
ABSTRACT 
 
 

DEMIRCIOGLU, HARUN. Modeling Layout Dependent Stress Effects for CMOS. (Under 
the direction of Dr. W. Rhett Davis.) 
 
 

Process induced mechanical stress has enabled continued CMOS scaling since the 

90nm node to improve carrier transport and maintain high drive current. This stress depends 

strongly on the layout shape as well as the surroundings of each transistor in a circuit. The 

resulting stress variation changes the individual transistor performance and circuit delay 

which lead to yield loss. Therefore, analytical stress models are needed to relate these stress 

dependent variations to critical layout parameters for design optimization. 

This dissertation presents the development of accurate, non-process specific analytical stress 

models which are capable of analyzing systematic layout induced mechanical stress 

variations. The process and layout dependence of all relevant process induced intentional and 

unintentional stress sources has been incorporated into our analytical models. Intentional 

stress sources are embedded lattice mismatch stressors (LMS) and contact etch-stop liners 

(CESL), whereas unintentional ones are shallow trench isolation (STI) and through silicon 

via (TSV) stress. 

Analytical models are calibrated and verified against silicon ring oscillator frequency 

data. The models exhibit a very good fit to the silicon data and resulting root mean square 

error (RMSE) between silicon and model results is less than 0.8%. 

The created analytical models can be employed by circuit and layout designers to quickly 

optimize their layout and reduce stress dependent performance degradations without using 

technology computer aided (TCAD) design tools which are very slow and impractical to be 

used in circuit design environment.  
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Chapter 1 

 

Introduction 

 
1.1      Motivation 

Due to the extreme scaling of CMOS device sizes needed to maintain the trajectory of 

Moore’s Law [1.1], CMOS is nearing its fundamental scaling limit, which makes 

performance and reliability the major concerns [1.2], [1.3]. Scaling of threshold voltage (VT) 

requires higher channel dopant density, which in effect decreases carrier mobility [1.4]. In 

addition to this, carrier mobility is degraded with increasing effective field, which is a result 

of gate length scaling [1.2]. As a result, process induced mechanical stress was adapted by 

CMOS technologies in sub-90nm nodes to improve carrier mobilities and maintain high drive 

current [1.5]. Embedded lattice mismatched stressors (LMS) in junction regions (SiGe for 

PMOS 
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PMOS, Si:C for NMOS), contact etch stop liners (CESL) and stress memorization techniques 

(SMT) are intentional stress sources introduced to CMOS processes for this purpose. In 

addition to these intentional stress sources, there are also unintentional stress sources, such as 

shallow trench isolation in active silicon, and through-silicon vias (TSV) in emerging 3D 

stacked processes. 

In strained silicon technology, the magnitude of stress in the device channel, hence the exact 

amount of mobility improvement for a device depends on the process parameters of the 

technology, circuit layout parameters of the device and its neighboring features in the layout 

[1.4], [1.6]. Therefore, two devices with same gate length and width, which are assumed to 

have same drive strength in a regular Spice simulation, may exhibit considerable within die 

variations due to nonuniform distribution of stress through the layout [1.2], [1.6], [1.7].  

Introduction of strained silicon further increased the sources of process variations and 

impacted all aspects of circuit design [1.8], [1.9]. Mechanical stress based variations are 

layout dependent hence they are not random but systematic type of variations. Therefore, 

efficient characterization and modeling of stress is needed to enable accurate analysis of 

VLSI circuits, to improve suboptimal circuit performance and to achieve higher gate density 

by mitigating uncertain variations and reducing design pessimism [1.10], [1.11], [1.12]. 
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1.2      Basics of Engineering Mechanics  

Stress is defined as average force per unit area. Its unit is Pascal which equals to N/m2. Stress 

components are displayed on the surface of an infinitesimal cube in Figure 1.1. On each 

surface of the cube, there is one normal component and two shear components of stress. σii’s 

are stress components normal to the cubic faces and τij’s are shear components directing to j 

direction on the orthogonal face to i [1.10], [1.13]. 

 

x

y

z

σxx

σyy

σzz

τxy

τxz

τyx

τyz

τzx
τzy

 

Figure 1.1: Stress components on the surfaces of an infinitesimal cube. 

 

On the other hand, strain is the change of displacement per unit length, which is caused by 

stress.  Unlike stress, strain can be measured directly.  

Figure 1.2 shows the deformation on a spring with an applied force. Δu is deformation or 

displacement as a result of force applied. 
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Figure 1.2: Deformation of a spring with an applied force. 

 

Strain is defined as: 

𝜀𝑋𝑋 = 𝛥𝑢
𝛥𝑥

                                                                                                                               (1.1) 

Elastic materials return to its original shape when the force is removed.  

Hooke’s law states the following relationship for stress and strain for the plane strain 

condition [1.13]: 

𝜎 = 𝑐. 𝜀                                                                                                                                 (1.2) 

where σ and ε are stress and strain vectors, respectively (in the order of [𝑥𝑥,𝑦𝑦, 𝑥𝑦]) and c is 

the matrix of material constants given by Equation 1.3 for plane strain condition [1.13]. 

The plane strain condition refers to solids whose dimension in the z-direction is much greater 

than its dimensions in the x and y-directions. Therefore, strain in the z-direction is 0 [1.13]. 
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𝑐 = 𝐸(1−𝑣)
(1+𝑣)(1−2𝑣)

⎣
⎢
⎢
⎢
⎡ 1 𝑣/(1 − 𝑣) 0
𝑣/(1− 𝑣) 1 0

0 0 (1 − 2𝑣)
2(1− 𝑣)�

⎦
⎥
⎥
⎥
⎤
                                         (1.3) 

 
This condition is widely used in our simulations in this study for the case of large transistor 

widths; hence this constitutive equation is presented here for this reason. 

In Equation 1.3, E and v are Young’s modulus and Poisson’s ratio. 

Young’s modulus defines the stiffness of the material and the ratio of the uniaxial stress to 

the uniaxial strain. Hence its unit is in Pascals. On the other hand, when a material is 

compressed in one direction, it usually expands in other directions. Poisson’s ratio is defined 

as this percent expansion to the percent compression for the small values of changes [1.13], 

[1.14].  

In the text, both σ and S will be used to denote stress. In addition, compressive stress will be 

considered as negative and tensile stress as positive. 

 

1.3      Basics of Finite Element Method (FEM)  

In our study, detailed stress-strain calculations of CMOS stressors were performed by using a 

finite element method (FEM) simulator, abaqus [1.15], which is suitable for calculating 

stress in arbitrary geometry [1.16]. In addition, it is convenient to apply changes in geometry 

and simulation time is on the order of minutes, which makes FEM efficient to use in this 

study. 

In FEM simulation, a problem is discretized into smaller elements. For each element, a set of  
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partial differential equations for mechanics problem is constituted and then assembled 

together to form the global finite element equation for the complete problem domain [1.13], 

[1.17]. 

The solver traverses through all nodes in a mesh and creates the following equation for each 

element. 

[𝑘]𝑒{𝑢}𝑒 = {𝑓}𝑒                                                                                                                    (1.4) 

where [k]e is the element stiffness matrix, {u}e is the nodal displacement vector for the 

element and {f}e is the element  force vector [1.18]. 

Then the matrix equations for each element are assembled to create the global equation for 

the problem. 

[𝐾]{𝑢} = {𝑓}                                                                                                                        (1.5) 

where K is the global stiffness matrix, u is the global displacement vector and f is the global 

force vector [1.18]. 

Abaqus [1.15] generally uses Newton’s method in incremental time steps to solve static 

problems like Equation 1.5 [1.18]. 

 

1.4      Stress Sources in CMOS  

Strained-Si was integrated to CMOS process in 2000s; however the idea can be traced back 

to 1980’s. Both biaxial and uniaxial stress options were carefully analyzed and evaluated for 

years, before the industry adopted uniaxial stress [1.19], due to continuous mobility 

improvement at high electrical fields [1.5], [1.20] and smaller threshold voltage shift [1.21]. 
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Figure 1.3 summarizes the desired stress types for hole and electron mobility enhancement. 

Holes and electrons enjoy different type of stress on the channel direction and this introduces 

extra process steps to the CMOS fabrication.   

  

 

 
 
 
 
 
 

 
Figure 1.3: Desired Stress Types for CMOS Transistors. 

 
 

 

Mechanical stress sources, used in state of the art CMOS technologies are summarized below 

and visualized in Figure 1.4. 

 

 

 
 

Figure 1.4: Mechanical Stress Sources in CMOS Transistors. 
 
 
 

Direction PMOS NMOS 
Longitudinal (X) Compressive Tensile 

Lateral  (Y) Tensile Tensile 
Out-of Plane (Z) Tensile Compressive 

Parallel  (x) Perpendicu
lar 

 (y
)

Vertical  
(z)
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Lattice-Mismatched Materials in Junction Regions: Si1-XGeX has a higher lattice constant 

than Si, therefore exerts a high longitudinal compressive stress to the channel region of 

PMOS transistors. This was first reported in [1.22] for the Intel’s 90nm logic technology.  

The counterpart of embedded SiGe junction is embedded Si:C junction for NMOS devices 

where the substitutional Carbon atoms are introduced to source/drain areas. Si:C has a 

substantially lower lattice constant than Si, thus creates a tensile compressive stress along the 

channel. However, integration of embedded Si:C junctions were found to be much more 

challenging than embedded SiGe junctions, thus its use in commercial mass production is 

still limited [1.23].  

This stress source will be frequently referred as LMS throughout the paper. 

Contact Etch Stop Liners (CESL): Contact Etch Stop nitride liners employ highly stressed 

Si3N4 films to exert stress through the active area and gate electrode. It was first integrated to 

CMOS processes in 90nm technology [1.22], [1.24]. In [1.24] tensile liners for NMOS and 

compressive liners for PMOS were employed, which is called as “Dual Stress Liners” (DSL). 

Compressive and tensile etch stop liners are also used as cESL and tESL, respectively in this 

paper.  

Shallow Trench Isolation (STI): Unlike aforementioned stress sources, STI is a parasitic 

stress source. It is a result of thermal cycles during isolation process due to the differences in 

thermal expansion coefficients of Si-SiO2 [1.25], [1.26]. It is compressive in nature.  

Stress Memorization Technique (SMT): This technique improves electron mobility for 

NMOS devices without degrading PMOS performance. Unlike other stressors, the SiN layer 

tem 
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is a temporary layer which makes it relatively independent of layout [1.2]. Therefore SMT 

will not be studied separately in this work. 

Through Silicom Via (TSV): 3-D integration with through silicon vias (TSVs) offers an 

attractive alternative to 2-D planar technologies [1.50]. Similar to the STI stress, stress builds 

up inside silicon during thermal cycles due to the thermal expansion coefficient difference 

between TSV material and silicon [1.51]. 

 

1.5       Strained Silicon Physics 

The carrier mobility is defined as [1.27]: 

𝜇 = 𝑞.𝜏
𝑚∗                                                                                                                                (1.6) 

Where τ is the mean time between scattering events and m* is the conductivity effective mass 

of charge carriers. 

Effective mass of the charge carriers can be calculated by [1.27]: 

𝑚∗ = ħ
𝑑2𝐸

𝑑𝑘2�
                                                                                                                    (1.7) 

Where 
𝑑2𝐸
𝑑𝑘2

 is the curvature of the (E, k) band. 

Therefore, decreasing the effective mass by warping energy bands or increasing the mean 

time between scattering events enhances the carrier mobility. Mechanical stress in silicon can 

improve both hole and electron mobility. 
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1.5.1      Hole Mobility Enhancement under Stress 

In a PMOS device (on (001) Si plane and with [110] channel direction), compressive uniaxial 

stress warps valance band in such a way that curvature of (E,k) band becomes larger [1.19], 

[1.28]. Moreover, it breaks the symmetry of the light and heavy hole bands which results in 

band mixing and redistribution of charge carrier, which decreases hole effective mass thus 

increases its mobility [1.28], [1.29]. In addition to these two factors, as a result of warping, 

available density of states decreases which result in a decrease of inter band scattering which 

also contributes to mobility increase as much as 20% [1.28].  

Similarly, biaxial stress also warps and shifts the bands and decreases effective hole mass but 

significantly lower in magnitude than uniaxial stress [1.30]. In addition, biaxial stress 

maintains symmetry of light and heavy hole bands unlike uniaxial strain [1.29].   

The field dependences of uniaxial and biaxial stress are also different due to the different 

physical effects they create on bands. Uniaxial stress is maintained in high vertical fields, 

whereas biaxial stress loses its enhancement on mobility [1.29].   

 

1.5.2      Electron Mobility Enhancement under Stress 

Tensile uniaxial stress along the channel direction of an NMOS device (on (001) Si plane and 

with [110] channel direction), warps energy surface and reduce the effective mass of 

electrons, similar to holes under compressive uniaxial stress. Moreover, it also splits 

conduction band edge and decreases inter-valley scattering, which also favors electron 

mobility increase. On the other hand, tensile biaxial strain does not change effective mass of 

electron 
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an electron but increase mobility by just splitting conduction band edge. This difference 

effects their behavior at high fields, since splitting of conduction band edge behavior is more 

affected than effective mobility increase in large fields [1.31].   

Furthermore, uniaxial stress does not saturate in high stress regime (up to 1.5GP) since 

effective mass continues to decrease with the increasing stress. However inter-valley 

scattering, which is the dominant effect in biaxial stress case, saturates in high stress regime 

[1.31], [1.32].   

 

1.6      Electrical Effects of Stress in CMOS 

The most important outcome of strained silicon technology is mobility improvement. A 

fractional change in mobility (𝛥𝜇 ⁄ 𝜇) is a linear function of stress (σ) and given by [1.33] : 

Δμ/μ= �𝜋∥𝜎11 + 𝜋⊥𝜎22 + 𝜋12𝜎33�                                                                                     (1.8)  

where 𝜎11 ,  𝜎22, and  𝜎33  are the parallel, perpendicular and vertical stress to the channel. 

(these components are also referred as SXX, SYY, and SZZ respectively in the later figures). 

The π’s are the corresponding piezoresistance coefficients. The Piezoresistance effect is an 

electrical resistance change with stress, which was discovered by Smith almost sixty years 

ago [1.34]. Piezoresistance coefficient values depend on the direction of stress as well as 

orientation of a wafer.  

As Table 1.1 shows, hole and electron mobility improvement depend most on parallel and 

vertical stresses, respectively [1.29], [1.33]. On the other hand, hole mobility is not affected 

by the vertical stress changes.  
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Table 1.1: Piezoresistance coefficients for <110> channel orientation on (001) wafer. 

Coefficient PMOS (x10-11 Pa-1) NMOS (x10-11 Pa-1) 
        𝜋∥     (Parallel) 71.8 -31.6 

     𝜋⊥ (Perpendicular) -66.3 -17.6 
        𝜋12   (Vertical) -1.1 53.4 

 
 
 
For hole mobility, at high values of 𝜎11 (more than 500MPa) which state of the art PMOS 

transistors use, a fractional change in hole mobility does not show linear relationship with 

stress. Hence the fractional increase due to the parallel stress cannot be calculated by using 

piezoresistance coefficients. In [1.19], hole mobility enhancement 𝜇 𝜇0⁄  was extracted for a 

wide range of stress values. 

Figure 1.5 shows that mobility enhancement saturates around 4.5X-fold over relaxed Si. On 

the other hand, electron mobility enhancement does not saturate in high stress regime (up to 

1.5GP). Therefore the fractional change in electron mobility can be calculated with Equation 

1.8. 

Carrier mobility is mostly responsible for the linear region of operation and is not sufficient 

to capture the behavior of transistors in saturation region [1.4]. Saturation velocity, on which 

the effect of stress has been experimentally demonstrated [1.37], is mainly responsible for the 

device behavior in the saturation region of operation. This impact is process dependent [1.4], 

[1.37], and can be calibrated with data from a specific process to achieve better accuracy 

with our analytical models. Without having such data, the BSIM Vsat [1.37] parameter can 

be updated according to (2) [1.35]: 
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𝛥𝐼𝐷𝑠𝑎𝑡
𝐼𝐷𝑠𝑎𝑡

= (1 − 𝐵𝑠𝑎𝑡)
𝛥𝜇
𝜇

                                                                                                          (1.9) 

where Bsat is the saturation region ballistic coefficient which is around 0.6- 0.7 for the state of 

the art technologies [1.36].  

 

 

Figure 1.5: Mobility Enhancement (μ/μ0) vs. Parallel Stress  σ11 (=SXX) for Uniaxial 
compression in the direction of [110] on (001) Si wafer [1.19]. 
 
 
 
Therefore, saturation velocity BSIM4 parameter (vsat) is updated accordingly [1.37].  

Mechanical stress also causes threshold voltage shift in NMOS transistors. The threshold 

voltage change of an NMOS transistor under uniaxial tensile stress is given by [1.38], [1.39]:  
     
𝑞.𝛥𝑉𝑇𝑁(𝜎) = (𝑚− 1)𝛥𝐸𝑔(𝜎)                                                                                          (1.10) 

where m is the body effect coefficient (~1.3-1.4).  𝛥𝐸𝑔  is band gap change due to strain 

which is defined in Equation for uniaxial tensile strain [1.38].  
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 𝛥𝐸𝑔 = −6.19𝜀[110] eV                                                                                                      (1.11) 

𝜀[110] ≈ 𝜎𝑋𝑋 𝐸𝑆𝑖⁄                                                                                                           (1.12)  

ESi is Young’s Modulus of Silicon.       

In [1.39] it was found that this model is consistent with measurement results. [1.40], [1.41], 

[1.42] came to the conclusion that threshold voltage shifts are negligible (<5mV) for PMOS 

transistors under stress. Therefore threshold voltage of PMOS transistors is assumed to be 

independent of channel stress. 

 

1.7      Previous Research in the Area of Stress Modeling 

The influence of layout on stress sources has been studied by other researchers in the past. 

Widely used BSIM4 model [1.37], only contains STI stress effect without taking STI length 

into account, which has a considerable impact on STI stress. Researchers in [1.25], [1.26], 

[1.42], [1.43] also limited their studies to STI impact on stress and did not model state-of the 

art stress effects, which are more dominant in today’s technologies.  

[1.44] presented analytical models for different sources of stress but limited their work for an 

isolated transistor, which is not adequate to capture context dependent layout effects. In other 

words, the model is unable to capture the variations between devices having same diffusion 

length throughout the circuit layout. In addition, models do not include perpendicular (width 

direction of a device) and vertical (gate direction of a device) directions of the stress tensor 

which have non-negligible effects on device performance. Also, they did not model all 

process dependent effects which make their model parameters process-dependent. Therefore, 

th 
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the model is not readily available to use without calibrating for a specific technology, which 

makes it impossible to use without having such data. 

Researchers in [1.45], [1.46], [1.47] performed various TCAD simulations to capture 

different process and layout dependent sensitivities on stress for a single device in an isolated 

or dense environment. However, they mostly limit their studies on device level and did not 

study context dependent effects. They created an analytical model for a single device with 

lattice mismatch stressors in a dense environment; however due to lack of context dependent 

effect, it would not be able to capture the variation between devices accurately. Furthermore, 

they also pointed out the inaccuracy of their model for the absolute values of stress. 

[1.4] created TCAD simulation-based physical models for different stress effects. However, 

stress component in only one dimension (parallel to the channel) was modeled. In addition, 

width dimension effects and contact holes, which contribute to stress variation significantly, 

were not captured. Furthermore, process dependent parameters were left as constants, which 

limit the model’s use for a designer.  

[1.48] presented 1-dimensional string based equations for parallel and perpendicular 

directional stress components, but due to the 1-D assumption, neighboring layout effects 

were overestimated and the vertical component of stress was not modeled. Moreover, process 

effects on stress were not captured which should be extracted for each specific process to be 

used. Not having such data would limit the use of this model. 

Even though [1.12] introduced process specific analytical models, details of the model are 

not available to the reader. 
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[1.6], [1.49] indicated possible ways to mitigate device variations by using different layout 

structures. However, their study is based on TCAD simulations without creating any 

analytical model. In addition, their study does not include any process impacts. 

The current trend in semiconductor industry is to model these effects with obfuscated, 

proprietary models. However, the majority of these effects can be effectively captured in 

public, non-process specific models capable of analyzing the systematic layout induced 

mechanical stress variations.  

 

1.8      Original Contributions 

The main contribution of this dissertation is the development of process independent, context 

dependent, open source, analytical stress models, which are interpolated based on over 

22,000 finite element method simulations. There are separate analytical models for all 

individual stress sources, lattice mismatch stressors (LMS), contact etch stop liners (CESL), 

shallow trench isolation (STI) and through silicon via (TSV). Unlike other stressors, SMT is 

a temporary layer which makes it relatively independent of layout [1.2]. Therefore SMT will 

not be studied separately in this work. 

The open source models capture all stress source effects in all directions with explicit 

formulation of process dependence as well as layout dependence. In other words, models 

accept process parameters as inputs which change both the magnitude of stress and its layout 

sensitivity significantly. 

