electron energy of ∆1to ∆4 is lower than that of ∆5 and ∆6. Since electrons will 

preferentially occupy the lowest electron energy level, the four in-plane conduction band 

valleys will be filled with electrons but the out-of-plane conduction band valleys will be 

empty. In this case, there is an equal probability that an electron can reside in one of the 

four in-plane conduction band valleys, and thus we have to take the average of the four in-

plane conduction band valleys when we calculate m*. 
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Case 3: If ∆5 has the lowest electron energy, 't
* mm =                                            (5.23)                                                                                       

                                                                                                                             

Case 4: If ∆6 has the lowest electron energy, ''t
* mm =                                            (5.24) 

                                                                                                                                                   

As opposed to the six degenerate ellipsoid model, our theory shows that the electron 

mobility of NMOS transistor on (100) Si will be independent of the channel orientation if 

the momentum relaxation time (τm) is independent of the channel orientation. 
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5.5.2 Mechanism behind the increase in Leff of <100> transistors 

Our theory is that (100) Si is first amorphorized by the S/D extension implants and 

thus some of the implanted S/D extension implants may experience lateral ion channeling 

into either <110> crystal direction or <100> crystal direction. Fig. 5-14 shows the 

schematics of lateral ion channeling and axial ion channeling. Axial channeling is 

associated with the junction depth whereas lateral ion channeling is associated with the 

Leff. The probability for lateral ion channeling (Prlateral) can be expressed as a product of 

three different probabilities. 
 

Prlateral = Pr1Pr2Pr3                                                                                                          (5.25) 
 

where Pr1 is the probability for vertically implanted ions to be scattered laterally. Pr2 is the 

probability for laterally scattered ions to enter <110> or <100> channel. Pr3 is the 

probability for the ions that have entered <110> or <100> channel to be retained in the 

channel. Since <110> transistors and <100> transistors are fabricated on (100)Si, Pr1 is the 

same for  both transistors.  From Table 5-1 and eqn. (5.9), reff along <100> direction      

(reff ,100) is 0.1084 nm, whereas reff along <110> direction (reff ,110) is 0.183 nm. Hence, Pr2 

is smaller for <100> transistor compared to <110> transistor. From eqn.(5.9), (θc)lateral of 

<100> direction is smaller than that of <110> direction. Since Pr3 decreases with a 

decrease in the critical angle [5.18], Pr3 is smaller for <100> transistor compared to <110> 

transistor. Consequently, Prlateral of <100> transistor is smaller than that of <110> 

transistor. This shows that the increase in Leff of <100> MOS transistors can be explained 

by the reduction in the lateral ion channeling of the S/D extension implants.  

From Fig. 5-15, the change in the channel orientation decreases Ig_off of PMOS 

transistors by 0.130 pA and decreases Ig_off of NMOS transistors by 0.489 pA. Similarly, 

DIBL of PMOS transistors is reduced by 2.62 mV and DIBL of NMOS transistors is 

reduced by 21.13 mV. Since a smaller Ig_off is indicative of a smaller gate-to-drain overlap 

[1.33] and a smaller DIBL is also indicative of a bigger Leff, this shows that change in 

channel orientation has indeed increased the Leff of PMOS transistors and NMOS 

transistors on (100)Si. The bigger increase in Leff of NMOS transistor can be understood as 

follows. From Fig. 5-16, the ease of lateral ion channeling depends on the relative 

dimension between the atomic radius of the channeling ions and the effective radius of the 

open space in the crystal lattice. From Table 5-1 and eqn. (5.9), reff ,100 is 0.1084 nm, 

whereas reff ,110 is 0.183 nm. The atomic radius of arsenic (rarsenic) is 0.115 nm, whereas the 

atomic radius of boron (rboron) is 0.085 nm. Since rboron is smaller than reff,100 and reff,110, it is 
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possible for lateral boron channeling to occur along <100> direction and <110> direction. 