The second contribution of this work is a Stress Advisor tool. It is a software tool 

usinsasasasas 
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implemented using MATLAB® which can provide quick feedback to the layout designer 

about the effects of possible changes on layout before doing the actual layout changes which 

can be cumbersome. A similar tool applied in [1.7] inspired this work, but it is for a specific 

technology and it is not open source. The layout designer will input technology information 

and then geometry information of a device and the tool returns the mobility multiplier and 

threshold voltage changes. The designer quickly tries out different geometries according to 

the desired performance of a device, and then does the layout changes accordingly. Figure 

1.6 summarizes Stress Advisor flow. 

 

 

 
Figure 1.6: Stress Advisor Flow. 
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By using the stress advisor flow, it is much easier to create restrictive design rules and layout 

guidelines for a specific technology. 

 

1.9      Organization 

The dissertation is organized as follows: Chapter 2 presents a device level study of modeling 

stress for lattice mismatch material in junction regions. Chapter 3 presents Contact etch stop 

liner (CESL) stress modeling for isolated devices.  In both chapters the detail analysis of 

individual process effects are analyzed and their influence on layout sensitivity is discussed. 

Chapter 4 presents study for shallow trench isolation (STI) stress. This work includes state of 

the art enhancements for stress effect in shallow trench isolation processes. In Chapter 5, the 

effect of neighboring layout features on the channel stress is studied. Chapter 6 studies 

through silicon via (TSV) stress and presents compact model for it. In Chapter 7, analytical 

model construction details along with the model validation against silicon measurements are 

discussed. Chapter 8 concludes the dissertation by presenting possible future work 

alternatives. 

Throughout the paper, we compare our analytical model results against finite element 

analysis results as well as experimental silicon measurement results. Hence in figures, the 

labels “Model”, “Simulation”, and “Experimental” respectively will be used to distinguish 

between these results. 
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Chapter 2 

 

Modeling Stress for Lattice Mismatch 

Material in Junction Regions 

 
2.1      Introduction 

A MOSFET with embedded Si1-xGex source/drain junction technology was first proposed by 

researchers from North Carolina State University [2.1]. This work showed that embedded 

Si1-xGex source/drain junctions increase solid solubility of Boron and decrease the band gap, 

both of which lead to decreased contact resistance.  

However, the hole mobility enhancement of this method was first reported in [2.2] for Intel’s 

90nm logic technology. Si1-XGeX has a higher lattice constant than Si, therefore exerts a high 

pa 
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parallel compressive stress to the channel region of PMOS transistors. They showed hole 

mobility (μP) gains greater than %50 and saturation current (IDSATP) gains greater than %25 

relative to unstrained silicon devices thanks to this technology. 

The counterpart of embedded Si1-xGex junction is embedded Si1-yCy junction for NMOS 

devices where substitutional Carbon atoms are introduced to source/drain junction areas. Si:C 

has a substantially lower lattice constant than Si thus creates a tensile compressive stress 

along the channel. Nevertheless, integration of embedded Si1-yCy junctions was found to be 

much more challenging than embedded Si1-xGex junctions [2.3]. Although the first Si:C 

transistor was built back in 2004 by [2.4], it is still not used in commercial mass production. 

In 2008, IBM announced for the first time that they have more benefits from Si1-yCy 

junctions over their standard baseline transistor in 45-nm technology [2.3].   

In LMS technology, the stress-level in the transistor channel, and hence the mobility 

enhancement of a device, depends heavily on process parameters as well as its physical 

dimensions. This chapter presents these effects and the analytical modeling effort to capture 

them. 

This chapter is organized as follows. Section 2.2 and its sub sections discuss our technical 

approach to the problem and finite element method (FEM) simulation details. In Section 2.3 

and its sub sections, we present several results about process parameter impacts on stress and 

layout sensitivity. In section 2.4, we present parameter ranges for our experiments and model 

and we conclude our chapter with a summary, which is section 2.5. 
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2.2      Technical Approach  

The focus of this section is to use finite element method (FEM) to solve for stress-strain 

fields in device channel exerted by embedded lattice mismatched junctions.  

In FEM simulators, lattice mismatch stress is simulated in the framework of thermoelasticity. 

The lattice mismatch is modeled by a corresponding thermal expansion coefficient between 

the lattice mismatched stressor (LMS) and Si, and temperature was raised by 1K [2.5], [2.6]. 

The lattice mismatch strain between LMS and Si can be calculated by Equation 2.1, and 

thermal strain can be found by Equation 2.2 [2.6]. 

𝜀0 = 𝑎𝑠𝑖−𝑎𝐿𝑀𝑆
𝑎𝐿𝑀𝑆

                                                                                                                        (2.1) 

where 𝜀0 is lattice mismatched strain, 𝑎𝑠𝑖 is the lattice parameter of silicon and 𝑎𝐿𝑀𝑆 is the 

lattice parameter of LMS material; Si1-xGex or Si1-yC y.  

𝜀𝑇 = 𝑎𝑇𝛥𝑇 = 𝜀0                                                                                                                   (2.2)  

where 𝜀𝑇 is the thermal strain, 𝑎𝑇 is thermal expansion coefficient and 𝛥𝑇 is the temperature 

difference between initial and final states. 

Therefore, required 𝑎𝑇 is found for the corresponding 𝜀0 for 𝛥𝑇 = 1𝐾. 

The lattice constant of Si1-xGex can be calculated by Vegard’s Law [2.7] : 

𝑎𝑆𝑖(1−𝑥)𝐺𝑒𝑥 = (1− 𝑥)𝑎𝑆𝑖 + 𝑥𝑎𝐺𝑒                                                                                          (2.3) 

Vegard’s Law is also valid for calculation of other mechanical properties of Si1-xGex used in 

the simulation; such as Young’s Modulus and Poisson’s Ratio.  

The smaller lattice constant of Boron, which is used as a dopant in p+ junctions, relieves 

some 
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some part of compressive uniaxial strain induced by Si1-xGex film [2.1]. The lattice constant 

of B doped Si1-xGex film can be calculated from equation 2.4 [2.8].  

𝑎𝑆𝑖(1−𝑥−𝑦)𝐺𝑒𝑥𝐵𝑦 = (1 − 𝑥 − 𝑦)𝑎𝑆𝑖 + 𝑥𝑎𝐺𝑒 + 𝑦𝑎𝐵                                                                 (2.4) 

 𝑦 ≈ 𝑁𝐵
(1−𝑥)𝑁𝑆𝑖+𝑥𝑁𝐺𝑒

                                                                                                                (2.5) 

where NB is dopant concentration of B and NSi (=5x1022cm-3) , NGe (=4.42x1022cm-3) are 

atomic densities of Si and Ge, respectively.  

Unlike Si1-xGex film, the lattice constant of Si1-yCy deviates from Vegards’s Law and is 

given by [2.9]: 

𝑎𝑆𝑖(1−𝑦)𝐶𝑦 = 𝑎𝑆𝑖 − 2.4239𝑦 + 0.5705𝑦2                                                                             (2.6) 

Since the Carbon concentration in Si1-yCy is small (y<3%) the elastic constants are assumed 

to be equal to silicon’s.  

Simulations used isotropic approximation for material properties. In addition, most of the 

simulations used 2-D plane strain condition, which assumes large transistor widths. However 

for width dependent effects, 3-D simulations were also employed. In [2.5], [2.6], it was found 

that 2-D and 3-D simulations as well as isotropic approximation and anisotropy yield similar 

results.  

Furthermore, no defect generation and partial stress relaxation was allowed in LMS 

simulations. 

Table 2.1 and 2.2 presents lattice constants and mechanical properties of materials used in 

FEM simulations, respectively [2.5], [2.8], [2.10], [2.11]. 
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Table 2.1: Lattice Constants of Materials.  
 

Material Lattice Constant, 𝑎 (Å) 
Si 5.431 
Ge 5.646 
C 3.567 
B 3.806 

 

 

Table 2.2: Material Properties at Room Temperature.  
 

Material Young’s Modulus, E (GPa) Poisson’s Ratio, v 
Si 162.91 0.28 

Ge 131.66 0.273 
Polysilicon 169 0.22 

SiO2 70 0.17 
Silicon Nitride 192 0.24 

TiN 
HfO2 

600 
280 

0.25 
0.2 

 
 
 

 

 

2.2.1      FEM Modeling of an Isolated Transistor  

A simplified isolated transistor structure used in the 2-D stress-strain simulations of junctions 

with embedded lattice mismatch stressor is shown in Figure 2.1. Table 2.3 explains the 

parameters in Figure 2.1. 
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Figure 2.1: Transistor structure with Lattice Mismatched Stressor for FEM simulation. 
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Table 2.3: Parameter Explanations for Figure 2.1. 
 

Parameter Name Parameter Type Explanation 

LS/D Layout Parameter Active Area or diffusion length  

LSTI Layout Parameter STI length nearby the device 

LLMS Process Parameter Spacing between source and drain stressors 

ΔLMS Process Parameter Spacing between LMS and device channel 

dLMS Process Parameter Recess depth of the LMS  

hLMS 

 

LGATE 

hGATE 

Process Parameter 

 

Process Parameter 

Process Parameter 

Fill height of the LMS above the Si-Gate 

Oxide interface 

Gate Length.   𝐿𝐺𝐴𝑇𝐸 = 𝐿𝐿𝑀𝑆 − 2.𝛥𝐿𝑀𝑆 

Gate height 

LSPACER Process Parameter Spacer width of the device 

U-shaped LMS Process Parameter Physical shape of the LMS  

Σ-shaped LMS Process Parameter Physical shape of the LMS 

GOX Process Parameter Gate Oxide of the device 

 
 

 

In addition, device width, which in y-direction in Figure 2.1, also has an effect on channel 

stress which cannot be captured from 2-D simulations. Therefore, the device structure in 

Figure 2.1 was extended to 3-D to simulate the narrow width effects on the channel stress.  
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Furthermore, there are other process parameter which are not geometrical but affecting the 

layout sensitivity of channel stress which will be analyzed in upcoming sections. 

 

2.2.1.1      Modeling LMS-Si Interface 

Both LMS materials, Si1-xGex and Si1-yCy, are grown on etched recessed S/D junction areas 

by epitaxial growth [2.12]. To get maximum benefits from stressors, epitaxial growth should 

not have any misfit dislocations [2.13]. In other words, the growth should be pseudomorphic, 

where both materials get strained without having dislocation defects [2.7]. The 

Pseudomorphic growth is visualized in Figure 2.2. 

 

 

Figure 2.2: Si - Si1-xGex Interface. 
 
 

 

This condition can be implemented in abaqus by using a ‘tied contact’, which enforces nodes 

on both surfaces to have the same value of displacement [2.14]. 
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2.2.1.2      Mesh and Boundary Conditions 

In FEM simulations, nonuniform mesh grid sizes, which are as small as 0.33 nm in the region 

of high stress gradient, are employed. For 2-D simulations, 4-node bilinear quadrilateral 

plane strain and for 3-D simulations, 8-nodal tri-linear hexahedral solid elements were used 

[2.14]. 

Bottom of the shape shown in Figure 2.1 is constrained in every direction and right side is 

constrained in x-direction, which means there is no horizontal displacement. The left side has 

a symmetry boundary condition as shown in the Figure 2.1. No other loads, other than 

aforementioned temperature rise, are applied to the free surfaces [2.5], [2.6]. 

 

 

2.3      Simulation and Modeling Results of Layout Sensitivity in an Isolated 

Transistor 

In this section, simulation and modeling results of layout sensitivity in an isolated transistor 

will be presented under different process conditions. Transistor active area is bounded by the 

shallow trench isolation as visualized in Figure 2.1. The directions of stress, which will be 

used throughout the chapter, are indicated in Figure 2.3. 
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Figure 2.3: Directions of Stress. 

 

 

Lattice mismatched stressor (LMS) types and resulting stresses in all directions (for wide 

transistors) are given in Table 2.4. 

 

 

Table 2.4: LMS types and resulting Stress Types for all directions. 

Stress Direction Si1-xGex Stress Direction Si1-yCy 

Parallel Compressive Parallel Tensile 

Perpendicular Compressive Perpendicular Tensile 

Vertical Tensile Vertical Compressive 
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Although simulations and modeling are achieved for both Si1-xGex and Si1-yCy, stress 

sensitivity for different process and layout parameters will mostly be presented for Si1-xGex 

since the results are valid for both stressor types, except the sign of the stress. 

Perpendicular Stress (SYY) and Vertical Stress (SZZ) are generally less than 30% of the 

Parallel Stress (SXX) in absolute value but simulation and modeling results for stress values 

in all three directions will be presented throughout the chapter for completeness and 

accuracy. However, parallel stress is the main focus of the study. 

Stress varies along the transistor channel and the most critical position for carrier mobility 

improvement is non-trivial; therefore, the stress is averaged along the transistor channel 2nm 

under the gate oxide in this study [2.5], [2.17]. 

Stress is higher in Si-LMS interface and gradually decreases towards the channel center. 

Stress variation is the largest for the longest stressor spacing (for Figure 2.4, LMS= Si1-xGex) 

and it gradually decreases as channel length gets shorter. For LLMS=150nm, variation is 

around 4X and it drops to 1.4X for LLMS=14nm. 

Below, different process conditions and their effect on layout sensitivity will be discussed. 

Layout sensitivity for an isolated transistor will be analyzed as follows. 

i) By varying the active area length (LS/D): Larger active area means more stressor 

material nearby the channel hence more stress. In addition, LS/D changes the 

distance of STI to the channel, hence increasing LS/D will reduce STI effect on 

channel stress. 
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ii) By varying the STI length (LSTI): SiO2 is a softer material than Si and it relaxes the 

stress transferred to the transistor channel generated by the LMS material [2.17], 

[2.18]. Longer STI length creates more stress relaxation and hence lower channel 

stress. 

 

 

 

 

 

Figure 2.4: Parallel Stress Distribution along Transistor Channel for different Si1-xGex 
Spacings (LLMS). 

 
 
 

 

 

 



37 

 

Figure 2.5: Simulated and Modeled Parallel Stress vs. Diffusion Length (LS/D) for different 
STI Lengths (LSTI). (For simulations: LLMS=50nm, dLMS=100nm, hLMS=0nm, hGATE=100nm, 
LSPACER=20nm, ΔLMS=10nm. Wide transistors with poly gate, nitride spacers and U-shaped 
junctions with 25% Ge and 0 Boron concentrations.) 
 
 
 

 
Figure 2.6: Simulated and Modeled Parallel Stress vs. STI Length (LSTI) for different 
Diffusion Lengths (LS/D). (For simulations: LLMS=50nm, dLMS=30nm, hLMS=0nm, 
hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Wide transistors with poly gate, nitride 
spacers and U-shaped junctions with 25% Ge and 0 Boron concentrations.) 
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Figure 2.5 indicates the effect of LS/D on parallel stress for different STI lengths. For the 

short case of LSTI=1nm, the increase in SXX is solely due to increase in LMS material. As can 

be seen from the Figure, this increase saturates diffusion length of around 200nm. For the 

increase of LS/D from 35nm to 350nm for this particular case, the enhancement in SXX is 

1.5X. 

Enlarging the STI length makes STI to channel distance an important factor. Increasing the 

active area not only increases the stressor material, but also makes this distance larger hence 

further improves the SXX. For LSTI=500nm, the increase of LS/D from 35nm to 350nm results 

6.5X improvement in SXX. This factor is 2.6X for LSTI=30nm. Therefore, LSTI for an isolated 

gate is a very important factor on LS/D sensitivity. 

Figure 2.6 shows the same effect in terms of LSTI sensitivity. SXX dependence on LSTI 

reduces as diffusion length gets larger. For LS/D=35nm, enlarging LSTI from 1nm to 500nm 

results in 64% decrease in parallel stress for this particular simulation. This decrease is 34% 

and 12% for diffusion lengths of 105nm and 350nm, respectively.  

 

2.3.1      Effect of Lattice Mismatch Stressor Concentration 

As mentioned in Equations 2.1 to 2.6 and shown in Figure 2.7, LMS concentration directly 

affects the lattice mismatch level hence the strain and stress. Increasing Ge content of the 

embedded Si1-xGex has been used as a technology scaling factor by foundries. In their first 

strained-silicon node, which was 90 nm, Intel used 17% Ge concentration and then increased 

it to 23%, 30%, 40% and 55% for their 65nm, 45nm, 32nm and 22nm nodes, respectively 

[2.2], [2.15], [2.16]. ca 
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Figure 2.7: Lattice Mismatch Strain vs. LMS concentrations.  

 

As can be seen from Figure 2.8, increasing Ge content increases channel stress in all 

directions, which increases PMOS mobility.  

While higher Ge concentration creates larger higher stress gradient, it does not necessarily 

create higher LS/D sensitivity. Enlarging LS/D from 35nm to 350nm creates 2.58X, 2.56X and 

2.48X parallel stress multiplications for 15%, 25% and 55% Ge mole concentrations, 

respectively. This small difference is due to changing Si1-xGex material properties with the 

Ge concentration. 

Although stress variation stays almost the same, mobility variation might change since 

mobility dependence on stress is not linear and it depends on the absolute value of the stress 

as previously explained in Chapter 1. 
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Figure 2.8: Simulated and Modeled Stress vs. Diffusion Length (LS/D) for different Ge 
Concentrations. (For simulations: LSTI=30nm, LLMS=50nm, dLMS=60nm, hLMS=0nm, 
hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Wide transistors with poly gate, nitride 
spacers and U-shaped junctions with 0 Boron concentrations.) 
 
 

 

Figure 2.9 shows mobility enhancement factor vs. Ge concentration for two active area 

dimensions used in FreePDK45, which are 105nm and 140nm. It can be observed that the 

highest mobility enhancement difference is for Ge content of 25% for this particular case. 

Nevertheless, it can shift to other Ge mole concentrations for other process and layout 

parameters. 
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Figure 2.9: Mobility Enhancement Factor vs. Ge Mole Concentration for different Diffusion 
Lengths (LS/D). (For simulations: LSTI=30nm, LLMS=50nm, dLMS=60nm, hLMS=0nm, 
hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Wide transistors with poly gate, nitride 
spacers and U-shaped junctions with 25% Ge and 0 Boron concentrations.) 
 
 
 

 

Similar to the LS/D case, increasing Ge content does not change stress sensitivity for LSTI 

changes, which is 0.51X from 1nm to 500nm increase for LSTI in all Ge concetrations for this 

particular simulation conditions. From Figure 2.10, it can be observed that dependence of 

parallel (SXX) and perpendicular stress (SYY) have a high dependence on LSTI for an isolated 

transistor, whereas vertical stress (SZZ) component sensitivity is not as strong. The case was 

similar for LS/D as well (Figure 2.8).  
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Figure 2.10: Simulated and Modeled Stress vs. STI Length (LSTI) for different Ge 
Concentrations. (For simulations: LS/D=105nm, LLMS=50nm, dLMS=60nm, hLMS=0nm, 
hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Wide transistors with poly gate, nitride 
spacers and U-shaped junctions with 0 Boron concentrations.) 
 
 
 
2.3.2      Effect of LMS Recess Depth 

In this section, the impact of etch depth for LMS is discussed for an isolated device. In 

general, deeper recess etch increases strain performance. Nevertheless, there is a tradeoff for 

increasing the etch depth since deeper Si1-xGex was found to increase the bulk leakage 

current [2.19]. For SOI technology, bulk leakage current is not an issue, however SOI 

thickness limits Si1-xGex recess depth.  
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Figure 2.11: Simulated and Modeled Stress vs. Diffusion Length (LS/D) for different Recess 
Depths (dLMS). (For simulations: LSTI=30nm, LLMS=50nm, hLMS=0nm, hGATE=100nm, 
LSPACER=20nm, ΔLMS=10nm. Wide transistors with poly gate, nitride spacers and U-shaped 
junctions with 25% Ge and 0% Boron concentrations.) 
 
 
 
As suggested by Figure 2.11, increasing recess depth (dLMS) increases channel stress in all 

directions as well as active area (LS/D) sensitivity of stress. When an active area is increased 

from 35nm to 350nm, parallel stress increases 1.8X and 2.6X for recess depth of 15nm and 

100nm, respectively.  

With the scaling of technology hence the active area length, the need for deeper recess 

decreases as suggested by Figure 2.12. For sub 100nm diffusion lengths, with recess depth of 

45nm, 90% of the stress which 100nm recess depth would create can be achieved. This ratio 

is 80% for LS/D=350nm.  
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Figure 2.12: Simulated and Modeled Parallel Stress vs. Recess Depth (dLMS) for different 
Diffusion Lengths (LS/D). (For simulations: LSTI=30nm, LLMS=50nm, hLMS=0nm, 
hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Wide transistors with poly gate, nitride 
spacers and U-shaped junctions with 25% Ge and 0% Boron concentrations.) 
 
 
 
 
 
Recess depth has a very high impact on LSTI sensitivity for an isolated transistor. Increasing 

recess depth from 15nm to 100nm enhances the parallel stress relaxation from 25% to 60% 

for 1nm to 500nm LSTI enlarging. This behavior can be observed in Figure 2.13. 
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Figure 2.13: Simulated and Modeled Stress vs. STI length (LSTI) for different Recess Depths 
(dLMS). (For simulations: LS/D=105nm, LLMS=50nm, hLMS=0nm, hGATE=100nm, 
LSPACER=20nm, ΔLMS=10nm. Wide transistors with poly gate, nitride spacers and U-shaped 
junctions with 25% Ge and 0% Boron concentrations.) 
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Figure 2.14: Simulated and Modeled Parallel Stress vs. Recess Depth (dLMS) for different STI 
Lengths (LSTI). (For simulations: LS/D=105nm, LLMS=50nm, hLMS=0nm, hGATE=100nm, 
LSPACER=20nm, ΔLMS=10nm. Wide transistors with poly gate, nitride spacers and U-shaped 
junctions with 25% Ge and 0% Boron concentrations.) 
 
 

As can be observed from Figure 2.14, for an isolated transistor with STI lengths shorter than 

100nm, increasing recess depth intensifies parallel channel stress. On the other hand, with 

longer LSTI, SXX starts to decrease after a recess depth of 50nm. Increasing recess depth 

means more stressor material, hence; it is not possible to explain the stress drop with the 

deeper recess depth intuitively. 

In [2.17], this phenomenon is explained with a long STI region, highest stress fields are at the 

bottom of LMS-Si interface for an isolated transistor, where LMS bound to the much stiffer 

silicon substrate. They explain that reducing the recess depth would bring the highest stress 

region closer to the channel and this enhances the channel stress. Although this explanation is 

t 
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true, it cannot explain why reducing further from 30nm to 15nm decreases the channel stress. 

For Si1-xGex junctions, compressive stress in the channel region is created with the 

cumulative displacement of Si1-xGex towards channel region due to its larger lattice constant. 

For a nested transistor or an isolated transistor with short STI, displacement of Si1-xGex 

towards channel can be seen in Figure 2.15.  

 

 

Figure 2.15: Distance in z-direction vs. Displacement of Si1-xGex junction with very short 
STI for different Recess Depths (dLMS). (For simulations: LS/D=105nm, LSTI=1nm, 
LLMS=50nm, hLMS=0nm, hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Wide transistors 
with poly gate, nitride spacers and U-shaped junctions with 25% Ge and 0% Boron 
concentrations.) 
 
 

Si surface underneath the Si1-xGex-Si interface complies with the lattice constant of Si1-xGex 

and therefore displacement is not 0 even at the Si1-xGex-Si bottom interface. Si1-xGex relaxes 

more and more towards the surface and therefore increases the displacement hence 

compresses 
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Figure 2.16: Distance in z-direction vs. Displacement of Si1-xGex junction with long STI for 
different Recess Depths (dLMS). (For simulations: LS/D=105nm, LSTI=500nm, LLMS=50nm, 
hLMS=0nm, hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Wide transistors with poly gate, 
nitride spacers and U-shaped junctions with 25% Ge and 0% Boron concentrations.) 
 
 

compresses the channel. With deeper recess, this relaxation is higher so are displacement and 

channel stress as Figure 2.15 shows. 

For an isolated transistor with a long STI, displacement map is different than Figure 2.15 and 

can be seen in Figure 2.16. As suggested in [2.17], for recess etch deeper than 60nm, highest 

displacement occurs near the stiffer bulk Si. Decreasing the depth brings this region closer to 

the channel and increases the parallel stress. However, when it is reduced beyond 30nm, 

displacement hence the parallel stress decreases. This is because aforementioned Si1-xGex 

relaxation depends on recess depth and it is small for dLMS=15nm. To sum up, from 15nm to 

30nm, Si1-xGex relaxation increases so does the channel stress. Between 30nm to 60nm, 

relaxa30 
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relaxation still increases but it is compensated by the movement of the region towards Si1-

xGex-Si interface. Therefore, channel stress stays almost the same in this region. Beyond 

60nm, movement of the region dominates so channel stress reduces.  

 

2.3.3      Effect of Dopant Concentration 

As aforementioned in the chapter, the smaller lattice constant of Boron, which is commonly 

used as dopant in PMOS transistors, decreases the stress induced by Si1-xGex film when it 

occupies a substitutional lattice site. In addition, Boron solid solubility limit in Si1-xGex is 

higher than in Si, creating strain compensation levels which is important to capture in this 

study. 

Sub 100nm technology nodes demand shallow junctions (<15nm for sub 45nm nodes [2.20]) 

to mitigate short channel effects. On the other hand, mobility enhancement factor due to 

strain requires embedded Si1-xGex deeper than actual junctions. Therefore, strain relaxation 

due to Boron occurs at the top part of Si1-xGex recess, where Boron atoms take place [2.21]. 

If the junction and Si1-xGex recess depth were the same, it would be possible to capture 

Boron relaxation effect by simply modifying Ge mole concentration. However, the effect is 

more complicated and requires its own simulations with the suggested structure in Figure 

2.17. 
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Figure 2.17: Transistor structure for FEM simulation of Boron doped Si1-xGex junction. 
 
 
 

In simulations and the model, junction depth was taken to be constant as 15nm. For 

technologies that are using Si1-xGex junctions, this is a valid approximation [2.20].  

Increasing Boron concentration from 0 to 5x1020cm-3 and 1x1021cm-3 decreases parallel stress 

0.77X and 0.53X for LS/D=35nm and 0.84X and 0.67X, respectively. In other words, with 0 

cm-3 Boron concentration, enlarging LS/D from 35nm to 350nm results in 2.56X stress 

change. This ratio is 2.79X and 3.21X for  Boron concentrations of 5x1020cm-3 and 

1x1021cm-3, respectively. Similarly, increase in Boron concentration raises LSTI sensitivity. 

For 0 cm-3 Boron concentration, increasing LSTI from 1nm to 500nm results in 0.52X stress 

change. This variation is 0.46X and 0.39X for Boron concentrations of 5x1020cm-3 and 

1x1021cm-3, respectively. Figure 2.18 and Figure 2.19 show the stress modulation with the 

change of LS/D and LSTI for different boron concentrations, respectively. 

 



51 

 

Figure 2.18: Simulated and Modeled Stress vs. Diffusion Length (LS/D) for different Boron 
Concentrations. (For simulations: LSTI=30nm, LLMS=50nm, dLMS=60nm, hLMS=0nm, 
hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Wide transistors with poly gate, nitride 
spacers and U-shaped junctions with 25% Ge concentration.) 
 
 
 

Although increasing Boron concentration decreases stress in all direction, it increases LS/D 

sensitivity for parallel stress hence leads to more variation between devices in different 

layout context. 

Phosphorus, which is commonly used in Si1-yCy junctions, does not have much effect on 

silicon lattice constant [2.22]. Hence dopant concentration does not change layout sensitivity 

for Si1-yCy junctions. 
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Figure 2.19: Simulated and Modeled Stress vs. STI Length (LSTI) for different Boron 
Concentrations. (For simulations: LS/D=105nm, LLMS=50nm, dLMS=60nm, hLMS=0nm, 
hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Wide transistors with poly gate, nitride 
spacers and U-shaped junctions with 25% Ge concentration.) 
 
 
 
 

2.3.4      Effect of Raised LMS 

From the start of LMS technology, raised junctions, above Si-GOX interface, have been used 

[2.2]. Raised LMS not only increases channel stress, but also some part of it serves as a 

sacrificial layer for silicide formation. 
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Figure 2.20: Simulated and Modeled Stress vs. Diffusion Length (LS/D) for different LMS 
Raised Junction Heights (hLMS). (For simulations: LSTI=30nm, LLMS=50nm, dLMS=30nm, 
hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Wide transistors with poly gate, nitride 
spacers and U-shaped junctions with 25% Ge and 0% Boron concentrations.) 
 
 
 
As can be seen from Figure 2.20, elevation of LMS above Si-GOX increases channel stress 

in parallel and perpendicular directions but does not have much effect on vertical stress. For 

isolated transistors with sub-100nm diffusion lengths, elevation height does not affect the 

channel stress at all (for this particular simulation). However for longer diffusion lengths, 

elevated junctions seem to be an effective component to intensify channel stress. Since the 

impact of this method is active area length dependent, it modifies the LS/D sensitivity. By 

enlarging diffusion length from 35nm to 350nm, parallel channel stress increases 2.23X for 

no 
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Figure 2.21: Simulated and Modeled Stress vs. STI Length (LSTI) for different LMS Raised 
Junction Heights (hLMS). (For simulations: LS/D=105nm, LLMS=50nm, dLMS=30nm, 
hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Wide transistors with poly gate, nitride 
spacers and U-shaped junctions with 25% Ge and 0% Boron concentrations.) 
 
 

 

no elevation. This ratio is 2.56X and 2.71X for 15nm and 30nm elevation heights, 

respectively. 

From Figure 2.21, it could be concluded that raised junctions are mode effective for isolated 

transistors with shorter STI lengths. For LSTI=1nm, increase of hLMS from 0nm to 5nm and 

then 30nm results in 8% and 14%, respectively. For LSTI=500nm, this increase is 2% and 

3%, respectively.  
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Figure 2.22: Simulated and Modeled Parallel Stress vs. LMS Raised Junction Height (hLMS) 
for different Recess Depths (dLMS). (For simulations: LS/D=105nm, LSTI=30nm, LLMS=50nm, 
hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Wide transistors with poly gate, nitride 
spacers and U-shaped junctions with 25% Ge and 0% Boron concentrations.) 
 
 
 
 
The effect of elevation height depends on junction depth. For deeper junctions, LMS material 

is already relaxed at the Si surface, so elevation of the junction above the surface level does 

not increase the channel stress significantly. For shallower LMS, raising the height is much 

more effective. Raising elevation height from 0nm to 15nm results in 12% and 2% increase 

in parallel channel stress for dLMS=15nm and dLMS=100nm, respectively.  

For this particular simulation where LS/D=105nm, increasing the elevation beyond 15nm does 

not increase the channel stress. However, as can be concluded from Figure 2.20, for longer 

diffusion lengths, this saturation occurs at larger values of elevation heights.  
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2.3.5      Effect of Source and Drain LMS Spacing 

Another process parameter which highly impacts channel stress induced by LMS is the 

spacing between them. As visualized in Figure 2.1 stressor spacing depends on two 

parameters, transistor gate length and proximity of LMS to the transistor channel. 

𝐿𝐿𝑀𝑆 = 𝐿𝐺𝐴𝑇𝐸 + 2.𝛥𝐿𝑀𝑆                                                                                                  (2.6) 

Bringing source/drain stressors together lead to higher channel stress. This can be achieved 

by bringing the stressor closer to the channel underneath the spacer. Another option is to 

decrease the gate length, which is only achieved through the technology scaling. 

Figure 2.23 shows the effect of stressor spacing on the channel stress and LS/D sensitivity. As 

expected, decreasing LLMS increases channel stress for all directions. From 50nm to 30nm 

and 14nm decrease in stressor spacing, parallel channel stress increases 1.15X and 1.33X, 

respectively. Another important result is for this decrease in stressor spacing, vertical channel 

stress (SZZ) shows a greater enhancement, which are 1.48X and 1.65X. Stress in this 

direction has a very small impact in hole mobility, but it can boost up NMOS performance 

with Si1-yCy junctions.  
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Figure 2.23: Simulated and Modeled Stress vs. Diffusion Length (LS/D) for different Stressor 
Spacings (LLMS). (For simulations: LSTI=30nm, dLMS=30nm, hLMS=0nm, hGATE=100nm, 
LSPACER=20nm. Wide transistors with poly gate, nitride spacers and U-shaped junctions with 
25% Ge and 0% Boron concentrations.) 
 
 

Reducing the stressor spacing beyond 50nm does not change LS/D sensitivity for parallel 

stress but increasing it raises the sensitivity. For enlargement of diffusion area from 35nm to 

350nm, stressor spacing of 50nm or below shows 2.2X increase in parallel stress. This factor 

is 2.4X and 2.5X for spacing of 100nm and 150nm, respectively. Therefore, decreasing the 

spacing not only improves channel stress, but also decreases the LS/D sensitivity.  

Figure 2.24 indicates how different stressor spacing effects LSTI sensitivity. However, it was 

found that LSTI dependence on LLMS is very small. From 150nm to 14nm decrease in LMS 

spacin 
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Figure 2.24: Simulated and Modeled Stress vs. STI Length (LSTI) for different Stressor 
Spacings (LLMS). (For simulations: LS/D=105nm, dLMS=30nm, hLMS=0nm, hGATE=100nm, 
LSPACER=20nm. Wide transistors with poly gate, nitride spacers and U-shaped junctions with 
25% Ge and 0% Boron concentrations.) 
 
 
 
 
spacing, LSTI sensitivity increases 13%. This can be explained with the closer distance from 

STI edge to the channel center resulting from decrease in LLMS. 

Figure 2.25 shows the effect of LMS spacing on LMS depth sensitivity for two cases of STI. 

The graph on the left is for LSTI=1nm (valid for a nested transistor case also) and the one on 

the right is for an isolated case with long STI (LSTI=500nm). For a short STI case, it clearly 

shows that increasing the LMS depth raises channel stress for all LMS spacing. However, 

with 
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with the decrease of LMS, sensitivity of LMS depth drops. If we look at SXX(dLMS=15nm)/ 

SXX(dLMS=100nm) ratio for different LMS spacing, we will see that it is 76% for 

LLMS=14nm, 51% for LLMS=50nm and 37% for LLMS=150nm. Therefore it is possible to 

create the higher percentage of potential stress with shallower LMS depths for smaller LMS 

spacing, which will improve bulk leakage as mentioned before. 

For a large STI case, the situation is different as explained from Figure 2.14 to 2.16. For an 

isolated transistor with a large STI, the LMS depth which creates the maximum stress 

decreases as LMS spacing gets smaller. This depth is around 20nm and 100nm for 

LLMS=14nm and LLMS=150nm, respectively. In addition, higher stress relaxation with deeper 

junction phenomenon is more significant for smaller LMS spacing as can be observed from 

the Figure 2.25.b.   
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(a)                                                    (b) 

Figure 2.25: Simulated and Modeled Parallel Stress vs. Recess Depth (dLMS) for different 
Stressor Spacings (LLMS) and STI Lengths (LSTI) ( (a) LSTI=1nm, (b) LSTI=500nm.) (For 
simulations: LS/D=105nm, hLMS=0nm, hGATE=100nm, LSPACER=20nm. Wide transistors with 
poly gate, nitride spacers and U-shaped junctions with 25% Ge and 0% Boron 
concentrations.) 
 
 
 

The sensitivity of elevation height with the change of LMS spacing is shown in Figure 2.26. 

This dependence is not so strong; for 0nm to 30nm increase in hLMS, the parallel stress 

increase is 7% for LLMS=14nm and it drops to 4.5% for LLMS=150nm. 
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Figure 2.26: Simulated and Modeled Parallel Stress vs. LMS Raised Junction Height (hLMS) 
for different Stressor Spacings (LLMS). (For simulations: LS/D=105nm, LSTI=30nm, 
dLMS=30nm, hGATE=100nm, LSPACER=20nm. Wide transistors with poly gate, nitride spacers 
and U-shaped junctions with 25% Ge and 0% Boron concentrations.) 
 
 
 
 
 

Another factor changing the LMS spacing sensitivity is Boron concentration. With the 

increasing Boron concentration, LMS sensitivity decreases. In other words, the increase in 

parallel stress with the decrease of LMS spacing drops by increasing the Boron concentration 

as shown in Figure 2.27. This parallel stress increase for shortening LLMS from 150nm to 

14nm is 2.4X, 2.2X and 1.8X for Boron concentrations of 0cm-3, 5x1020cm-3  and 1x1021cm-3, 

respectively.   
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Figure 2.27: Simulated and Modeled Parallel Stress vs. Stressor Spacing (LLMS) for different 
Boron Concentration. (For simulations: LS/D=105nm, LSTI=30nm, dLMS=30nm, hLMS=0nm, 
hGATE=100nm, LSPACER=20nm. Wide transistors with poly gate, nitride spacers and U-shaped 
junctions with 25% Ge concentration.) 
 
 
 
 
2.3.6      Effect of Gate Height and Length  

In CMOS process, the gate and spacers are formed before the recess etch and epitaxial 

growth of LMS; therefore, stress is not only transferred to the transistor channel but also to 

the spacer and the gate stack as can be estimated from Figure 2.1 [2.10]. Hence, physical 

dimensions of the gate have an effect on the channel stress. In addition to the physical 

dimensions, mechanical properties of the gate have an effect on the channel stress due to the 

same reason, which will be covered in the next sections. 

Figure 2.28 shows the chance of channel stress with the change of gate height and length. 
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Figure 2.28: Simulated and Modeled Stress vs. Gate Height (hGATE) for different Gate 
Lengths (LGATE). (For simulations: LS/D=105nm, LSTI=30nm, dLMS=60nm, hLMS=0nm, 
LSPACER=20nm. Wide transistors with poly gate, nitride spacers and U-shaped junctions with 
25% Ge and 0% Boron concentrations.) 
 
 
 
Parallel and perpendicular stress increases as gate height is decreased since with less amount 

of material in the gate region, more stress is transferred to the channel, which leads to higher 

stress. On the other hand, vertical stress reduces as gate height is decreased. It means that 

channel is stressed vertically with the stress transferred to the gate from LMS. Therefore with 

the decrease of the gate height, less stress is transferred to the gate which results in smaller 

vertical stress. 

Gate height sensitivity is greater for longer gate lengths as expected. This is because for any 

ch 
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changes in gate height, higher amount of gate material alters for longer gates. Parallel stress 

increases 1.2X, 1.34X and 1.54X when gate height is reduced from 150nm to 5nm for 

LGATE=8nm, 30nm and 130nm, respectively. Although gate height reduction increases the 

stress level, it does not change the sensitivity of active area and STI length. 

In these simulations and model, the height of gate also represents the height of the spacer. 

 

 

2.3.7      Effect of Spacer Length  

As mentioned in the previous section, gate region of the transistor has an effect on channel 

stress so does spacer and its physical dimensions and mechanical properties. 

Similar to the gate effect, reducing the spacer length increases the channel stress in parallel 

and perpendicular directions but does not change vertical stress. Spacer length sensitivity 

depends on gate length; reducing gate length increases spacer sensitivity. This is because the 

stress transferred to the gate region is shared between the gate and the spacer. From 20nm to 

10nm decrease, parallel stress increases 5.2% for gate length of 8nm but just 1.5% for gate 

length of 130nm. 
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Figure 2.29: Simulated and Modeled Stress vs. Spacer Width (LSPACER) for different Gate 
Lengths (LGATE). (For simulations: LS/D=105nm, LSTI=30nm, dLMS=60nm, hLMS=0nm, 
hGATE=100nm. Wide transistors with poly gate, nitride spacers and U-shaped junctions with 
25% Ge and 0% Boron concentrations.) 
 
 
 
2.3.8      Effect of Device Width  

The results of different process and layout effects presented until this section were from 2-D 

simulations which assume wide transistor widths. However, with the technology scaling, 

device widths also gets narrower which has an impact on the channel stress. This effect was 

studied by extending the device structure in Figure 2.1 to the third dimension. The resulting 

device structure has the top view shown in Figure 2.30. 
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Figure 2.30: Top view of a device structure in a 2-D layout context. 
 
 
 
 
 

Device width and the STI length in the width direction are new parameters added to the 

simulation and the analytical model. To simulate width effects, 3-D simulation capabilities of 

abaqus were employed [2.14]. 

Figure 2.31 shows the change in stress in all directions with the change of the device width. 
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Figure 2.31: Simulated and Modeled Stress vs. Device Width for different Recess Depths 
(dLMS). (For simulations: LS/D=105nm, LSTI_X=1nm, LSTI_Y=500nm, LLMS=50nm, 
hLMS=0nm, hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Transistors with poly gate, nitride 
spacers and U-shaped junctions with 25% Ge and 0% Boron concentrations.) 
 
 

 

Parallel stress and vertical stress decrease with decreasing device width and perpendicular 

stress turns into tensile stress from compressive stress.  
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Figure 2.32: Lattice Structure for Wide and Narrow Width Devices. 
 
 

 
Narrow devices have smaller number of LMS material which is one reason of decreases in 

SXX and SZZ. In addition to this, with the decrease of device width, STI border in y direction 

gets closer to the channel center, which also reduces the parallel and vertical stress. However, 

both of these cannot explain why SYY turns from compressive to tensile, peak around 300nm 

of device width then start to decrease. 

Figure 2.32 shows the lattice structure of Si1-xGex junction for wide and narrow devices. In 

wide devices, channel strain in y-direction is very small, and is assumed 0 for plane strain 

condition. In other words, lattice constant of Si1-xGex in y-direction, αy, complies with the 

lattice constant of Si, which increases lattice constants of Si1-xGex in other directions, x and 

y. When device width is reduced, lattice constant of Si1-xGex in y-direction no longer 

matches with Si’s, therefore start to strain the channel tensely in y-direction. In other words, 

αy of a narrow device is greater than the αy of a wide device. This increase in αy reduces the 

αx and αz for 
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for the narrow device, hence decreases the compressive and tensile stress in x and z-

directions, respectively. However, due to increase in αy in a narrow device, SYY increases. 

However, after some point, in this particular simulation around 300nm, SYY starts to decrease 

due to the smaller number of LMS material with the reducing device width.  

As previously mentioned in section 2.3.2, STI relaxation is greater with the deeper recess 

etch. Hence as Figure 2.31 shows, SXX has a higher dependence on device width for deeper 

LMS material. When channel width is reduced from 2μm to 50nm, SXX reduces 40%, 37% 

and 29% for recess depths of 100nm, 60nm and 30nm, respectively. 