However, the situation is different for arsenic. Since   reff,100 < rarsenic< reff,110, it is harder for 

lateral arsenic channeling to occur along <100> direction. Hence, <100> NMOS transistor 

will experience a bigger reduction in the lateral ion channeling of the S/D extension 

implants as compared to PMOS transistor. Another contributing factor to the bigger 

increase in Leff of NMOS transistors can be understood as follows. As discussed in Section 

5.4.1 and Section 5.4.2, the S/D extension implants of NMOS transistor is only affected by 

the reduction in the lateral arsenic ion channeling as there is negligible change in the 

arsenic diffusion. On the other hand, the S/D extension implants of PMOS transistor 

experience two competing factors: (i) the reduction in lateral boron channeling along 

<100> direction, and (ii) the increase in boron diffusion along <100> direction. This 

accounts for the bigger increase in Leff of <100> NMOS transistors as compared to <100> 

PMOS transistors. 
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Figure 5-14 Difference between lateral ion channeling and axial channeling. 
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Figure 5-15 Evidence of the increase in Leff of <100> MOS transistors on (100) Si after a 

change in the channel orientation. Note that DIBL = Vth,lin – Vth,sat. 
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Figure 5-16 The ease of lateral ion channeling for arsenic and boron along <100> direction 

and <110> direction of (100)Si. 
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5.5.3 Effects of channel orientation on Ion and Ioff of MOS transistors 

In Section 5.5.1, we have shown that the electron mobility of (100)Si will be  

independent of the channel orientation if τm is independent of the channel orientation. 

Another approach to investigate the effects of the change in channel orientation on the 

electron mobility is to use the log Ioff versus Ion plot. From Fig. 5-17, log Ioff versus Ion 

characteristics of <110> PMOS transistors follow a different distribution as that of <100> 

PMOS transistors. On the other hand, the log Ioff versus Ion characteristics of <110> NMOS 

transistors follow the same distribution as that of <100> NMOS transistors. This shows 

that the change in channel orientation has increased the hole mobility of PMOS transistors 

but has minimal effects of the electron mobility of NMOS transistors. This is consistent 

with our experimental results, as shown in Fig. 5-18 and  Fig. 5-19. In Section 5.6.2, we 

have shown that the change in channel orientation can lead to a slight increase in Leff of 

PMOS transistors but a significant increase in Leff of NMOS transistors. This results in a 

decrease the subthreshold Ioff for both long-channel <100>NMOS transistors and short-

channel NMOS transistors. This is consistent with our experimental data, as shown in    

Fig. 5-17. From eqn. (1.1), Ion of long-channel NMOS transistors is expected to decrease 

when Leff is increased. From eqn. (3.19) and Fig. 3-39, Ion of the nanoscale MOS transistors 

is a function of vsat_eff , which is dependent on Leff. From Fig. 5-20, the switching from the 

conventional <110> channel orientation to <100> channel orientation has indeed increased 

Ion and Ioff of both long-channel NMOS transistors and short-channel NMOS transistors 

that are fabricated on (100)Si. 

400 450 500 550 600
1.0

1.5

2.0

2.5

3.0

(Measured from source side)

Best-fit line

 

 

 <100>

 <110>

lo
g

 I
o

ff
 (

p
A

/µ
m

)

On-current, I
on

 (µA/µm)

NMOS transistors

250 300 350
1.5

2.0

2.5

3.0

3.5

(Measured from source side)

 

 

 <100>

 <110>

lo
g

 I
o

ff
 (

p
A

/µ
m

)

On-current, I
on

 (µA/µm)

PMOS transistors

Best-fit line

(a)                                               (b)
400 450 500 550 600

1.0

1.5

2.0

2.5

3.0

(Measured from source side)

Best-fit line

 

 

 <100>

 <110>

lo
g

 I
o

ff
 (

p
A

/µ
m

)

On-current, I
on

 (µA/µm)

NMOS transistors

250 300 350
1.5

2.0

2.5

3.0

3.5

(Measured from source side)

 

 

 <100>

 <110>

lo
g

 I
o

ff
 (

p
A

/µ
m

)

On-current, I
on

 (µA/µm)

PMOS transistors

Best-fit line

(a)                                               (b)
 

Figure 5-17 Effects of the change in channel orientation on the log Ioff versus Ion plot of  NMOS 

transistors (b) PMOS transistors on (100)Si. (L = 60 nm , W =1 µµµµm).  
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Figure 5-18 Effects of the change in the channel orientation on µµµµeff  and vsat_eff of NMOS 

transistors on (100) Si. 
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Figure 5-19 Effects of the change in the channel orientation on µµµµeff  and vsat_eff of PMOS 

transistors on (100) Si. 