Although SXX reduces dramatically with the decreasing device width, increase in tensile SYY 

compensates some of this loss. Therefore, the decrease in mobility enhancement factor is less 

than decrease in SXX. When channel width is reduced from 2μm to 50nm, mobility 

enhancement factor reduces 25%, 21% and 13% for recess depths of 100nm, 60nm and 

30nm, respectively. Figure 2.33 shows the mobility enhancement factor change with the 

device width scaling. 
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Figure 2.33: Simulated and Modeled Mobility Enhancement Factor vs. Device Width (W) for 
different Recess Depths (dLMS). (For simulations: LS/D=105nm, LSTI_X=1nm, LSTI_Y=500nm, 
LLMS=50nm, hLMS=0nm, hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Transistors with 
poly gate, nitride spacers and U-shaped junctions with 25% Ge and 0% Boron 
concentrations.) 

 
 
 

 

Figure 2.34: Simulated and Modeled Parallel Stress vs. Device Width for different Stressor 
Spacings (LLMS). (For simulations: LS/D=105nm, LSTI_X=1nm, LSTI_Y=500nm, dLMS=100nm, 
hLMS=0nm, hGATE=100nm, LSPACER=20nm. Transistors with poly gate, nitride spacers and U-
shaped junctions with 25% Ge and 0% Boron concentrations.) 
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Like the recess depth does, LMS spacing has an effect on device width sensitivity as Figure 

2.34 shows. For a decrease in channel width from 2μm to 50nm, SXX reduces 50%, 40% and 

30% for LMS spacing of 150nm, 50nm and 14nm, respectively. Therefore, scaling the device 

hence LMS spacing reduces variation between devices having different widths. 

Device width has a very small effect on diffusion length sensitivity, therefore it is assumed to 

be constant in the created analytical model. However, device width affects STI sensitivity, 

especially the one in the width direction (LSTI_Y in Figure 2.30). 

 

 

 

Figure 2.35: Simulated and Modeled Parallel Stress vs. STI_Y Length (LSTI_Y) for different 
Device Widths (W). (For simulations: LS/D=105nm, LSTI_X=1nm, LLMS=50nm, dLMS=100nm, 
hLMS=0nm, hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Transistors with poly gate, nitride 
spacers and U-shaped junctions with 25% Ge and 0% Boron concentrations.) 
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Device width effect on LSTI_Y sensitivity is the counterpart of LS/D effect on LSTI sensitivity, 

as explained in Figure 2.6. As the device width increases, it pushes STI_Y further away from 

the channel center therefore reduces its effect on SXX. When the device width gets narrower, 

parallel stress dependence on LSTI_Y gets higher as can be seen from Figure 2.35. When 

LSTI_Y is enlarged from 1nm o 500nm, SXX decreases by 6%, 21% and 36% for device widths 

of 2μm, 200nm and 50nm, respectively. 

 

2.3.9      Effect of Recess Shape 

The simulation and modeling results, presented so far in this chapter used U-shaped recess 

for junction with LMS. However, Σ-shaped LMS junctions, as visualized in Figure 2.1, are 

widely used by foundries [2.2], [2.15], [2.23].  One reason for this is Σ-shaped junctions were 

found to be better mobility booster than its U-shaped counterparts due to its better parallel 

stress control in the device channel [2.24], [2.25]. In our FEM simulations with Si1-xGex in 

this study, it was found that, Σ-shaped LMS increases the compressive strain in parallel 

direction whereas it decreases tensile strain in vertical direction in device channel compared 

to U-shaped LMS. Hence, Σ-shaped recess uses bigger lattice constant of Si1-xGex more 

efficiently, since vertical stress component does not have an effect on hole mobility 

enhancement. 

Figure 2.36 shows the stress components in all directions for Σ and U-shaped LMS with 

different recess depths. As we may see in the figure, Σ-shaped LMS improves parallel stress 

component, whereas vertical stress component decreases as expected. Compressive 

perpendicu 
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perpendicular stress, which is harmful to the PMOS mobility improvement, is also greater for 

Σ-shaped LMS.  Hence Σ-shaped LMS increases parallel compressive stress at the expense of 

vertical and perpendicular stress. 

Σ-shaped LMS increases SXX over U-shaped LMS 22% and 10% for recess depths of 100nm 

and 30nm. Therefore its gain over U-shaped LMS decreases with recess depth scaling. It 

does not change the LS/D sensitivity of stress, in other words increasing the active area 

increases channel stress with the same percentage as U-shaped LMS. 

 

 

 

Figure 2.36: Simulated and Modeled Stress vs. Diffusion Length (LS/D) for Σ and U-shaped 
LMS with different Recess Depths (dLMS). (For simulations: LSTI=30nm, LLMS=50nm, 
hLMS=0nm, hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Wide transistors with poly gate 
and nitride spacers with 25% Ge and 0% Boron concentrations.) 
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Similar to the deeper recess depth, shorter LMS spacing also increases the efficiency of Σ-

shaped LMS, as Figure 2.37 shows. Parallel stress boost over U-shaped LMS for LMS 

spacing of 150nm is just 2%, whereas it increases up to 27% when LMS spacing is reduced 

to 14nm. Although recess depth scaling leads to efficiency drop in Σ-shaped LMS, it is 

enhanced by the LMS spacing scaling. Therefore with technology scaling Σ-shaped LMS 

continues to be a better performance booster than U-shaped LMS for PMOS transistors. 

 

 

 

Figure 2.37: Simulated and Modeled Stress vs. Diffusion Length (LS/D) for Σ and U-shaped 
LMS with different Stressor Spacings (LLMS). (For simulations: LSTI=30nm, dLMS=30nm, 
hLMS=0nm, hGATE=100nm. Wide transistors with poly gate and nitride spacers with 25% Ge 
and 0% Boron concentrations.) 
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Parallel stress boost of Σ-shaped LMS enhances with larger STI for deep recess and shorter 

spacing as shown in Figure 2.38. For LMS depth of 30nm, improvement over U-shaped stays 

at 10% for all STI lengths, however for dLMS=100nm, it increases from 17% to 38% when 

STI length increases from 1nm to 80nm. Similarly, for LMS spacing of 150nm, there is no 

improvement over U-shaped LMS, however with LLMS=14nm, parallel stress improvement 

increases from 39% to 78% with the increase of STI length from 1nm to 80nm for this 

particular simulation.   

 
 
 

=  

  
Figure 2.38: Simulated and Modeled Parallel Stress vs. STI Length (LSTI) for Σ and U-
shaped LMS with (a) different Recess Depths (dLMS), (b) different Stressor Spacings (LLMS). 
(For simulations LS/D=105nm, hLMS=0nm, hGATE=100nm, LSPACER=20nm. Wide transistors 
with poly gate and nitride spacers with 25% Ge and 0% Boron concentrations.) 
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2.3.10       Effect of Gate Stack 

Traditionally, CMOS has employed SiO2 as its gate oxide and polysilicon as its gate 

material. However, SiO2 gate oxide thickness (tOX) cannot be scaled further due to limited 

number of atoms inside it and exponential dependence on gate leakage current [2.26]. 

However, high-k dielectrics, such as HfO2, were integrated to CMOS process which enabled 

the scaling of electrical oxide thickness by improving the gate leakage [2.17]. Polysilicon 

gates with high-k dielectrics suffer from threshold voltage pinning; therefore, metal gates 

with high-k dielectric are being used as a new transistor gate stack [2.15], [2.27]. 

The widely used metal gate is TiN due to its compatibleness with CMOS process [2.28], 

whereas there are other candidates such as TaN [2.29].   

As explained in section 2.3.5, stress exerted by LMS junctions not only transferred to the 

device channel but also to the gate and spacer. Therefore, stiffness, in other words, Young’s 

Moduli, of the gate is an important parameter for the stress level of the channel. Stiffer gate 

materials do not comply with the stress applied by LMS junction; hence the stress magnitude 

in device channel decreases [2.10]. Consequently, we could expect a lower stress magnitude 

when TiN gates are employed since TiN is 3.55X times stiffer than polysilicon. However, 

there are two main different schemes to build the metal gate, which are gate first and gate last 

approaches [2.15], [2.30]. Figure 2.39 summarizes both approaches. 

 



77 

 

Figure 2.39: Illustration of Gate First and Gate Last Approaches. 

 

In Gate First approach, metal gate is there when the LMS material is deposited; therefore 

stress is transferred to the gate and spacers. As a result, with a stiffer gate material like TiN, 

stress level is reduced compared to the reference polysilicon gate. Therefore channel stress is 

affected by the gate material in gate first process. In the text, TiN gates created with gate first 

approach will be referred simply as “TiN Gates”. 

In Gate Last approach, there is a sacrificial polysilicon gate when LMS junctions are 

deposited. After this sacrificial gate is removed, a new and higher stress state is set in the 

channel region since LMS stress is transferred just to the channel and spacer. When metal-

gate is deposited, the higher stress state is already memorized by the channel and therefore 

stress is not transferred to the channel. Hence, the gate material used in gate last process does 

not alter the channel stress [10] [32].  Throughout the chapter, metal gates with gate last 

process will be referred simply as “Gate Last”. 
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Figure 2.40: Simulated and Modeled Parallel Stress vs. Young’s Modulus of Gate for 
different Recess Depths (dLMS). (For simulations: LS\D=105nm, LSTI=30nm, LLMS=50nm, 
hLMS=0nm, hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Wide transistors with nitride 
spacers and U-shaped junctions with 25% Ge and 0% Boron concentrations.) 

 
 

Simulations were performed for a broad range of gate stiffness (Young’s Modulus of gates 

between 0 to 1000GPa, where 0GPa refers to Gate Last Process). Analytical models, which 

can capture the stress sensitivity with the changing gate stack, were also created.  

Figure 2.40 shows the change of parallel stress level with different gate materials and 

processes for two different recess depths. It can be observed that parallel channel stress 

dependence on gate stiffness does not change with the recess depth. As expected, gate last 

gives the best performance, 1.67X and 2.07X enhancements over poly gate and TiN gate, 

respectively. On the other hand, TiN Gate decreases channel stress by 20% over reference 

poly gate. The stress gradient is high below Young’s Moduli of 200GPa, but it gradually 

decreases as Young’s Moduli increases.  
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Unlike recess depth, gate length impacts the stress dependency on gate stack, since it changes 

the amount of gate material as shown in Figure 2.41. With the smaller gate lengths, the 

amount of material in gate region is smaller, hence its effect on the channel stress.  

With gate last process, the gain over poly reference is 1.47X, 1.67X and 1.69X for gate 

lengths of 8nm, 30nm and 130nm, respectively. Therefore with technology scaling, stress 

improvement with gate last is decreasing. In addition, the increase in the gain saturates 

around 30nm of gate length. 

 

 

 

Figure 2.41: Simulated and Modeled Parallel Stress vs. Young’s Modulus of Gate for 
different Gate Lengths (LGATE). (For simulations: LS\D=105nm, LSTI=30nm, dLMS=30nm, 
hLMS=0nm, hGATE=100nm, LSPACER=20nm. Wide transistors with nitride spacers and U-
shaped junctions with 25% Ge and 0% Boron concentrations.) 
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Similarly, TiN gate stress drop over poly gate reduces as the gate length decreases. For a gate 

length of 130nm, it is 30%, whereas it drops to 20% and 13% for gate lengths of 30nm and 

8nm, respectively. 

As studied in other sections, Figure 2.42 and 2.43 shows the LS/D and LSTI sensitivity in all 

directions with the changing gate stack, respectively.  

Gate last increases parallel stress whereas it reduces the mobility improvement factor in both 

perpendicular and vertical directions. However, as mentioned before parallel stress is the 

dominating factor for mobility improvement for LMS technology, especially for PMOS 

transistors. 

For long diffusion lengths ( LS/D >100nm ), neither gate last nor TiN gates change the LS/D 

sensitivity over poly gates. For a diffusion length decrease from 350nm to 105nm, parallel 

stress drops by 24% for all three cases. However, for shorter diffusion lengths, this 

dependence changes with the gate stack. When diffusion length reduces from 105nm to 

35nm, parallel stress decreases by 44%, 49% and 51% for gate last, poly gate and TiN gate, 

respectively. 

 



81 

 

Figure 2.42: Simulated and Modeled Stress vs. Diffusion Length (LS/D) for different Gate 
Stacks. (For simulations: LSTI=30nm, LLMS=50nm, dLMS=30nm, hLMS=0nm, hGATE=100nm, 
LSPACER=20nm, ΔLMS=10nm. Wide transistors with nitride spacers and U-shaped junctions 
with 25% Ge and 0% Boron concentrations.) 
 
 
 

 

Therefore, for shorter diffusion length, gate last process becomes even more effective. This 

might be due to the fact that for shorter diffusion lengths, so with smaller amount of LMS, it 

is harder to overcome the stiffness of the gate material.  
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Figure 2.43: Simulated and Modeled Stress vs. STI Length (LSTI) for different Gate Stacks. 
(For simulations: LS/D=105nm, LLMS=50nm, dLMS=60nm, hLMS=0nm, hGATE=100nm, 
LSPACER=20nm, ΔLMS=10nm. Wide transistors with nitride spacers and U-shaped junctions 
with 25% Ge and 0% Boron concentrations.) 
 
 
 
Channel stress dependence on LSTI sensitivity does not change a lot with the gate stack. 

However, gate last affects it in a positive way still. For an LSTI enhancement of 1nm to 

500nm, stress drops by 43%, 48% and 51% for gate last, poly gate and TiN gate, 

respectively. 

Therefore gate last not only significantly increases the magnitude of parallel stress in the 

channel region, but also improves the layout sensitivity slightly. Hence it is a very effective  

way of employing LMS junctions in CMOS technology.  
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Figure 2.44: Illustration of Approaches for Metal Gate with Polysilicon Capping Layer. 

 

 

 

 

Figure 2.45: Simulated and Modeled Parallel Stress vs. TiN Height for Tin+Poly Gate 
Process for different Gate Lengths (LGATE). (For simulations: LS/D=105nm, LSTI=30nm, 
dLMS=60nm, hLMS=0nm, hGATE=100nm, LSPACER=20nm. Wide transistors with nitride 
spacers and U-shaped junctions with 25% Ge and 0% Boron concentrations.) 
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Another way of using metal gates is thin metal layer on top of the dielectric with polysilicon 

cap layer on top for threshold voltage control [2.10], [2.28], [2.29]. In addition, poly-only 

removal can be applied to this scheme to improve the channel stress [2.10] as summarized by 

Figure 2.44. 

Figure 2.45 presents simulation and modeling results for a TiN gate capped with a 

polysilicon layer for different gate lengths. Total gate height in the simulation is 100nm and 

poly cap height equals to hGATE-TiN height. As can be observed from the figure, 0nm and 

100nm TiN heights means all poly gate and all TiN gate, respectively. Even with a very thin 

TiN layer, parallel stress is altered significantly. This effect is more pronounced for smaller 

gate lengths. Stress level for a 15nm of TiN gate almost produces the same stress for all TiN 

gate. For a gate length of 30nm, where all TiN gate stress reduces stress by 20% over all poly 

gate, TiN heigths of 3nm, 5nm and 10nm for TiN+poly gate decreases channel stress by 

10%, 14% and 18% over all poly gate, respectively. 

Figure 2.46 shows the effect of removing poly layer above TiN gate for different TiN height. 

Similar to the previous case, the total height of the gate is 100nm and polysilicon thickness is 

100nm-TiN height. Therefore, for a 0nm of TiN height, TiN+Gate removal poly is the same 

as Gate last process. Removing poly gate for TiN heigths of 3nm, 5nm and 10nm improves 

performance over TiN+poly gate by 20%, 11% and 6%, respectively. This gain gradually 

approaches to 0 as TiN height is increased as we can observe from the Figure 2.46. 
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Figure 2.46: Simulated and Modeled Parallel Stress vs. TiN Height for two processes; 
TiN+Poly Gate and Tin+Removed Poly Gate. (For simulations: LS/D=105nm, LSTI=30nm, 
LLMS=50nm, dLMS=60nm, hLMS=0nm, hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Wide 
transistors with nitride spacers and U-shaped junctions with 25% Ge and 0% Boron 
concentrations.) 
 
 
 
 
 
Although only TiN+poly results are presented here, simulations and modeling have been 

performed for any gate with a Young’s Modulus of 0-1000GPa, capped with polysilicon. In 

addition, for these gates, it is possible to estimate channel stress when polysilicon is removed 

with our models. 

Hence, detailed gate stack modeling has successfully been integrated to our analytical models 

to estimate the channel stress for a wide range of gate processing. 
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2.3.11       SOI vs. Bulk technology 

LMS junctions have been adapted by SOI technologies as well [2.32]. We performed FEM 

simulations by using the structure in Figure 2.1.with a SiO2 box. However, our results were 

only slightly different than bulk counterparts, similar to the findings of [2.11]. In [2.33], they 

reported higher stress gains from SixGe1-x junctions compared to bulk counterparts. 

However, this can be specific to their process details which we are unable to capture in our 

FEM simulations. 

 

2.4      Parameter Ranges for LMS Models 

Table 2.5 lists the ranges of each layout parameter that were simulated to create the analytical 

model. The LMS shape was also varied, using both U and Σ shapes. Finally, the LMS 

concentration (Germanium or Carbon compared to Silicon) was also varied, from 0% to 

100%. We predict that this range will allow accurate prediction of stress in devices ranging 

from the 130 nm down to the 8 nm technology nodes. 

 

 

Table 2.5: Layout and Process Parameter Ranges for the LMS modeling  
 

dLMS (nm) 15-100 LSpacer (nm) 2-40 LS/D (nm) 35-350 W (nm) 50-2000 

hLMS   (nm) 0-30 hGATE (nm) 20-150 LSTI (nm) 1-500 NBORON (cm-3) 0-5e20 

LLMS (nm) 14-150 LGATE (nm) 8-130 EGATE (GPa) 0-1000 ΔLMS (nm) 3-LSpacer 
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2.5      Summary 

LMS was introduced to CMOS in 90nm technology node and has been adapted almost by all 

technologies since then. The technique can boost the performance of devices, especially 

PMOS devices. However, their induced stress to the channel depends on the active area 

length, which impacts the amount of stressor material. In addition, shallow trench isolation 

can relax a considerable amount of stress from this technology. Therefore, device layout 

impact on LMS technology is important and should be taken care of for the accurate analysis 

of circuits. 

In this chapter, we presented simulation details and results for lattice mismatch stressor 

(LMS) technology. In the first section, the idea of thermoelasticity to simulate lattice 

mismatch stress was discussed and simulation details were introduced. 

We presented several simulation and modeling results about process parameter effects on 

layout sensitivity and stress magnitude. Below are the findings from these simulations.   

i. Increase in Ge and C mole concentration was found to enhance stress magnitude 

in device channel without changing the layout sensitivity.  

ii. Recess depth has a high impact on stress dependence on layout.  Deeper recess 

etch raises both LS/D and LSTI effects on stress. For nested devices, deeper recess 

etch increases stress magnitude in the channel, on the other hand, the stress 

magnitude starts to drop after a certain point. 

iii. Small Boron atoms decrease some portion of the the SixGe1-x stress. 

iv. Raised junctions increase the magnitude of stress as well as the layout 

dependence. 
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v. Stressor spacing improves channel stress without a much impact on layout 

sensitivity. 

vi. Shrinking gate length, gate height and spacer length enhances channel stress. 

vii. Scaling the device width reduces the magnitude of channel stress. 

viii. Sigma (Σ) shaped junctions are able to transfer more stress than U-shaped 

junctions to the channel region. 

ix. The gate stack has a considerable impact on the channel stress. Metal gates, which 

are generally stiffer than polysilicon decrease the channel stress when gate first 

approach is used. However, with gate last approach, channel stress can be 

improved over the polysilicon counterpart. 

x. LMS junctions in SOI were found to have almost the same stress with bulk 

counterparts. 

All these process impacts successfully captured with our analytical models and their 

correlation with simulated data were presented. 
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Chapter 3 

 

Modeling Stress for Contact-Etch Stop 

Liners 

 
3.1      Introduction 

Contact-Etch stop liners which employ highly stressed Si3N4 films to exert stress through the 

active area and gate electrode were first integrated into CMOS process in 90nm technology 

[3.1], [3.2]. In [3.1], only tensile liners were used, where they improve NMOS performance 

with a cost of PMOS performance loss. In [3.2], tensile liners for NMOS and compressive 

liners for PMOS were employed, which is called as “Dual Stress Liners” (DSL). [3.2] 

showed low field hole mobility (μP) and NMOS saturation current (IDSATP) gains of %60 and 

% 
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%11 relative to unstrained devices, respectively by using the DSL flow. 

DSL liners were well accepted in the industry and are being used since then [3.3], [3.4], 

[3.5], [3.6].  

CESLs can be stressed up to 3GPa of tensile or compressive stress, depending on the 

deposition conditions, which makes it an effective local stress source for both types of 

devices [3.7]. 

 

                      
Figure 3.1: DSL Process Flow. 
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In this process, a highly tensile Si3N4 liner is deposited uniformly to the wafer and then 

patterned and etched from n-well areas. Then a highly compressive Si3N4 liner is deposited 

and removed from p-well areas. Figure 3.1 summarizes the DSL process flow. 

 

 

              

Figure 3.2: Directions of Stress. 
 
 
 

Intrinsically stressed nitride layers are bound to diffusion areas, gate and spacer and transfer 

stress to the channel through these regions. For the tensile stressed liner, the film tends to 

shrink and the regions it bounds counteracts. Therefore the liner parts on diffusion areas 

tensely stress the channel in x-direction. In z-direction, the shrinkage on the liner is 

transferred to the spacer and the gate, which compresses the channel in z-direction [3.8], 

[3.9]. For wide-transistors, both our findings and [3.8], [3.9] show that stress in y-direction is 

very small and will be assumed to be 0. Table 3.1 summarizes induced stress types. 
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Table 3.1: CESL type and resulting Stress Types for all directions. 

Stress Direction Tensile CESL Stress Direction Compressive CESL 

Parallel Tensile Parallel Compressive 

Vertical Compressive Perpendicular Tensile 

 

 

Similar to the LMS technology, the stress-level created in the transistor channel by CESL 

films, depends on process parameters as well as its physical dimensions. This chapter will 

focus on different process parameter effects on layout sensitivity and channel stress. 

Simulation results as well as analytical model results successfully capturing these effects will 

be presented.  

 

3.2      Technical Approach & FEM Modeling of CESL 

This section focuses on simulating CESL induced stress-strain fields by using Finite Element 

Method (FEM). 

In our mechanical simulation, the CESL flow is realized by enforcing intrinsic stress as 

initial condition to the nitride film and all other materials were assumed to be stress free. In 

CESL flow, nitride is deposited at around 450°C and ramped down to room temperature 

[3.10], which creates another component of stress due to different thermal expansion 

coefficients between materials. However, this stress magnitude is small compared to the 

stress transferred from intrinsic stress and neglected in our study. In addition as, Figure 3.3 

shoq 
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Figure 3.3: CESL Intrinsic Stress Directions. 
 

 

 

shows, intrinsic stress orientation of CESL follows the curvature of CESL. 

In FEM simulations, silicide layer is not included as can be seen in Figure 3.4. In state-of the-

art CMOS processes NiSi is the preferred contact material [3.6], [3.11], [3.12], [3.13]. Its 

stiffness is very close to the junction materials’ (SiGe or SiC); therefore the silicide layer is 

assumed to have negligible effect on channel stress exerted by silicon nitride. Findings from 

[3.14] also show that presence of NiSi does not have any significant effect for DSL stress. 
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Figure 3.4: 2-D and 3-D Isolated Transistor structures with CESL for FEM simulation.  
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Table 3.2: Parameter Explanations for Figure 3.4. 
 

Parameter 

Name 

Parameter Type Explanation 

LS/D 

W 

Layout Parameter 

Layout Parameter 

Active Area or diffusion length  

Device Width 

LSTI 

LSTI_X 

LSTI_Y 

LCN 

LCN-SP 

LGATE 

hLINER 

Layout Parameter 

Layout Parameter 

Layout Parameter 

Layout Parameter 

Layout Parameter 

Process Parameter 

Process Parameter 

STI length nearby the device for 2-D simulations 

STI length in x-direction for 3-D simulations 

STI length in y-direction for 3-D simulations 

Contact Hole Width 

Contact Hole Distance to Spacer 

Gate Length 

Thickness of CESL 

LSPACER Process Parameter Spacer width of the device 

hGATE 

hS/D 

Process Parameter 

Process Parameter 

Gate height 

Height of the junction above the Si-Oxide interface 

 

 

All parameters in Table 3.2 have an effect on CESL stress and have been analyzed and their 

effects are capture successfully in our analytical model, which will be presented throughout 

the chapter. Table 3.3 presents mechanical properties of materials used in our simulations. 
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Table 3.3: Material Properties at Room Temperature [3.14], [3.15], [3.16]. 
 

Material Young’s Modulus, E (GPa) Poisson’s Ratio, v 
Si 162.91 0.28 

Polysilicon 169 0.22 
SiO2 70 0.17 

Silicon Nitride 192 0.24 
TiN 

HfO2 

600 
280 

0.25 
0.2 

 

 

Other than geometric parameters there are other process parameters which have an impact on 

silicon nitride layout sensitivity. These are intrinsic stress of silicon nitride film and 

aforementioned gate stack material influence effects.  

 

3.2.1      Mesh and Boundary Conditions 

In FEM simulations, nonuniform mesh grid sizes have been used. Meshes are finer at the 

high stress gradient points. For 2-D simulations, 4-node bilinear quadrilateral plane strain and 

for 3-D simulations, 8-nodal tri-linear hexahedral solid elements were used [3.17]. 

Bottom of shapes shown in Figure 3.4 is constrained in every direction and right side is 

constrained in x-direction, which means there is no horizontal displacement. Therefore, in 

this section, we just look at the individual transistor without any contextual effect. The left 

side has a symmetry boundary condition as shown in the Figure 3.4. No other loads, other 

than aforementioned intrinsic stress, are applied. 
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3.2.2      Virtual Splitting of CESL 

In [3.9], virtual splitting of CESL has been presented, which aims to determine contribution 

of each CESL zone on different stress directions. In our study, we have adapted this approach 

as well, adapting the FEM simulation model as shown in Figure 3.5. CESL are virtually split 

into three regions: 

i) Top Liner above the gate region, 

ii) Lateral Liner above the spacer, 

iii) Bottom Liner above the junction and STI region. 

Regions have intrinsic stress directions, as shown in Figure 3.3. In each simulation only one 

liner component has nonzero intrinsic stress. Total stress is calculated by superposing the 

individual components, whose validity is verified through simulations. 

In addition to determine individual stress contributions, it helped us to reduce the order of 

analytical models and to decrease the number of simulations needed. All three regions have 

some insensitive geometrical parameters introduced in Table 3.2.  

For instance, top and lateral liner stresses do not have a dependence on LS/D and LSTI, 

whereas bottom liner stress does not depend on hGATE. In this three dimensional space, which 

is constituted by LS/D, LSTI and hGATE, let us assume LS/D, LSTI and hGATE are sampled at n, m 

and p points respectively. 

Total number of simulations required without virtual splitting equals to  𝑛𝑚𝑝. 

Total number of simulations required with virtual splitting is  𝑛𝑚 + 2𝑝. 
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If n, m and p are all equal to 10, the total number of simulations decreases from 1000 to 120, 

which brings huge efficiency. In addition, by using virtual splitting, we could separate 

variables, in other words reduced 3-D surface to 2-D surface plus 1-D line, which is much 

easier to model. Furthermore as Table 3.2 shows, our simulation and modeling space is much 

greater than three so virtual splitting was great help to sample all the space with smaller 

number of points and accurately model the channel stress.  

 

 

 

 

Figure 3.5: Virtual Splitting of CESL.  
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3.3     Simulation and Modeling Results of Layout Sensitivity in an Isolated 

Transistor 

In this section, simulation and modeling results for an isolated transistor will be presented 

and how process conditions effects on layout sensitivity will be analyzed. The directions of 

stress, which will be used throughout the chapter, are indicated in Figure 3.2.  

Results will be mainly presented mainly with 1GPa of tensile intrinsic stress but they are also 

valid for the case of compressive intrinsic stressed CESL, except the sign hence the type of 

stress. 

Simulation and modeling results will be provided for parallel and vertical components of 

stress for 2-D simulations since perpendicular stress magnitude is very small as previously 

mentioned. 

For PMOS, only SXX component of stress contributes to the mobility enhancement, however 

for NMOS, SZZ component is even more critical than SXX as mentioned in  

Chapter 1.  

Stress Distribution is pretty uniform in the channel in CESL technology, especially when 

compared to LMS junction stress. However still it is averaged over in this study, for the same 

reasons mentioned in Chapter 2. 

Figure 3.6 also shows the critical liner piece for different stress directions. Bottom liner 

accounts for 80% of total parallel stress whereas it only contributes 18% in this particular 

simulation. On the other hand, SZZ is mostly made of lateral liner, which constitutes 75% of 

total vertical stress. Lateral stress also creates 12% of the parallel stress.  Top liner is not 

effec 
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Figure 3.6: Parallel and Vertical Stress Distribution Along Transistor Channel for a Tensile 
CESL of 1GPa. 

 

 

effective at all in this particular simulation, contributes only in single digits to both 

components. 

Contribution from each liner to the total parallel an vertical stress might change when process 

and layout parameter values are altered. However, bottom and lateral liner creating the most 

of the parallel and vertical stress, respectively, does not change. 

Layout sensitivity for an isolated transistor will be analyzed as follows. 
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i) By varying the active area length (LS/D):  Larger active area means longer bottom 

liner hence more stress, specifically in parallel direction. In addition, if the device 

is on the edge of the well LS/D changes the distance of liner boundary to the 

channel. In that case SXX becomes much more dependent on LS/D. However these 

context dependent effects are not scope of this chapter and will be discussed in the 

next chapter. 

ii) By varying the STI length (LSTI):  Unlike LMS technology, where STI serves as a 

stress relaxation source, in CESL STI length increases the channel stress for an 

isolated device. Bottom liner is also on STI region and this increases the channel 

stress in the same way of enlarging LS/D does.   

Figure 3.7 shows the change of stress for all CESL components and total CESL with the 

increasing diffusion length. Increasing the diffusion length only changes the physical size of 

the bottom liner therefore top and lateral liner stress stay almost constant in both directions. 

Increasing diffusion length brings diminishing returns, in other words channel stress starts to 

saturate. With the increase of diffusion length from 35nm to 350nm, SXX and SZZ increases 

1.7X and 1.1X, respectively. SXX increases more than SZZ since in both directions stress 

enhancement is due to bottom liner, which is the major contributor to SXX but not to SZZ. 
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Figure 3.7: Simulated and Modeled Stress vs. Diffusion Length (LS/D) for all Separate 
Regions of CESL and the Complete CESL. (For simulations: LSTI=1nm, hLINER=20nm, 
LSPACER=20nm, LGATE=30nm, hGATE=100nm, hS/D=0nm. Wide transistors with poly gate, 
nitride spacers and Intrinsic Liner Stress of 1GPa.) 
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Figure 3.8: Simulated and Modeled Parallel Stress for Complete CESL vs. Diffusion Length 
(LS/D) for different STI Lengths (LSTI). (For simulations: hLINER=20nm, LSPACER=20nm, 
LGATE=30nm, hGATE=100nm, hS/D=0nm. Wide transistors with poly gate, nitride spacers and 
Intrinsic Liner Stress of 1GPa.) 
 
 
 
 
The effect of LS/D on channel stress alters with the STI length. Since bottom liner is also on 

STI as mentioned and visualized before, with longer STI channel stress is already close to the 

saturation point. Therefore, effect of LS/D decreases with the enlarging of LSTI as shown in 

Figure 3.8. 

Growing LS/D from 35nm to 350nm boosts SXX y 1.7X for 1nm of STI. On the other hand, 

this enhancement drops to 1.01X for the case of LSTI=150nm. This means 35nm of diffusion 

length with 150nm of STI already brings the channel stress to the full potential for this 

process parameters used in the simulation. 
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Figure 3.9: Simulated and Modeled Stress vs. STI Length (LSTI) for all Separate Regions of 
CESL and the Complete CESL. (For simulations: LS/D=35nm, hLINER=20nm, LSPACER=20nm, 
LGATE=30nm, hGATE=100nm, hS/D=0nm. Wide transistors with poly gate, nitride spacers and 
Intrinsic Liner Stress of 1GPa.) 
 
 
 
 
Figure 3.9 and Figure 3.10 shows the effect of LSTI on channel stress. The effect is almost the 

same with LS/D enlarging and increasing the bottom liner stress hence the total stress. In 

addition, the effect of LSTI on channel stress decreases with the increasing LS/D, which was 

also the case for vice versa.  
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Figure 3.10: Simulated and Modeled Parallel Stress for Complete CESL vs. STI Length 
(LSTI) for different Diffusion Lengths (LS/D). (For simulations: hLINER=20nm, 
LSPACER=20nm, LGATE=30nm, hGATE=100nm, hS/D=0nm. Wide transistors with poly gate, 
nitride spacers and Intrinsic Liner Stress of 1GPa.) 
 
 
 
We can state that diffusion and STI lengths impact parallel channel stress but not the vertical 

one. Therefore, SZZ depends on process parameters rather than layout effects.  These effects 

will be discussed in upcoming sections.   

 

3.3.1      Effect of CESL Intrinsic Stress   

The Intrinsic Stress level of CESL is an effective parameter to control the channel stress level 

in CESL technology. Foundries can create the desired type of stress by controlling the 

deposition conditions of the thin film.  

As can be expected, the higher the intrinsic stress magnitude of CESL, the more stress it can 

tr 
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transfer to the device channel. Figure 3.11 shows that the effect of intrinsic liner stress on 

channel stress is linear. As a result, increasing the magnitude of the liner increases the CESL 

performance without any penalty of layout sensitivity.   

 

 

 

Figure 3.11: Simulated Complete CESL Stress vs. CESL Intrinsic Stress. (For simulations: 
LS/D=105nm, LSTI=1nm, hLINER=20nm, LSPACER=20nm, LGATE=30nm, hGATE=100nm 
hS/D=0nm. Wide transistors with poly gate and nitride spacers.) 
 
 
 
 
Results throughout the chapter are presented mainly for 1GPa of tensely stressed CESL, 

however due to this linear relationship results can easily be deduced from them for other 

intrinsic stress levels, either tensile or compressive. 
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3.3.2      Effect of CESL Thickness   

In this section, the impact of CESL thickness on channel stress and layout sensitivity will be 

analyzed. In general, thicker CESL means more stressor material hence higher stress 

magnitude transferred to the device channel. However, as visualized in Figure 3.12, if the 

thickness of CESL film is greater than the defined diffusion length, lateral liner will consume  

 

 

Figure 3.12: CESL thickness. 

 

all the defined diffusion length hence the bottom liner, which would be detrimental to the 

parallel stress component. Hence in our simulations and modeling, we assumed the case of 

liner thickness is smaller than the diffusion length. 

To analyze the case of thickness being higher than the diffusion length, total stress can be 

calculated only by summing up lateral and top liner since bottom liner no longer exists. 

Therefore, virtual split of CESL is also helpful in these kinds of situations, where one of the 

components’ contribution is reduced to zero. 
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Figure 3.13 shows the parallel and vertical stress change with liner thickness for all regions 

of CESL. Increasing CESL thickness raises the bottom and lateral liner components of 

parallel stress, whereas top liner stress does not change much. However SXX starts to saturate 

around 40nm, where SXX reaches the 88% of parallel stress which 100nm liner would create. 

In addition, for the increasing liner thickness, the contribution of lateral liner to SXX raises.  

When CESL thickness is enlarged from 5nm to 100nm, contribution of lateral liner to total 

SXX raises from 10% to 20%. 

For vertical component of stress, with the CESL thickness increase lateral and top liner 

stresses go up whereas bottom liner does not change much. Lateral liner contribution 

saturates at 40nm of CESL thickness, on the other hand top liner contribution becomes more 

significant at that point. For 5nm of CES thickness, top liner contribution to SZZ is only 2%, 

but it reaches up to 17% and 36% for CESL thickness values of 40 and 100nm, respectively. 

In other words, top liner becomes a significant component for vertical stress for thicker 

CESL.  
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Figure 3.13: Simulated and Modeled Stress vs. CESL Thickness (hLINER) for all Separate 
Regions of CESL and the Complete CESL. (For simulations: LS/D=105nm, LSTI=1nm, 
LSPACER=20nm, LGATE=30nm, hGATE=100nm, hS/D=0nm. Wide transistors with poly gate, 
nitride spacers and Intrinsic Liner Stress of 1GPa.) 

 

 

 



114 

 

Figure 3.14: Simulated and Modeled Parallel Stress for Complete CESL vs. Diffusion Length 
(LS/D) for different CESL Thicknesses (hLINER). (For simulations: LSTI=1nm, LSPACER=20nm, 
LGATE=30nm, hGATE=100nm, hS/D=0nm. Wide transistors with poly gate, nitride spacers and 
Intrinsic Liner Stress of 1GPa.) 

 

 

 

Figure 3.15: Simulated and Modeled Parallel Stress for Complete CESL vs. STI Length 
(LSTI) for different CESL Thicknesses (hLINER). (For simulations: LS/D=105nm, 
LSPACER=20nm, LGATE=30nm, hGATE=100nm, hS/D=0nm. Wide transistors with poly gate, 
nitride spacers and Intrinsic Liner Stress of 1GPa.) 
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Figure 3.14 and 3.15 show the effect of CESL thickness on the layout sensitivity of SXX. As 

mentioned before, both of them affect the parallel stress in a similar way and do not change 

the vertical stress. Therefore only SXX results are presented here. 

Increase in CESL increases the layout sensitivity of parallel stress as can be observed from 

both figures. When diffusion length is enlarged from 105nm to 350nm, SXX only increases 

5% for CESL thickness of 5nm. On the other hand, the same boost up is 20% and 40% for 

liner thicknesses 40nm and 100nm, respectively. The change of LSTI impact with CESL 

thickness is also very similar as Figure 3.15 suggests. Therefore increasing liner thickness 

increases the channel stress in both directions. It shifts the saturation point up; therefore with 

longer LS/D or LSTI higher stress could be created. However, as a tradeoff, it increases the 

layout sensitivity for the parallel direction of stress. 

 

3.3.3      Effect of Spacer Width 

Spacer width (LSP) is an important parameter for CESL technology since it determines the 

proximity from channel region to the lateral and bottom liner. In addition, it contributes to 

the length of the top liner. In industry, there have been efforts to increase CESL performance 

by decreasing spacer width [3.5]. Hence, it is a critical parameter to analyze and model. 

Figure 3.16 indicates the change of all liner contributors with spacer widths. 

For parallel stress, widening spacers push the bottom and lateral liner away from the channel 

therefore stress transfer to the channel decreases hence the parallel stress. On the other hand, 

as the physical dimensions of top liner increases, it contributes more to the parallel stress as 

spacers widen.  
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Figure 3.16: Simulated and Modeled Stress vs. Spacer Width (LSP) for all Separate Regions 
of CESL and the Complete CESL. (For simulations: LS/D=105nm, LSTI=1nm, hLINER=20nm, 
LGATE=30nm, hGATE=100nm, hS/D=0nm. Wide transistors with poly gate, nitride spacers and 
Intrinsic Liner Stress of 1GPa.) 
 
 
 
For parallel stress, lateral liner is impacted the most from spacer width, where its contribution 

drops from 20% to 0% with the LSP rising from 2nm to 40nm.  

For vertical stress, the behavior is also similar, with only one change. The lateral stress 

component peaks around 5-10nm of LSP, not at the minimum spacer width. This might be 

because it transfers stress to the channel through the spacers and gate. Therefore, when LSP 

gets so thin, its efficiency to transfer the stress starts to drop. For increase in spacer width 

from 10nm to 40nm, vertical lateral liner stress drops by 40%. On the other hand, total 

vertical 
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vertical stress is reduced only by 15% since for increasing LSP, top liner’s contribution to the 

vertical stress grows up and compensates the loss due to the lateral liner.  

Within 2nm-40nm range of LSP, the biggest variation in SZZ is only 16% for this particular 

simulation. Whereas, this change is as much as 54% for SXX. As a result, SXX has a much 

bigger sensitivity on LSP. 

Figure 3.17 displays the LS/D sensitivity on LSP. For 35nm to 350nm LS/D increase, stress 

enhancements for 40nm, 20nm and 2nm of LSP are 1.98X, 1.69X and 1.45X, respectively.  

 

 

Figure 3.17: Simulated and Modeled Parallel Stress for Complete CESL vs. Diffusion Length 
(LS/D) for different Spacer Widths (LSP). (For simulations: LSTI=1nm, hLINER=20nm, 
LGATE=30nm, hGATE=100nm, hS/D=0nm. Wide transistors with poly gate, nitride spacers and 
Intrinsic Liner Stress of 1GPa.) 
 

 

Therefore, decreasing spacer width not only raises the parallel stress magnitude but also 

drops the layout dependency. 
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Spacer width effect on channel stress also changes with CESL thickness. For thinner films, 

SXX becomes more sensitive to LSP.  This is because for wider spacers, thin CESL loses its 

efficiency more than thicker CESL, which can still transfer its intrinsic stress to the channel. 

In addition, as mentioned in Figure 3.13, the effect of top liner on vertical stress gets bigger 

for thicker CESL. Therefore for wider spacers, where top liner contribution is higher, SZZ 

does not go through magnitude drop for thicker CESL. Figure 3.18 shows this behavior. 

 

 

 

Figure 3.18: Simulated and Modeled Stress for Complete CESL vs. Spacer Width (LSP). for 
different CESL Thicknesses (hLINER). (For simulations: LS/D=105nm, LSTI=1nm, 
LGATE=30nm, hGATE=100nm, hS/D=0nm. Wide transistors with poly gate, nitride spacers and 
Intrinsic Liner Stress of 1GPa.) 
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3.3.4      Effect of Channel Length 

The effect of gate length (LCH or LGATE) on channel stress shows similar behavior to spacer 

width impact which was explained in the previous section. Channel length influences the 

distance of channel center to lateral and bottom line stressor as spacer width does. In 

addition, it changes the length of the top liner as well.  Scaling the channel length brings 

stressor closer to the channel center hence improves the stress level in both directions, 

specifically the parallel stress. Figure 3.19, which indicates this behavior, shows great 

similarity to Figure 3.16, which was displaying the stress change with spacer width.  