 

As discussed in Section 5.1, the switching from the conventional <110> channel 

orientation to <100> channel orientation increases the hole mobility (µeff). Based on       

eqn. (1.1) and eqn (3.19), Ion of long-channel PMOS transistor and nanoscale PMOS 

transistor are expected to increase after the change in the channel orientation.  This is 

consistent with our experimental results as shown in Fig. 5-21. With reference to            

eqn. (4.36), the equation of the subthreshold Ioff is a function of the low-field mobility in 

the subthreshold regime (µsub) and Leff. From Section 4.6, experimental data has shown that 

there is indeed a relationship between µsub and µeff such that µsub is expected to increase 

when µeff increases. Hence, we would expect µsub of <100> PMOS transistor to be bigger 
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than that of <110> PMOS transistor. In Section 5.5.2, we have shown that the change in 

the channel orientation can lead to a slight increase in Leff of PMOS transistor. In short, the 

subthreshold Ioff of <100> PMOS transistor is subjected to two competing factors:  (i) the 

increase in µsub  can lead to an increase in the subthreshold current, and (ii) the slight 

increase in Leff can lead to a decrease in the subthreshold current. For long-channel PMOS 

transistors, the effects of the increase in µsub is likely to dominate over the effects of the 

slight increase in Leff, and thus the subthreshold Ioff of <100> PMOS transistor is bigger 

than that of <110> PMOS transistor. For short-channel PMOS transistors, the effects of the 

slight increase in Leff is likely to dominate over the effects of the increase in µsub, and thus 

the subthreshold Ioff of <100> PMOS transistor is smaller than that of <110> PMOS 

transistor.  
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Figure 5-20 Effects of switching from the conventional <110> channel orientation to <100> 

channel orientation on the Ion and Ioff of NMOS transistors on (100)Si. 
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Figure 5-21 Effects of switching from the conventional <110> channel orientation to <100> 

channel orientation on the Ion and Ioff of PMOS transistors on (100)Si. 
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6. Conclusions and Recommendation 

6.1 Main contributions of the thesis 

(1) To clarify the drain current transport mechanism in nanoscale MOS transistor 

  

Using the backbone of the quasi-ballistic theory proposed by Lundstrom, we will unify the 

merits of velocity saturation model, the ballistic transport and the quasi-ballistic transport 

and then come up with a simplified saturation drain current equation for nanoscale MOS 

transistor. This equation can account for the strain-induced Ion improvement but yet 

comprises of parameters that can be easily obtained from the standard electrical 

measurements. 
 

(2) To determine if there is an overall on-current improvement in NMOS transistor 

by CESL-induced tensile stress 

 

We observed that the application of CESL-induced tensile stress to NMOS transistors has 

led to a bigger percentage increase in logIoff as compared to Ion. This makes us wonder if 

stress engineering can lead to an overall Ion improvement. The most straightforward 

approach to ascertain the overall strain-induced Ion improvement is to first determine the 

strain-induced increase in logIoff, and then read the corresponding increase in Ion from the 

logIoff versus Ion plot characteristics plot. However, this approach does not explain why 

there is an overall strain-induced improvement in Ion when stress engineering actually leads 

to a bigger percentage increase in logIoff compared to that of Ion. Hence, we introduce a 

third parameter (Vth,sat or DIBL) in the logIoff versus Ion characteristics. We found that the 

subthreshold Ioff is more sensitive to the change in Vth,sat as compared to Ion and thus the 

strain-induced increase in Ioff can be removed by a slight change in Vth,sat without much 

effect on Ion. Therefore, there is an overall improvement strain-induced improvement in Ion 

even though stress engineering actually leads to a bigger percentage increase in logIoff 

compared to that of Ion.  

 

(3) To determine the effects of switching from <110> to <100> channel orientation on 

the on-current and off-current of MOS transistors fabricated on (100) surface-

oriented silicon wafer  

We have shown that the effective conductivity electron mass of (100) surface-oriented 

silicon is independent of the channel orientation even though the six degenerate ellipsoid 

model may not be applicable near the SiO2/Si interface. In the other words, the switching 
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from the conventional <110> channel orientation to <100> channel orientation will not 

change the electron mobility. Experimental results have shown that there is an increase in 

Leff in NMOS transistors and PMOS transistors after the change in channel orientation. We 

found that the mechanism behind the increase in Leff is caused by a reduction in the lateral 

ion channeling of the S/D extension implants rather than a change in the diffusion 

coefficient of the S/D extension implants. Furthermore, we observed that the increase in 

Leff of NMOS transistor is more significant as compared to that of PMOS transistor. We 

attributed this observation to the ease of ion channeling through the open space in the 

silicon crystal lattice. These findings provide an insight to the behavior of Ion and Ioff of 

MOS transistors after the change in the channel orientation. We believe that the decrease 

in Ion and Ioff of long-channel <100> NMOS transistors and short-channel <100> NMOS 

transistors owing to an increase in Leff. However, the situation is more complicated for 

PMOS transistors because the subthreshold Ioff of <100> PMOS transistor is subjected to 

two competing factors: (i) an increase in µsub that leads to an increase in the subthreshold 

current, and (ii) a slight increase in Leff that leads to a decrease in the subthreshold current. 

Hence, the subthreshold Ioff of long-channel PMOS transistor is increased by the change in 

channel orientation owing to the increase in µsub. On the other hand, the subthreshold Ioff of 

short-channel PMOS transistor is decreased by the change in channel orientation owing to 

the increase in Leff.  

6.2 Recommendations of future work 

[1] To investigate if the subthreshold mobility is increased by the externally applied 

mechanical stress 

 

Suggestions: Use four point rod bending and magnetoresistance mobility measurement to 

show that subthreshold mobility is indeed increased by stress engineering. Note that the 

four point rod bending fixture cannot be made up of ferromagnetic material as it may 

interfere with the magnetoresistance mobility measurement. 
 

[2] To investigate the effects of mechanical stress bias in MOS transistor on the 

sensitivity of the silicon bandgap to a small externally applied mechanical stress 

 

Suggestions: Perform a CESL split comprising of highly compressive stressed CESL, low 

compressive stressed CESL, neutral CESL, low tensile stressed CESL and highly tensile 

stressed CESL. Use a sophisticated four point rod bending to monitor the change in 
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subthreshold swing and threshold voltage at small incremental increase in the externally 

applied mechanical stress. 
 

[3] To investigate if uniaxial stress will affect the GIDL current of PMOS transistors 

fabricated on (100) surface-oriented silicon wafer with <100> channel orientation 

 

Rationale: Experimental results have shown that <100> PMOS transistor is virtually 

insensitive to mechanical stress [1.35, 2.84].  However, the tight-binding calculations show 

that the strain-induced silicon bandgap narrowing is bigger for <100> channel compared to 

<110> channel [4.4]. Since GIDL current is dependent on the silicon bandgap, we would 

expect GIDL current of <100> PMOS transistor to be increased by tensile stress.   
 

[4] To investigate why strained NMOS transistors on (110) surface-oriented silicon 

substrate can have comparable performance to the strained NMOS transistors on 

(100) surface-oriented silicon substrate 

 

Rationale: Many studies have demonstrated that the PMOS transistors fabricated on (110) 

surface-oriented silicon wafer have higher hole mobility than that on (100) surface-

oriented silicon wafer, and the strained NMOS transistors on (110) surface-oriented silicon 

wafer can have comparable performance to that on (100) surface-oriented silicon (See 

Appendix).  
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Appendix: Effects of surface-orientation on electron mobility and hole mobility  

 From Fig.A-1, PMOS transistors on (110)Si have higher hole mobility than PMOS 

transistor on (100)Si [A.1]. This can be understood as follows. The energy split between 

HH and LH band in (110) PMOS transistor, ∆EHH-LH 
(110) is bigger compared to that of 

(100) PMOS transistors, ∆EHH-LH 
(100). From Fig.A-2, ∆EHH-LH 

(110) is larger than the optical 

phonon energy when the substrate impurity concentration (Nsub) or the surface carrier 

concentration (Ns) is high [A.1]. As a result, optical phonon scattering, which is the 

dominant scattering mechanism in PMOS transistors, can be suppressed in (110) PMOS 

transistors but not in (100) PMOS transistor. This accounts for the higher hole mobility in 

PMOS transistors on (110)Si compared to PMOS transistors on (100)Si. 