 

 

Figure 3.19: Simulated and Modeled Stress vs. Gate Length (LCH) for all Separate Regions of 
CESL and the Complete CESL. (For simulations: LS/D=105nm, LSTI=1nm, hLINER=20nm, 
LSPACER=20nm, hGATE=100nm, hS/D=0nm. Wide transistors with poly gate, nitride spacers 
and Intrinsic Liner Stress of 1GPa.) 
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Shrinking channel length not only improves the magnitude of stress but also improves the 

stress variation for different diffusion lengths as shown in Figure 3.20. For diffusion length 

increase from 35nm to 350nm, SXX improves by 1.54X, 1.69X and 2.32X for channel 

lengths of 8nm, 30nm and 130nm, respectively.  

Spacer width impacts the channel length effect on stress as Figure 3.21 points out. Gate 

length scaling from 30nm to 8nm boosts parallel stress up by 38% for spacer width of 2nm, 

whereas it is 30% for 40nm of LSP. On the other hand short gate length with narrow spacer 

width is detrimental to the vertical stress. Since thinning the gate region material (gate and 

spacer) decreases its efficiency to stress the channel vertically. 

 

 

Figure 3.20: Simulated and Modeled Parallel Stress for Complete CESL vs. Diffusion Length 
(LS/D) for different Gate Lengths (LGATE(=LCH)). (For simulations: LSTI=1nm, hLINER=20nm, 
LSPACER=20nm, hGATE=100nm, hS/D=0nm. Wide transistors with poly gate, nitride spacers 
and Intrinsic Liner Stress of 1GPa.) 
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Apart from changing the magnitude, CESL thickness does not change the parallel stress 

dependency on gate length, On the other hand, vertical stress behavior changes with liner 

thickness since top liner becomes more effective for thicker CESL as explained in previous 

sections. 

 

 

 

Figure 3.21: Simulated and Modeled Stress for Complete CESL vs. Gate Length 
(LGATE(=LCH)) for different Spacer Widths (LSP). (For simulations: LS/D=105nm, LSTI=1nm, 
hLINER=20nm, hGATE=100nm, hS/D=0nm. Wide transistors with poly gate, nitride spacers and 
Intrinsic Liner Stress of 1GPa.) 
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3.3.5      Effect of Raised Diffusion Areas 

Raised junctions are common in CMOS technology to create sacrificial layer for silicide 

formation so that shallow junctions would not be consumed. In addition, it increases the 

stress magnitude for junctions with lattice mismatched stressor material as explained in 

Chapter 2. 

Raising the junction above the channel level changes properties of CESL-induced stress. 

Qualitatively, it creates vertical (in z-direction) distance between the channel and bottom 

liner as Figure 3.22 displays. (This height is indicated as hS/D in the figure.) Hence, we can 

expect parallel stress drop with raising step height of the junction. In addition, lateral liner, 

which is the major contributor for the vertical stress, not only gets further away from the 

channel but also its height decreased to ℎ𝐺𝐴𝑇𝐸 − ℎ𝑆/𝐷  from ℎ𝐺𝐴𝑇𝐸. Therefore, drop in parallel 

stress component is also anticipated. Unlike other components, top liner topography is not 

influenced from raised junctions. 

 

 

Figure 3.22: Lateral Liner Height. 
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Figure 3.23 demonstrates the simulation and modeling results for junction elevation. As 

expected, parallel direction of stress reduces as the proximity of bottom liner increases with 

raising the step height of the junction. On the other hand, lateral and top liner contributions, 

which are not major for SXX, do not change.  For step height increase from 0nm to 30nm, 

SXX drop is as much as 55%.  

For vertical stress, the impact is even greater. This is because lateral liner, which is the major 

contributor for SZZ, not only gets away from the channel but also the physical dimension of it 

decreases as mentioned before. In addition, as bottom liner’s proximity increases from the 

channel, the stress it induces to the channel turn to tensile.    

 

 

Figure 3.23: Simulated and Modeled Stress vs. Junction Step Height (hS/D) for all Separate 
Regions of CESL and the Complete CESL. (For simulations: LS/D=105nm, LSTI=1nm, 
hLINER=20nm, LSPACER=20nm, LGATE=30nm, hGATE=100nm. Wide transistors with poly gate, 
nitride spacers and Intrinsic Liner Stress of 1GPa.) 
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As a result, vertical stress reduces as much as 85%. Drop of vertical stress impacts electron 

mobility significantly; on the other hand it does not affect the hole mobility.  

Figure 3.24 shows the mobility loss due to raised junctions. With 30nm of increase in step 

height, 70% of mobility improvement over 0nm step height is lost. For electron mobility 

case, both parallel and vertical stress drops account for the total loss, however for hole 

mobility, only SXX solely constitutes it. 

 

 

 

 

Figure 3.24: Mobility Improvement (Δμ/μ) Loss vs. Junction Step Height (hS/D). (For 
simulations: LS/D=105nm, LSTI=1nm, hLINER=20nm, LSPACER=20nm, LGATE=30nm, 
hGATE=100nm. Wide transistors with poly gate, nitride spacers and Intrinsic Liner Stress of 
1GPa.) 
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Figure 3.25: Simulated and Modeled Parallel Stress for Complete CESL vs. Diffusion Length 
(LS/D) for different Junction Step Heights (hS/D). (For simulations: LSTI=1nm, hLINER=20nm, 
LSPACER=20nm, LGATE=30nm, hGATE=100nm. Wide transistors with poly gate, nitride spacers 
and Intrinsic Liner Stress of 1GPa.) 
 
 

 

Therefore step height affects the efficiency of CESL technology significantly as shown in 

Figure 3.25. In addition to lowering the magnitude of channel stress, increasing the step 

height also worsens the LS/D sensitivity. LS/D enlarging from 35nm to 350nm results in 

increase in parallel stress by 1.69X for step height of 0nm. This ratio is 1.81X and 2.11X for 

step height of 15nm and 30nm, respectively. Hence increasing the step height leads to more 

variation between different active areas. 
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3.3.6      Effect of Gate Height 

The simulations and modeling results, demonstrated before this section used gate height of 

100nm. However, gate height changes from process to process and scales as technology 

shrinks. Therefore, its effect on CESL stress should be captured since with step height of the 

junction, it determines the physical dimensions of the lateral liner. Hence as gate height 

reduces, lateral liner shrinks therefore we can anticipate drop in vertical stress induced by the 

lateral liner. However, that is not the only impact resulting from gate height scaling. 

Additionally, it brings top liner closer to the channel region; therefore increasing its effect on 

the channel stress.   

 

 

Figure 3.26: Simulated and Modeled Stress vs. Gate Height (hGATE) for all Separate Regions 
of CESL and the Complete CESL. (For simulations: LS/D=105nm, LSTI=1nm, hLINER=20nm, 
LSPACER=20nm, LGATE=30nm, hS/D=0nm. Wide transistors with poly gate, nitride spacers and 
Intrinsic Liner Stress of 1GPa.) 
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Since the bottom liner transfers stress to the device channel through the diffusion region, gate 

height does not alter its stress, as indicated by Figure 3.26. 

Both SXX and SZZ, induced by lateral liner reduce with gate height scaling as expected. 

However, increasing the gate height beyond 100nm does not help to increase the channel 

stress transferred from lateral liner. 

Top liner is the most effected region from gate height changes. Till this section, where 

simulations were presented with 100nm gate height, top liner’s impact on the channel stress 

in both directions was almost negligible. Nevertheless, as it gets closer to the channel region, 

its influence on the channel stress increases significantly.  

Tensely stressed top liner compressed the gate region in x-direction, which does not affect 

the channel with high gates. On the other hand as gate height shrinks, this compression is 

transferred to the channel. As a result, it counters the tensile parallel stress induced by the 

bottom liner and decreases the parallel stress. 

Similarly, with the decreasing proximity of top liner to the device channel, it can induce 

compressive stress to the channel in greater dimensions. This increasing vertical stress 

compensates some of the loss due to lateral liner, hence vertical stress does not diminish as 

much as parallel one with gate height scaling. 

Figure 3.27 shows how gate height effect changes with different CESL thicknesses and gate 

lengths. In simulations and model, it was assumed that minimum gate height is bounded by 

CESL thickness. 
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Figure 3.27: Simulated and Modeled Stress vs. Gate Height (hGATE) for Top Liner for 
different CESL Thickness and Gate Length Combinations. (hLINER, LGATE). (For simulations: 
LS/D=105nm, LSTI=80nm, LSPACER=20nm, hS/D=0nm. Wide transistors with poly gate, nitride 
spacers and Intrinsic Liner Stress of 1Gpa.) 
 
 

As CESL thickness increases, the top liner becomes even more effective on the channel 

stress with decreasing gate length. Furthermore, since top liner transfers the stress through 

the gate region, gate length also impacts top liner as mentioned before. The longer the gate, 

the more effective the top liner becomes as gate height shrinks.  

Like in other process parameter effects, gate height also influences layout sensitivity. 

Without any junction step height, shrinkage of gate height from 100nm to 40nm increases 

𝑆𝑋𝑋(𝐿𝑆 𝐷⁄ = 350𝑛𝑚) 𝑆𝑋𝑋(𝐿𝑆 𝐷⁄ = 35𝑛𝑚)⁄  ratio from 1.69X to 1.78X. On the other hand for 

a 
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a step height of 20nm, the ratio drops from 1.9X to 1.56X for the same gate height reduction. 

This complicated behavior stems from top liner effect. With step height of 20nm and gate 

height of 40nm, top liner-bottom liner proximity drops below a certain threshold. As a result 

of this, top liner stress starts to be influenced from the diffusion length of the device. As 

Figure 3.28 indicates, we could capture this complicated layout sensitivity behavior with our 

analytical models. 

 

 

 

Figure 3.28: Simulated and Modeled Parallel Stress for Complete CESL vs. Diffusion Length 
(LS/D) for different Gate and Junction Step Height Combinations (hGATE, hS/D). (For 
simulations: LSTI=1nm, hLINER=20nm, LSPACER=20nm, LGATE=30nm. Wide transistors with 
poly gate, nitride spacers and Intrinsic Liner Stress of 1GPa.) 
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3.3.7      Effect of Device Width  

In this section, we will discuss the effect of channel width on each stress directions. 3-D 

simulations were performed to explore the width dependence of stress. A quarter of an 

isolated transistor is demonstrated in Figure 3.29. As previously mentioned, bottom liner 

which is on top of on top of the junction and STI_X exerts stress in to the channel in x-

direction.  Similarly, CESL on y-direction STI transfers stress to the channel. However for 

long device widths, this stress cannot penetrate deep through the device width hence 

increases 
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Figure 3.29: A quarter of an isolated transistor in 3-D. 
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when averaged, SYY becomes a negligible component as assumed so far. Therefore in the x-y 

plane, stress is uniaxial and in x-direction for devices with large widths. As the device width 

gets smaller, SYY stress increases accordingly and becomes an effective component. Stress in 

x-y plane becomes biaxial-like for devices having comparable widths to their lengths.  

 

 

Figure 3.30: Simulated and Modeled Stress for Complete CESL vs. Device Width (W). (For 
simulations: LS/D=105nm, LSTI_X=1nm, LSTI_Y=80nm, hLINER=20nm, LSPACER=20nm, 
LGATE=30nm, hGATE=100nm, hS/D=0nm.  Transistors with poly gate, nitride spacers and 
Intrinsic Liner Stress of 1GPa.) 
 

 

As device width decreases, SXX stays almost constant then gradually reduces. Furthermore, 

vertical component of stress, SZZ, remains almost constant before increasing slightly for 

small device widths. The greatest change is in SYY as previously expected.  SYY enhances for 

small widths and its magnitude becomes comparable to SXX. The magnitude of SYY depends 

on LSTI_Y, in the same way LSTI_X and LS/D impacts SXX. Figure 3.30 shows the stress change 

with the gate width scaling. 
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Figure 3.31: Mobility Improvement (Δμ/μ) Change vs. Device Width (W). (For simulations: 
LS/D=105nm, LSTI_X=1nm, LSTI_Y=80nm, hLINER=20nm, LSPACER=20nm, LGATE=30nm, 
hGATE=100nm, hS/D=0nm. Transistors with poly gate, nitride spacers and Intrinsic Liner 
Stress of 1GPa.) 
 
 
 
Both electron and hole mobility enjoys tensile stress in perpendicular direction. With 

decreasing widths, NMOS with tensile CESL becomes tensely stressed in y-direction which 

contributes to the electron mobility. On the other hand, PMOS with compressive CESL has 

compressive stress in y-direction, which is detrimental to the hole mobility. 

As Figure 3.31 indicates, for tensile CESL on NMOS, tensile SYY compensates for the 

electron mobility enhancement loss due to SXX decrease as channel width shrinks. For further 

channel width scaling, it even starts to improve the mobility enhancement. The electron 

mobili 
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mobility enhancement is 9% more for a device width of 50nm over the ling width device.On 

the other hand for PMOS with compressive CESL, both decreasing compressive SXX and 

increasing compressive SYY reduces hole mobility enhancement over the long devices. 

Therefore, width of PMOs devices is critical for the efficiency of CESL. One of the obvious 

solutions is to use larger width devices for PMOS. Other option is to shorten LSTI_Y so that 

compressive SYY would not increase as much. CESL boundary effects will be discussed in 

more details in the following chapters. 

 

3.3.8      Effect of Contact Holes 

Contact holes remove large volume of nitride film from CESL which lead to stress relaxation 

in all direction as Figure 3.4 shows. Since contact holes are etched from bottom liner portion 

of the film; the relaxation is mostly in parallel direction of stress. Therefore, results will be 

presented for parallel direction of stress and the changes in other directions were found to be 

negligible. 

2-D simulation results contact holes are infinite in device width which overpredicts the stress 

relaxation [3.18]. Hence 3-D simulations were performed, which takes into account contact 

width and length, number of contacts and contact distance to the spacer. 

Figure 3.32 shows the stress relaxation dependence on contact hole width. As expected, as 

larger nitride film is removed, parallel stress relaxation becomes more pronounced. The 

relaxation also depends on the total area of the film, hence the diffusion length. For smaller 

diffusion lengths, larger percentage of the film is removed therefore the relaxation becomes 

40 

 



134 

greater. With a contact hole of 60nm by 60nm, SXX is reduced by 22% over a non-contacted 

film for a diffusion length of 125nm. This ratio is 17% and 14% for diffusion lengths of 

200nm and 350nm, respectively. Hence, contact holes increase the layout sensitivity of stress 

as well.  

 

 

Figure 3.32: Simulated and Modeled Parallel Stress vs. Square Contact Hole Width for 
Bottom Liner for different Diffusion Lengths (LS/D). (For simulations: W=200nm, 
LSTI_X=1nm, LSTI_Y=1nm, hLINER=20nm, LSPACER=20nm, LGATE=30nm, hGATE=100nm, 
hS/D=0nm, number of contacts=1. Transistors with poly gate, nitride spacers and Intrinsic 
Liner Stress of 1Gpa.) 
 
 
 
Another physical parameter having an influence on parallel channel stress is the distance of a 

contact hole from the spacer edge. Relaxation due to contact holes reduces as their distance 

to the channel is increased. However, this would increase the series resistance of the junction, 

which would deteriorate the device performance.   
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Contact distance to channel does not have much effect when total contact area is small. For 

only one contact hole, reducing the contact hole distance to spacer edge from 125nm to 25nm 

decreases parallel stress by only 6%. For three contact holes, the same effect is as much as 

30%. Figure 3.33 presents the stress change with the contact distance to the spacer. 

 
 

 
 

Figure 3.33: Simulated and Modeled Parallel Stress vs. Contact Distance from Spacer Edge 
for Bottom Liner for different Number of Contacts. (For simulations: W=200nm, 
LS/D=200nm LSTI_X=1nm, LSTI_Y=1nm, hLINER=20nm, LSPACER=20nm, LGATE=30nm, 
hGATE=100nm, hS/D=0nm. Transistors with poly gate, nitride spacers and Intrinsic Liner 
Stress of 1GPa.) 

 

 

3.3.9      Effect of Gate Stack 

As mentioned in the previous chapter, CMOS technology has started to employ different 

materials as gate other than polysilicon. As a result, channel stress profile depends on the 

stiff 
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stiffness, in other words, Young’s Moduli, of the gate.  

In our studies, we found that gate materials, stiffer than polysilicon reduce the stress in 

parallel direction. As previously mentioned, parallel stress is applied to the channel via 

diffusion areas. Since a stiffer gate bounds the channel from the top region, it becomes harder 

to stress the channel in parallel direction. 

On the other hand, vertical stress, which is applied to the channel via the gate stack, increases 

with stiffer gates. This is because less stress is consumed by the stiffer gate itself and more 

stress is transferred to the channel. 
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Figure 3.34: Simulated and Modeled Stress vs. Young’s Modulus of Gate Material for all 
Separate Regions of CESL and the Complete CESL. (For simulations: LS/D=105nm, 
LSTI=1nm, hLINER=40nm, LSPACER=20nm, LGATE=30nm, hGATE=100nm, hS/D=0nm. Wide 
transistors, nitride spacers and Intrinsic Liner Stress of 1GPa.) 
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Parallel stress magnitude reduces by 38% when TiN gates are used instead of polysilicon 

which is 3.55X stiffer. On the other hand, vertical stress enhances by 54% for the same case. 

Consequently, using stiffer gates enhances electron mobility improvement since NMOS 

mobility is more sensitive in vertical direction than parallel. On the other hand, it is 

detrimental to hole mobility improvement, which is constituted mostly due to the parallel 

stress. Figure 3.34 shows the stress change with the gate stiffness. 
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Figure 3.35: Simulated and Modeled Stress vs. TiN Height for Tin+Poly Gate Process for all  
Separate Regions of CESL and the Complete CESL. (For simulations: LS/D=105nm, 
LSTI=1nm, hLINER=40nm, LSPACER=20nm, LGATE=30nm, hGATE=100nm, hS/D=0nm. Wide 
transistors, nitride spacers and Intrinsic Liner Stress of 1GPa.) 
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As mentioned in the previous chapter, another way of using metal gates is thin metal layer on 

top of the dielectric with polysilicon. Figure 3.35 presents simulation and modeling results 

for a TiN gate capped with a polysilicon layer. 

As can be observed from the figure, 0nm and 100nm TiN heights means all poly gate and all 

TiN gate, respectively. Even with a very thin TiN layer, parallel stress reduces significantly. 

The decrease in parallel stress is 10%, 20% and 26% for TiN heights of 1nm, 3nm and 10nm, 

respectively.  Stress level for a 15nm of TiN gate almost produces the same stress for all TiN 

gate, which equals to 40% reduction. 

For vertical stress, the effect is more gradual, since the mechanism is different as mentioned 

before. Up to 5nm of TiN height, there is almost no effect on the vertical stress. The 

improvement reaches 16% and 42% for TiN height of 15nm and 40nm, respectively, where 

all TiN gate produces 54% of enhancement. 

 

 

3.4      Parameter Ranges for CESL Models 

Table 3.4 lists the ranges of each layout parameter that were simulated to create the analytical 

model. Because CESL intrinsic stress is assumed as an initial condition, that parameter can 

also be varied independently to any value and is not bounded in our model. We predict that 

this range will allow accurate prediction of stress in devices ranging from the 130 nm down 

to the 8 nm technology nodes. 
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Table 3.4: Layout and Process Parameter Ranges for the CESL modeling. 

hLINER (nm) 5-100 hLMS  (nm) 0-30 LSTI (nm) 1-500 LCN (nm) 0-100 

hGATE (nm) 20-150 LGATE (nm) 8-130 W (nm) 50-2000 LCN_SP (nm) 25-125 

LSPACER (nm) 2-40 LS/D (nm) 35-350 EGATE (GPa) 0-1000 NCN NCNxLCN<W 

 

 

 

3.5      Summary 

CESL was introduced to CMOS in the 90nm technology node and has been widely used by 

all technology since then. They can improve the performance of both NMOS and PMOS 

devices.  

In this chapter, we presented simulation details and results for CESL (DSL) technology. In 

the first section, virtual splitting and simulation details were introduced to simulate CESL . 

We presented several simulation and modeling results about process parameter effects on 

layout sensitivity and stress magnitude. Below are the findings from these simulations.   

i) Bottom and lateral liners are responsible for parallel and vertical stresses, 

respectively. The bottom liner length changes with the device, layout and 

therefore so does the parallel stress, whereas vertical stress is process dependent. 

ii) The intrinsic stress of CESL is a very effective way to improve stress in all 

directions. 
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iii) Liner thickness increases all stress components. However, as a tradeoff, it 

increases the layout sensitivity for the parallel direction of stress. On the other 

hand, with the scaling of gate pitch, liner thickness should also be reduced. 

iv) Decreasing spacer width and gate length not only raise the parallel stress 

magnitude but also drop the layout dependency. 

v) Raising junctions and scaling gate height influences CESL topography and 

change the stress magnitude significantly. 

vi) Scaling the device width increases the stress in perpendicular direction. 

vii) Contact holes removes some portion of bottom liner and hence alter the stress 

magnitude. 

viii) Metal gates, which are generally stiffer than polysilicon, decrease the channel 

stress transferred by CESL. 