In the absence of mechanical stress, the electron mobility is higher for NMOS 

transistor on (100)Si compared to NMOS transistor in (110)Si, as shown in Fig.A-3 [A.1]. 

This can be understood as follows. When the six degenerate conduction band valleys are 

projected onto (100)Si, there are two out-of-plane valleys (∆5, ∆6) and four in-plane valleys 

(∆1, ∆2, ∆3, ∆4). On the other hand, when the 6-fold valleys are projected onto (110)Si, 

there are four out-of-plane valleys (∆1, ∆2, ∆3, ∆4) and two in-plane valleys (∆5, ∆6), as 

shown in Fig. A-4. Owing to the electrostatic confinement at the Si/SiO2 interface, the six 

degenerate conduction band valleys are split into two-fold valleys and four-fold valleys. 

From Table A-1, for (100)Si, the confinement mass (mz) of the two out-of-plane valleys 

(∆5, ∆6) is 0.97 mo whereas mz of the four in-plane valleys (∆1, ∆2, ∆3, ∆4) is 0.19 mo [5.2]. 

For (110)Si , mz of the four out-of-plane valleys (∆1, ∆2, ∆3, ∆4) is 0.317 mo whereas mz of 

the two in-plane valleys (∆5, ∆6) is 0.19 mo. From eqn. (4.18), a bigger mz leads to a lower 

energy level of the conduction subband in the potential well at the Si/SiO2 interface. Since 

the difference in mz between the 2-fold valleys and 4-fold valleys is larger in (100)Si, there 

is a bigger energy split in the conduction band valleys for (100)Si. This leads to a higher 

electron mobility in NMOS transistor on (100)Si under unstrained condition. 

However, Saitoh et al. reported that the saturation drain current of scaled (110) 

NMOS transistor approaches (100) NMOS transistor owing to STI induced compressive 

stress along the channel width [A.2]. This can be understood as follows. From Table A-2, 

the device-level piezoresistance coefficient that is perpendicular to the channel length (π⊥) 

is negative for (100) NMOS transistor but positive for (110) NMOS transistor [2.41]. In 

the other words, the transverse STI-induced compressive stress is expected to degrade the 

electron mobility of (100) NMOS transistor but enhance the electron mobility of (110) 
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NMOS transistor. In view of the above discussion, there is a tradeoff between the two 

competing factors: (i) a smaller energy split in the conduction band valleys in (110) NMOS 

transistor compared to (100) NMOS transistor, (ii) positive π⊥ in (110) NMOS transistor 

and negative π⊥ in (10) NMOS transistor. This explains why the strained (110) NMOS 

transistors can get comparable performance to the (100) NMOS transistor.  
 

 

Figure A-1 Higher hole mobility (µµµµh) as a function of the effective vertical field (Eeff) for <110> 

PMOS transistors fabricated on (100)Si and (110)Si[A.1].  

 

 

Figure A-2 Energy split (∆∆∆∆EHH-LH) in PMOS transistors on (100)Si and (110)Si [A.1]. 

 

 

Figure A-3 Electron mobility (µµµµe) as a function of the surface carrier concentration (Ns) for 

NMOS transistors on (100)Si and (110)Si [A.1].  
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Figure A-4 Conduction band valleys on (100) plane and (110) plane [A.1]. 

 

 

Table A-1: Effects of surface orientation and channel orientation on the effective electron 

masses along the quantum confinement direction (mz) [5.2].  
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Table A-2 Device-level piezoresistance coefficients of the <110> NMOS transistors fabricated 

on (100)Si and (110)Si (units: 10
-11 

Pa
-1

) [2.41].  

 

Piezoresistance coefficient (100) surface-oriented silicon (110) surface-oriented silicon 

π// -49 -27 

π⊥ -16 +53 
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