All of these process impacts are successfully captured with our analytical models, and 

their correlation with simulated data were presented. 
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Chapter 4 

 

Modeling Stress for Shallow Trench 

Isolation 

 
4.1      Introduction 

Shallow trench isolation (STI) has been predominantly used for isolation between devices in 

CMOS technology nodes of 250nm and smaller [4.1]. Shallow trenches are etched and filled 

with isolation material, SiO2, to form isolation barriers between different active areas [4.2]. 

This SiO2 deposition takes place at high temperatures, 900-1000°C, followed by ramping 

down 
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down to room temperature [4.3], [4.4], [4.5]. Oxide has a smaller thermal expansion 

coefficient than Silicon, thus during this temperature ramp down, it does not shrink as much 

as Silicon does. Therefore, compressive stress is built in silicon during the thermal cycle of 

STI processing. Unlike LMS and CESL which were intentionally introduced to CMOS 

process for mobility improvement, STI is a parasitic stress source.   

Without any stress modulation technique, STI is a compressive stress source in both parallel 

and perpendicular directions. Compressive parallel stress increases hole mobility whereas it 

degrades electron mobility. In addition, both holes and electrons enjoy tensile stress in the 

perpendicular direction. Hence compressive STI stress is detrimental for both types of device 

mobility in perpendicular direction. 

STI stress is a well-studied stress source and incorporated to widely used BSIM4 models [6]. 

However, it does not take STI length into account, which changes the stress level 

significantly [4.2], [4.4]. In addition, [4.3], [4.4], [4.7], [4.8] do not investigate different 

process parameter effects on STI stress, which will be the major contribution of this chapter. 

 

4.2      Technical Approach & FEM Modeling of STI Stress 

This section focuses on simulating STI induced stress-strain fields by using Finite Element 

Method (FEM) simulation.  
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Figure 4.1 shows a layout view of a diffusion area, surrounded by STI in both x and y 

directions.  Owing to the symmetry, only the quarter of the region was chosen as simulation 

area and modeled in FEM simulation. In addition to this 3-D model, 2-D model employing 

plane strain condition, which assumes large transistor widths, was also constructed and 

simulated. 

In our mechanical simulations, we limited the STI process flow ramping down from high 

process temperature to room temperature [4.3], [4.5]. The oxide was assumed to be deposited 

using high density plasma (HDP), which is assumed to be in a relaxed viscous state at the 

process temperature [4.1], [4.3]. However there are other deposition techniques to modulate 

STI induced stress, which will be covered in the following sections.  
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Figure 4.1: Layout View and 3-D FEM Model for STI stress simulation. 
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STI process flow is completed before the gate formation; therefore we do not have any other 

solid sections other than STI and Si in our mechanical simulations.  

 

Table 4.1: Parameter Explanations for Figure 4.1. 
 

Parameter Name Parameter Type Explanation 

LOD 

LSTI_X 

LSTI_Y 

W 

LSTI/Si(x) 

 

dSTI 

Layout Parameter 

Layout Parameter 

Layout Parameter 

Layout Parameter 

Layout Parameter 

 

Process Parameter 

Length of Diffusion Region 

STI length in x-direction  

STI length in y-direction  

Width of Diffusion Region 

The distance of the stress calculation 

point from STI-Si border 

Depth of isolation trench. 

 

 

Bottom of shape shown in Figure 4.1 is constrained as rigid. Right and left sides have 

symmetry boundary condition in x-direction and so do front and bottom sides in y-direction. 

No other loads, other than aforementioned temperature ramp down are applied for HDP-STI 

stress simulation. For other deposition conditions, initial stress is applied to the STI, which 

will be covered in detail in the following sections. 
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All parameters in Table 4.1 have an effect on STI stress and have been analyzed and their 

effects were captured successfully in our analytical model, which will be presented 

throughout the chapter.  

 

4.2.1      Calculation of STI Stress for a Device 

For a device, STI stress is calculated by using parameters shown in Figure 4.2. Since STI 

stress depends on the distance from the STI/Si edge, two distances are calculated in x-

direction for SXX calculation. 

𝐿𝑆𝑇𝐼/𝑆𝑖_𝑋1 = 𝐿𝑆/𝐷                                                                                                                  (4.1) 

𝐿𝑆𝑇𝐼/𝑆𝑖_𝑋2 = 𝐿𝑆/𝐷 + 𝐿𝐶𝐻 2⁄                                                                                                   (4.2) 

𝑆𝑋𝑋_𝐹𝑖𝑛𝑎𝑙 = 0.5. �𝑆𝑋𝑋 �𝑥 = 𝐿𝑆𝑇𝐼/𝑆𝑖_𝑋1� + 𝑆𝑋𝑋 �𝑥 = 𝐿𝑆𝑇𝐼/𝑆𝑖_𝑋2��                                         (4.3) 

If the device is not symmetrical and have different properties on right and left sides, then a 

couple of these parameters are calculated for each side. Then right and left side stress is 

calculated by using Equation 4.3. Final stress is calculated by averaging right and left side 

stress. 

Similarly, to calculate SYY, another couple of distances are calculated which are in y-

direction. 

𝐿𝑆𝑇𝐼/𝑆𝑖_𝑌1 = 0                                                                                                                       (4.4) 
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Figure 4.2: Layout Parameters for STI Stress Calculation. 

 

𝐿𝑆𝑇𝐼/𝑆𝑖_𝑌2 = 𝑊 2⁄                                                                                                                  (4.5) 

𝑆𝑌𝑌_𝐹𝑖𝑛𝑎𝑙 = 0.5. �𝑆𝑌𝑌 �𝑦 = 𝐿𝑆𝑇𝐼/𝑆𝑖_𝑌1� + 𝑆𝑌𝑌 �𝑦 = 𝐿𝑆𝑇𝐼/𝑆𝑖_𝑌2��                                          (4.6) 

Likewise, if the device is not symmetrical in y-direction, a set of parameters is calculated for 

top and bottom part. If the device is completely unsymmetrical in all directions, four stress 

components are calculated, which are top-left, top-right, bottom-left and bottom-right. The 

final stress is the average of all four components.  
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4.3      Simulation and Modeling Results 

In this section, simulation and modeling results for STI induced stress will be analyzed under 

different layout and process conditions. The directions of stress, which will be used 

throughout the chapter, are indicated in Figure 4.1. x and y directions of the stress will be 

referred as parallel and perpendicular stresses, respectively. Since the diffusion region is not 

bounded by the gate stack for STI stress calculation, z-direction of stress is very small and 

assumed as 0 Pa in this study.  

Results will be mainly presented for a process temperature of 900°C and ramping down to 

room temperature. However, analytical model receives process and final temperatures as 

inputs and captures the stress for the different thermal cycles as well.  

As Figure 4.1 suggests, STI, surrounding the diffusion region has the same impact from x 

and y directions. Therefore results will be presented only for SXX. However, same results are 

valid for SYY, when LOD and W are interchanged for SYY calculations. 

The level of stress changes throughout the diffusion region. It peaks near STI-Si edge and 

monotonically decreases towards to the middle of the diffusion region. Therefore, coordinate 

dependent results and models are created, since the diffusion region is too large to average 

unlike device channel regions. 
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4.3.1      Effect of Length of Diffusion (LOD) 

Length of diffusion, in other words amount of Si compressed by SiO2, impacts the stress 

level inside the diffusion region. As LOD gets larger, the stress can penetrate deeper through 

to diffusion length hence the magnitude of stress reduces. 

Figure 4.3 shows the change of parallel stress with length of diffusion for the same distance 

to the STI/Si edge. For diffusion lengths above 1000nm, stress stays almost constant. For 

diffusion lengths below 500nm, the increase in the stress is significant. Decreasing LOD 

from 500nm to 200 causes an increase in stress by 40%. Therefore with the scaling of 

technology and area pitch, STI can induce significant stress in the channel of devices. 

 

 

Figure 4.3: Simulated and Modeled STI Stress vs. Length of Diffusion (LOD). (For 
simulations: LSTI_X=200nm, LSTI/Si(x)=50nm, dSTI=300nm. Wide diffusion regions with 
Intrinsic STI Stress of 0 Pa.) 
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Figure 4.4: Simulated and Modeled STI Stress vs. Distance from STI/Si edge for different 
Lengths of Diffusions (LOD). (For simulations: LSTI_X=200nm, dSTI=300nm. Wide diffusion 
regions with Intrinsic STI Stress of 0Pa.) 
 
 
 
 
Although shorter LODs lead to higher levels of stress in the active area, they reduce the STI 

stress variation throughout the region. For LOD of 200nm, maximum STI stress difference is 

50MPa, on the other hand for LOD of 500nm, it is as much as 130MPa. Figure 4.4 indicates 

this behavior. 

Therefore with the scaling of LOD and width, STI stress effect on mobility enhances. On the 

other hand, it reduces the variation between devices sharing the same active area.  
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4.3.2      Effect of STI Length 

Another important parameter impacting STI stress is the physical length of STI surrounding 

the active area. Enlarging the STI length means that more SiO2 material compresses the 

diffusion area during the temperature ramp down. Hence, magnitude of stress increases with 

the STI length as Figure 4.5 shows. However it starts to saturate after STI length of 500nm. 

Therefore with the scaling of technology hence the STI length, parasitic STI stress decreases. 

 

 

 

Figure 4.5: Simulated and Modeled STI Stress vs. Length of STI (LSTI). (For simulations: 
LOD=500nm, LSTI/Si(x)=50nm, dSTI=300nm. Wide diffusion regions with Intrinsic STI Stress 
of 0Pa.) 
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Shortening STI length not only decreases stress magnitude, but also reduces the variation 

throughout the diffusion length as shown in Figure 4.6. Hence, shrinking the STI length as 

much as isolation allows is a good way to reduce parasitic STI stress and variation between 

devices due to it. 

 

 

Figure 4.6: Simulated and Modeled STI Stress vs. Distance from STI/Si edge for different 
Lengths of STI (LSTI). (For simulations: LOD =500nm, dSTI=300nm. Wide diffusion regions 
with Intrinsic STI Stress of 0Pa.) 
 
 
 
4.3.3      Effect of STI Depth 

Creating enough isolation in the bulk area determines the STI depth for a technology [4.10]. 

Due to this reason, STI depth has remained nearly constant around 300nm in recent 

technology nodes [4.5], [4.11]. However, we analyzed the depth effect on stress for the 

completeness of the study.  
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Like its length, depth of STI changes the amount of oxide hence induced stress in the 

diffusion region. As its gets deeper, the transferred stress gets higher but the return 

diminishes. 

 

 

Figure 4.7: Simulated and Modeled STI Stress vs. Depth of STI (dSTI). (For simulations: 
LSTI=1000nm, LOD=1000nm, LSTI/Si(x)=100nm. Wide diffusion regions with Intrinsic STI 
Stress of 0Pa.) 

 

 

Moreover, deeper STI can transfer the stress further away from STI/Si edge hence the stress 

is more uniform in the active region for deeper STI. As STI gets shallower, variation between 

devices sharing the same active area increases as shown in Figure 4.8. 
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Figure 4.8: Simulated and Modeled STI Stress vs. Distance from STI/Si edge for different 
depths of STI (dSTI). (For simulations: LOD =1000nm, LSTI=500nm. Wide diffusion regions 
with Intrinsic STI Stress of 0Pa.) 
 
 

4.3.4      Effect of Diffusion Width 

Diffusion width has two impacts on device mobility. As mentioned before, it serves as a 

length of diffusion for SYY, therefore shortening the width increases perpendicular stress. In 

addition, change in SYY influences the parallel stress, SXX. 

All effects until this section were analyzed with 2-D FEM simulations. However to simulate 

width dependent impacts, 3-D model, shown in Figure 4.1 was used. 
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SYY change with W is the same as SXX change with LOD. Hence, as width of the diffusion 

region gets shorter, magnitude of SYY increases. This increase in SYY reduces SXX in 

accordance with Poisson’s effect [4.12]. 

 

 

Figure 4.9: Simulated and Modeled STI Stress vs. Width of Diffusion (W) for different STI 
lengths in y-direction (LSTI_Y). (For simulations: LSTI_X=1000nm, LOD=500nm, 
LSTI/Si(x)=225nm, dSTI=300nm. Intrinsic STI Stress is 0Pa.) 
 
 

The increase in SYY not only depends on diffusion width, but also the length of STI in y-

direction (LSTI_Y). Therefore, longer LSTI_Y creates higher SXX drop as diffusion width 

shortens as Figure 4.9 shows.  
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For a PMOS device, both compressive SXX decrease and compressive SYY increase with the 

scaling of width degrades hole mobility.  On the other hand for NMOS, drop in SXX 

improves electron mobility but increase in compressive SYY reduces it. 

Figure 4.10 shows the change of mobility improvement or decline with the change of device 

width. (Please refer to the Figure 4.2 for the defined parameters.)  

For large device widths, STI stress improves hole mobility by 8%. Nevertheless, as device 

width shrinks, SYY component becomes more dominant and for a device width of 50nm, 

PMOS has 7.1% mobility weakening over an unstrained case.  

 

 

Figure 4.10: % Mobility Improvement (Δμ/μ) Change vs. Width of Diffusion (W) for PMOS 
& NMOS. (For simulations: LSTI_X=75nm, LSTI_Y=75nm, LOD=250nm, dSTI=300nm, 
LS/D=100nm, LCH=50nm. Intrinsic STI Stress is 0Pa.) 
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Total difference between large width and small width device due to STI stress is as much as 

15% for a PMOS device. 

On the other hand, NMOS device mobility is weakened both by SXX and SYY. Nonetheless, 

NMOS mobility is more sensitive to the changes in x-direction, so decrease in SXX 

compensates the increase in SYY as device width decreases. Maximum variation of electron 

mobility due to device width change is only 2.5%. 

 

4.3.5      Effect of Temperature Cycle 

Till this section, we presented our results based on the thermal ramp down from initial 

temperature of 900°C to the final temperature of 25°C. However, different processes may 

employ other thermal cycles. The induced thermal strain can be calculated by Equation 4.7. 

𝜀𝑇 = �𝑎𝑆𝑖−𝑎𝑆𝑖𝑂2�. �𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝑇𝑓𝑖𝑛𝑎𝑙� = �𝑎𝑆𝑖−𝑎𝑆𝑖𝑂2�.𝛥𝑇                                                     (4.7) 

As suggested by the equation and shown in Figure 4.11, 𝛥𝑇 has a linear effect on strain and 

stress.  
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Figure 4.11: Simulated and Modeled STI Stress vs. Process Temperature Change (ΔT). (For 
simulations: LOD=500nm, LSTI/Si(x)=100nm,  LSTI=200nm, dSTI=300nm. Wide diffusion 
regions with Intrinsic STI Stress of 0Pa.) 
 
 

4.3.6      Effect of Oxide Deposition Method 

Widely used high density plasma (HDP) STI filling process creates increasing variation as 

technology scales as presented in previous sections.  To mitigate this problem, new STI 

procedures evolved to decrease the intrinsic compressive stress and even create tensile stress 

which is useful for both type of devices in y-direction.   

Sub-atmospheric chemical vapor deposition (SACVD) is another STI filling which allows 

controlling the film stress by tuning the annealing conditions [4.13]. Lower magnitudes of 

compressive stress have been achieved by using this technique [4.14].   

 

 



161 

Spin on dielectric (SOD)/HDP hybrid STI filling is another studied STI process that can 

lower the compressive stress or even induce tensile stress depending on SOD height and 

process conditions [4.15][4.16][4.17]. Induced stress in both SACVD and SOD/HDP 

processes depends so much on process details. Therefore, it is not practical to study their 

layout effects in this study. 

 Another innovative gap-fill methodology is High Aspect Ratio Process (HARP). It has two 

major benefits, first of which is that it enables to achieve aspect ratios greater than 10:1.  

Second one is the HARP material is able to create tensile stress in the STI trench [4.1][4.5].  

In this process, the oxide has already initial tensile stress and during the temperature ramp 

up, it shrinks further due to chemical reactions and can generate strong tensile stresses [4.5]. 

In our simulations for HARP STI, we assumed initial stress for STI in all directions [4.18]. 

For the results presented below, the intrinsic stress is assumed to be 500MPa for most of the 

cases, however our analytical models receive it as an input parameter.  

As Figure 4.12 demonstrates, STI induced stress has a linear relationship with its initial 

stress. The slope of this relationship depends on the STI length. As length of STI increases, 

the stress rise due to initial stress amplifies. In addition, STI induced stress can exceed the 

initial stress, which is called as “Stress Magnification” in literature [4.18]. Similarly, higher 

STI depths also have higher slopes with intrinsic STI stress as Figure 4.13 shows. It means 

that the more the volume of STI, the higher the tensile stress it induces to the silicon region. 
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Figure 4.12: Simulated and Modeled STI Stress vs. Initial STI Stress for different STI 
Lengths (LSTI). (For simulations: LOD=200nm, LSTI/Si(x)=75nm, dSTI=300nm with wide 
diffusion regions ) 
 
 

As a result, tensile STI improves both NMOS and PMOS mobility in perpendicular region. In 

parallel direction, it enhances NMOS mobility but decreases the PMOS one. However as 

device width shrinks, it is a very promising technique for MOS mobility improvement. 
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Figure 4.13: Simulated and Modeled STI Stress vs. Initial STI Stress for different STI depths 
(dSTI). (For simulations: LOD=1000nm, LSTI/Si(x)=250nm, LSTI=1000nm with wide diffusion 
regions.) 

 

 

4.4      Parameter Ranges for STI Models 

Table 4.2 lists the ranges of each layout parameter that were simulated to create the analytical 

model. We predict that this range will allow accurate prediction of stress in devices ranging 

from the 130 nm down to the 8 nm technology nodes. 

 

 

 

 



164 

Table 4.2: Layout and Process Parameter Ranges for the STI modeling. 
 

LSTI (nm) 30-1000 dSTI (nm) 100-500 LOD (nm) 50-2000 Intrinsic 
Stress (GPa) 

0-1 

W (nm) 50-2000 ΔT Unbounded LSTI/Si(x) 20-LOD/2   

 

 

4.5      Summary 

In this chapter, the STI stress source was studied in detail. and an analytical model capturing 

STI induced stress was created. The effect of layout parameters LSTI and length of diffusion 

(LOD) on stress was presented. In addition, the process impacts of STI depth and its intrinsic 

stress were presented and incorporated in the analytical model. 
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Chapter 5 

 

Modeling Stress for Contextual Effects 

 

5.1      Introduction 

In previous chapters, the lattice mismatch stressor (LMS), contact-etch stop liner (CESL) and 

shallow trench isolation (STI) stress effects were studied in detail for an isolated device level. 

However, the amount of stress in each transistor not only depends on its shape but also its 

surroundings. Two devices with the same gate length, width and diffusion area that are 

assumed to have the same drive strength in a regular Spice simulation may differ in 

performance as much as 15% due to nonuniform distribution of stress through the layout 

chap 
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[5.1], [5.2], [5.3]. In this chapter, the isolated device models presented in previous chapters 

will be extended to capture complex 2D context dependent stress impacts. These effects are 

also process dependent, which will be discussed throughout the chapter. Also in this chapter, 

the change in stress induced by all stress sources will be analyzed. Final stress in all 

directions is sum of the stress values from all sources in that direction. In other words, stress 

sources are additive [5.3], [5.4], [5.5], [5.6]. 

 

5.2      Technical Approach  

Simulations are categorized in five different groups to capture different layout effects on the 

channel stress as can be seen in Figure 5.1. Isolated device models for different stress sources 

were studied in detail in previous chapters and will not be discussed here.  

In a full random layout context, devices might have more than one of these effects 

simultaneously. However, simulation and modeling of all complex 2D layout interactions is 

not practically possible.  In that case, our methodology is to separate individual effects and 

calculate them one by one then sum them up. Those effects might not be independent and 

due to this, our methodology introduces some error factor into our calculations, around 2.5% 

for a particular case [5.7].  

The directions of stress, which will be used throughout the chapter, are indicated in Figure 

5.2. 
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i) Isolated Device       
ii) Dense Device   
iii) Transistors on different active regions in horizontal direction  
iv) Transistors on different active regions in perpendicular direction     
v) Active Jog                    

 
Figure 5.1: FEM simulation categories. 

 
 

                       

Figure 5.2: Directions of Stress. 
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As mentioned in previous chapters, for both LMS and CESL sources, vertical direction of 

stress is induced from gate direction and its dependence on layout parameters is not strong. 

Therefore, 2D layout interaction will be used to model parallel and perpendicular directions 

of stress. 

 

5.3      Simulation and Modeling Results 

In this section, simulation and modeling results for different contextual effects will be 

presented. 

 

5.3.1      Dense Device Modeling 

In circuit design, transistors are rarely isolated and they generally do not have the same 

shapes on their left and right. Therefore, modeling of neighboring junction effects and 

asymmetrical neighbors are important for the accuracy of the analytical models. 

Our FEM simulations show that two neighboring junctions, as well as a transistor’s own 

junctions have an effect on the channel stress. This effect is significant for lattice mismatch 

stressors (LMS) but inappreciable for CESL. The transistor under model in Figure 5.3 has 

asymmetrical shapes on its left and right. Therefore, σL and σR are calculated separately and 

averag 
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Figure 5.3: Dense Device and its equivalent Stress Layout. 

 

averaged to find the effective channel stress. Effective LS/D and effective LSTI are calculated 

from neighboring shapes to find the channel stress. 

𝜎𝐹𝐼𝑁𝐴𝐿= (𝜎𝐿 + 𝜎𝑅) 2⁄                                                                                                             (5.1) 

𝜎𝐿=𝑓�𝐿𝑆/𝐷_𝐿1,  𝐿𝑆𝑇𝐼_𝐿�       𝑎𝑛𝑑     𝜎𝑅=𝑓�𝐿𝑆/ 𝐷_𝑅_𝐸𝐹𝐹 ,  𝐿𝑆𝑇𝐼_𝑅_𝐸𝐹𝐹�                                               (5.2)  

where 

𝐿𝑆/𝐷_𝑅_𝐸𝐹𝐹 = 𝑓�𝐿𝑆/𝐷_𝑅1, 𝐿𝑆/𝐷_𝑅2,𝐿𝑆/𝐷_𝑅3, 𝐿𝐺𝐴𝑇𝐸_𝑅1, 𝐿𝐺𝐴𝑇𝐸_𝑅2�                                           (5.3) 

𝐿𝑆𝑇𝐼_𝑅_𝐸𝐹𝐹 = 𝑓�𝐿𝑆𝑇𝐼_𝑅 ,𝐿𝐺𝐴𝑇𝐸_𝑅1, 𝐿𝐺𝐴𝑇𝐸_𝑅2�                                                                         (5.4)  

Calculating total stress by separately calculating right and left sides stresses introduces some 

error to our stress calculations. This error increases when asymmetry between left and right 

side part increases, which is most for the STI neighboring devices in stacked layouts, such as 

in Figure 5.3. However, introduced error stays lower than 5% for almost all the cases. 

Similarly, a transistor might not have uniform neighbors along its width direction. In that 

case 
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case, transistor width is divided into multiple sections each of which has uniform neighboring 

properties. There are built in functions doing this division in Calibre SVRF language [5.8]. 

Figure 5.4 illustrates nonuniform neighboring behavior. 

𝜎𝑅=
𝑊𝑅1.𝜎𝑅1+𝑊𝑅2.𝜎𝑅2

𝑊𝑅1+𝑊𝑅2
                                                                                                          (5.5) 

As shown in Equation 5.5, stress on the right of a transistor is calculated as the weighted 

average of the divided sections. 

 

 

Figure 5.4: Non-uniform Neighboring Effect in Width direction. 

 

5.3.1.1      LMS Dense Device Modeling 

In this sub section, the effect of first and second neighboring junctions on channel stress will 

be discussed. Simulation and modeling results will be presented. 
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5.3.1.1.1      Effect of First Neighboring Junction 

The effect of first neighboring junction on the channel stress is significant in LMS 

technology. Due to this, LMS junction creates important mobility variation between devices.  

The contribution of first neighboring junction depends on both process parameters, such as 

LGATE, dLMS. (Please refer to Chapter 2 for parameter explanations.) In addition, the length of 

transistors’ own junction (LS/D_1) effects this contribution significantly.  

 

 

Figure 5.5: Device Layout with First Neighboring Junction. 

 

(In the figures below, junction lengths are defined as LMS lengths as in the LMS chapter. 

When they are mapped to the Figure 5.5, LS/D_1=LSIGE_1+2.ΔLMS 

andLS/D_2=LSIGE_2+ΔLMS). 

Figure 5.6 shows the effect of first neighboring junction length on the channel stress for 

differe 
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different recess depths. As recess depth increases, the effect of neighboring junction 

increases. For the increase in LSIGE_2 from 35nm to 350nm, SXX increases 9.6% and 33.2% 

for dLMS=15nm and 100nm, respectively. Therefore, deeper LMS junctions are more prone to 

the changes in neighboring junctions. 

 

 

Figure 5.6: Simulated and Modeled Parallel Stress vs. First Neighboring LMS Length 
(LSIGE_2) for different Recess Depths (dLMS). (For simulations: LSIGE_1=105nm, LSTI=30nm, 
LLMS=50nm, hLMS=0nm, hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Wide transistors 
with poly gate and U-shaped junctions with 25% Ge and 0% Boron concentrations.) 
 
 
 
Moreover, transistors’ own junction length has an important impact on the neighboring 

junction effect. As device’s own junction shrinks, its mobility is more affected from the 

neighboring junction as Figure 5.7 shows. For the increase in LSIGE_2 from 35nm to 350nm, 

SXX increases by 69%, 22% and only 4% for LSIGE_1=35nm, 105nm and 350nm, respectively. 
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Figure 5.7: Simulated and Modeled Parallel Stress vs. First Neighboring LMS Length 
(LSIGE_2) for different LMS Lengths (LSIGE_1). (For simulations: LSTI=30nm, LLMS=50nm, 
dLMS=60nm, hLMS=0nm, hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Wide transistors 
with poly gate and U-shaped junctions with 25% Ge and 0% Boron concentrations.) 

 
 
 

 

Figure 5.8: Simulated and Modeled Parallel Stress vs. STI Length (LSTI) for different First 
Neighboring LMS Lengths (LSIGE_2). (For simulations: LSIGE_1=105nm, LLMS=50nm, 
dLMS=60nm, hLMS=0nm, hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. Wide transistors 
with poly gate and U-shaped junctions with 25% Ge and 0% Boron concentrations.) 
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In Chapter 2, the stress relaxation due to neighboring STI to the junction was studied in 

detail. In this case, STI is not nearby the modeled device; however it still affects the channel 

stress due to LMS.  

Figure 5.8 shows the dependence of stress on LSTI for different LSIGE_2 length. While LSIGE_2 

is getting longer, it pushes STI sway from the channel so stress sensitivity on STI decreases. 

For STI length increase from 1nm to 500nm, SXX decreases by 30%, 25% and 13% for 

LSIGE_2 of 35nm, 105nm and 350nm, respectively. 

 

5.3.1.1.2      Effect of Second Neighboring Junction 

 

  

Figure 5.9: Device Layout with Second Neighboring Junction. 
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Second neighboring junction also affects the stress in the channel region of the device. Since, 

it is further away from the first neighboring one, its impact is smaller. 

(In the figures below, junction lengths are defined as LMS lengths as in the LMS chapter. 

When they are mapped to the Figure 5.5, LS/D_1=LSIGE_1+2.ΔLMS, LS/D_2=LSIGE_2+2.ΔLMS 

and LS/D_3=LSIGE_3+ΔLMS) 

 

 

 

Figure 5.10: Simulated and Modeled Parallel Stress vs. Second Neighboring LMS Length 
(LSIGE_3) for Different Combinations of LMS Lengths (LSIGE_1 & LSIGE_2). (For simulations: 
LSTI=30nm, LLMS=50nm, dLMS=60nm, hLMS=0nm, hGATE=100nm, LSPACER=20nm, 
ΔLMS=10nm. Wide transistors with poly gate and U-shaped junctions with 25% Ge and 0% 
Boron concentrations.) 
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Similar to the first neighboring effect, second neighboring junction effect also depends on 

recess depth and the length of the junctions between itself and the channel, which are 

device’s own junction and the first neighbor. As the sum of those junctions increase, the 

effect of second neighbor becomes smaller as Figure 5.10 indicates. For the rise in LSIGE_3 

from 35nm to 350nm, SXX increases by 18%, 14%, 9% and only 1% for (LSIGE_1, LSIGE_2) 

combinations of (35nm,105nm), (105nm,35nm), (105nm,105nm) and (350nm,350nm), 

respectively. 

 

 

Figure 5.11: Simulated and Modeled Parallel Stress vs. STI Length (LSTI) for different 
Second Neighboring LMS Lengths (LSIGE_3). (For simulations: LLMS=50nm, LSIGE_1=105nm, 
LSIGE_2=105nm, hLMS=0nm, dLMS=60nm, hGATE=100nm, LSPACER=20nm, ΔLMS=10nm. 
Wide transistors with poly gate and U-shaped junctions with 25% Ge and 0% Boron 
concentrations.) 
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In addition, STI nearby the second neighboring junction still affects the stress in the device 

channel. Similar to the first neighbor effect, this effect depends on the lengths of the 

junctions and the recess depth. For STI length increase from 1nm to 500nm, SXX decreases 

by 18%, 14% and 12% for LSIGE_3 of 35nm, 105nm and 350nm, respectively. 

 

5.3.1.2      CESL Dense Device Modeling 

In CESL technology, device’s own junctions account for most of the stress in its channel 

hence stress dependence on neighboring junctions are not strong. 

The process parameter, hLINER, is the most effective parameter in dense device impact. As 

thickness of the CESL increases, the channel stress of a device is more prone to the changes 

in neighboring junction length. 

Figure 5.12 shows the effect of first neighboring junction on the channel stress. For the 

increase in LCESL_2 from 150nm to 350nm, SXX increases by only by 1% and 4% for hLINER of 

5nm and 10nm, respectively. However, this percentage increases to 17% when CESL 

thickness is 60nm.  

(In the figures below for first neighboring effect, junction lengths are defined as CESL 

lengths as in the CESL chapter. When they are mapped to the Figure 5.5, 

LS/D_1=LCESL_1+2.LSP and LS/D_2=LCESL_2+LSP) 
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Figure 5.12: Simulated and Modeled Parallel Stress vs. First Neighboring CESL Length 
(LCESL_2) for different CESL Thicknesses (hLINER). (For simulations: LCESL_1=150nm, 
LSPACER=20nm, LGATE=30nm, hGATE=100nm, hS/D=0nm. Wide transistors with poly gate and 
Intrinsic Liner Stress of 1GPa.) 
 
 
 
Similar to the LMS case, the effect of neighboring junctions decreases with the increasing 

LCESL_1. Moreover, as expected, the second neighboring effect is even smaller for CESL. 

However, that effect is also captured in our models for completeness. 

 

5.3.2      Modeling of Stress for Neighboring Active Area Effects 

In our FEM simulations, we found out that channel stress of a transistor, isolated from its 

neighbor with a STI as in Figure 5.1 (iii), can still be affected from its junction. However, 

this 
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this effect is only non-negligible for very short STI lengths which do not practically create 

isolation between active areas. Therefore, in our study, we assumed that different active 

regions do not impact the stress exerted by LMS junctions. Therefore, we limit our study and 

models for neighboring active areas only for CESL. 

 

5.3.2.1      CESL Neighboring Active Area Modeling 

For CESL technology, the nitride film is continuous throughout the well area. So if the 

neighboring active area is in the same well, it only affects the dimensions of the CESL. On 

the other hand if the neighboring active area is in a different well, it means that there is a 

tensile-compressive CESL boundary between them, which impacts the channel stress 

significantly. 

 

5.3.2.1.1      Neighboring Active Area in Horizontal (x) Direction 

In this section, the effects of neighboring active area in horizontal direction on stress will be 

discussed. 
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5.3.2.1.1.1      Neighboring Active Area in the Same Well 

As explained before in CESL chapter, for the devices on the STI edge CESL stress does not 

just depend on its length on the junction, but also the STI length.  

When there is a neighboring active area as in Figure 5.13 , the total length of CESL between 

two gates:  

𝐿𝐶𝐸𝑆𝐿  = 𝐿𝑆/𝐷 + 𝐿𝑆/𝐷_𝑁 +  𝐿𝑆𝑇𝐼 − 2.𝐿𝑆𝑃                                                                              (5.6) 

Consequently, in the middle point of CESL is a symmetry point and each device is affected 

by the half of the length. Therefore, the change of the length of the neighboring junction 

impacts the length of the CESL for the device hence changes its stress level. The change of 

stress with the CESL length was studied in detail in Chapter 3.   

 

 

Figure 5.13: Device Layout with Neighboring Active Area in the Same Well.  
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Effect of Dummy Polysilicon 

With the scaling of CMOS, it is increasingly difficult to print features on silicon. Dummy 

features, which fixes the pitch of a layer and create regular structures, are employed in 

CMOS layout as Figure 5.14 visualizes. They increase the fidelity of printed features, 

especially for polysilicon whose variation affect the circuit performance the most [5.9], 

[5.10].  

 

 

Figure 5.14: Device Layout with Neighboring Active Area with Dummy Polysilicon.  

 

𝐿𝐶𝐸𝑆𝐿  = 𝐿𝑆/𝐷 + 𝐿𝑆/𝐷_𝑁 +  𝐿𝑆𝑇𝐼 − 𝐿𝐺𝐴𝑇𝐸 − 4.𝐿𝑆𝑃                                                               (5.7) 
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Not only total length of LCESL decreases but also only ¼ of it contributes to the channel stress 

of the device instead of ½. Therefore, with the introduction of dummy poly features, the 

stress level on the edge of STI decreases.  

For the case of LS/D= LS/D=105nm, LSTI=80nm, LGATE=50nm and LSP=20nm, the length of 

CESL creating stress for the device decreased from 145nm to 40nm. For 20nm of hLINER with 

no contact holes, SXX decreased by 36% with the introduction of dummy polysilicon.  

 

5.3.2.1.1.2      Neighboring Active Area in different Well-  

                       (DSL Boundary Proximity Effect) 

Tensile and compressive CESL (t-CESL and c-CESL) are not continuous throughout the 

layout. When they meet at well boundaries as visualized in Figure 5.15, opposing forces 

degrade each other’s performance which cause significant decrease in stress in nearby 

devices [5.11], [5.12]. This performance loss depends on the proximity of device channel to 

the DSL boundary. 
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Figure 5.15: Device Layout with Horizontal DSL Boundary.  

 

Figure 5.16 shows the ratios of parallel stress with DSL and without the DSL boundary for 

the same LCESL. As DSL boundary gets closer to the channel, this ratio decreases as expected. 

In addition, for larger CESL thickness, the DSL proximity effect is more pronounced. 

Therefore, device stress close to the DSL boundary experience large stress degradations. 
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Figure 5.16: Simulated and Modeled Ratios of Parallel Stress (SXX) with and without DSL 
Boundary for different CESL Thicknesses (hLINER). (For simulations, LSPACER=20nm, 
LGATE=30nm, hGATE=100nm, hS/D=0nm. Wide transistors with poly gate and Intrinsic Liner 
Stress of (c-CESL/t-CESL)=-1.) 
 
 
 
 
In addition, the absolute values of tensile and compressive stress are not the same in general. 

This ratio is another factor impacting the DSL boundary proximity effect. For NMOS 

devices, increasing intrinsic stress of compressive liner for the same tensile liner stress makes 

the DSL proximity effect more severe. Figure 5.17 shows the DSL boundary effect with 

different intrinsic stress ratios. 
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Figure 5.17: Simulated and Modeled Ratios of Parallel Stress (SXX) with and without DSL 
Boundary for different Intrinsic Stress Ratios. (For simulations hLINER=20nm, 
LSPACER=20nm, LGATE=30nm, hGATE=100nm, hS/D=0nm. Wide transistors with poly gate.) 
 
 
 
 
DSL boundary in parallel direction impacts both type of devices in parallel direction. 

Therefore, if NMOS and PMOS are in the same row, it is the best for both to keep the 

boundary in the middle. However, if one of the devices is more critical for performance, 

boundary could be kept away from it more. In addition, poly or gate-metal lines between the 

device channel and the liner boundary reduces this impact on the channel stress, which is also 

captured in our models. 
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5.3.2.1.2      Neighboring Active Area in Perpendicular (y) Direction 

Similar to the horizontal direction effect, DSL boundaries existing in width direction of 

devices impact perpendicular (y) direction of stress as shown in Figure 5.18. Therefore, 

Figure 5.16 and 5.17 are also valid for SYY, except that the distance is defined from the end 

of the active area to the boundary in y-direction in our models. 

 

 

Figure 5.18: Device Layout with Perpendicular DSL Boundary.  

 

As previously mentioned, both NMOS and PMOS enjoy tensile stress in y-direction. 

However PMOS has compressive liner, which degrades its mobility enhancement as 

mentioned in CESL chapter. Therefore, by moving the DSL boundary closer to the PMOS 

device 
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device, mobility of both types of devices can be improved. By doing so, the magnitude of 

compressive stress for PMOS can be reduced and the magnitude of tensile stress for NMOS 

can be increased.  

 

5.3.3      Modeling of Stress for Active Jog Effects 

Active jogs affect channel stress of a transistor employing LMS since they bring extra 

stressor material to the diffusion area as can be observed from Figure 5.19. 

Active jogs do not change the DSL shape, therefore these structures do not change DSL 

stress. 

2-D FEM simulations are not able to capture this impact since an active jog brings extra 

dimensions in width direction therefore 3-D simulations should be performed to model active 

jog stress modulation. 
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Figure 5.19: Device Layout with Active Jog.  

 

 

Figure 5.20: Simulated and Modeled Parallel Stress vs. Active Jog Width (WJOG) for 
different Active Jog Distances (dJOG). (For simulations: W=50nm, LS/D=105nm, 
LSTI_X=80nm, LSTI_Y=500nm, LLMS=50nm, hLMS=0nm, dLMS=100nm, hGATE=100nm, 
LSPACER=20nm, ΔLMS=10nm. Poly gate and U-shaped junctions with 25% Ge and 0% 
Boron concentrations.) 
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Active jogs have two physical effects, first of which is they increase the amount of LMS 

affecting the device stress. Secondly, they decrease the length of STI in y-direction. Both of 

these impacts favor LMS stress rise in the device channel.  

Figure 5.20 shows the influence of WJOG and dJOG on the LMS stress. Length of active jog is: 

𝐿𝐽𝑂𝐺 = 𝐿𝑆/𝐷 − 𝑑𝐽𝑂𝐺                                                                                                              (5.8) 

Decreasing jog distance to channel both increases the length of the active jog and its effect on 

the channel. Therefore, shrinking dJOG improves the channel stress. In addition, enlarging 

WJOG increases the amount of LMS hence positively affecting the channel stress. 

 

 

Figure 5.21: Simulated and Modeled Parallel Stress vs. Active Jog Width (WJOG) for 
different Diffusion Widths (W). (For simulations: LS/D=105nm, LSTI_X=80nm, 
LSTI_Y=500nm, dJOG=25nm, LLMS=50nm, dLMS=100nm, hLMS=0nm, hGATE=100nm, 
LSPACER=20nm, ΔLMS=10nm. Poly gate and U-shaped junctions with 25% Ge and 0% 
Boron concentrations.) 
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Active area width is another factor for active jog stress modulation. Shrinking the width 

increases the active jog effect on the channel stress. As Figure 5.21 shows, the same active 

jog can increase the channel stress for 50nm of device width by around 100MPa, whereas it 

almost does not impact the channel stress for a device width of 2000nm. 

Channel stress modulation is not the only effect brought by active jogs; they also have an 

impact on diffusion process and therefore on threshold voltage (VT) [5.7], [5.13]. However, 

these impacts are process dependent and need silicon data for modeling, which is beyond the 

scope of our study.  

 

5.4      Summary 

In Chapter 5, context dependent effects on LMS and DSL induced stress were presented. In 

Chapter 2 and 3, these sources were studied in detail for an isolated device and the idea is 

extended to dense layout environment in this chapter. 

In the first part of the chapter, the different layout experiments to capture context dependent 

impacts were presented.  

In the second part of the chapter, neighboring junction effects on the channel stress is 

studied. It was shown that two neighboring junctions have significant impact on the device 

channel for LMS technology, whereas this impact is not pronounced as much for DSL 

technology. Horizontal and vertical layout decomposition techniques were introduced to 

calculate stress in the presence of dense layout environment. 
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In the last part, the nwell boundary impact on channel stress was presented for DSL 

technology. It was found that the boundary has a strong impact on the channel stress when it 

is brought close to the channel of the device. In addition, this boundary also affects the 

channel stress in perpendicular direction, specifically for narrow width devices. 

Lastly, channel stress dependence on an active jog was studied. All mentioned impacts are 

successfully captured in our analytical models. 
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Chapter 6 

 

Modeling Stress for Through Silicon Vias 

(TSVs) 

 

6.1      Introduction 

The transistor performance improvement of CMOS scaling in the nanometer regime is 

limited and it will not be possible to maintain Moore’s Law trajectory by scaling alone [6.1], 

[6.2]. 3-D integration with through silicon vias (TSVs) offers an attractive alternative to 2-D 

techn 
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planar technologies [6.3]. It can improve circuit performance and decrease power 

consumption by enabling shorter interconnect lengths [6.4]. 

Through silicon vias can directly connect a die to another die in the vertical direction. 

However due to the different thermal expansion coefficients of TSV material, which is 

predominantly copper (Cu) and silicon, the process steps of TSVs introduce mechanical 

stress to active regions and alter the performance of nearby devices [6.5]. 

TSV stress is a well-studied stress source and is incorporated to timing analysis tools. [6.5] 

and [6.6] presented deep analysis on the TSV stress and their analytical results. They also 

included TSV stress-aware layout optimization in their studies. Nevertheless, they based their 

optimization solely on TSV stress and did not include more dominant stress sources as we 

presented in the first three chapters. In the presence of other stress sources, the effect of TSV 

on circuit performance might be different. In addition, their studies did not include models 

which are closed-form and capable of providing intuition to the layout designer. [6.7] 

presented compact analytical models based on 2-D radial plane stress solution, which is 

known as Lame’ stress solution. However, they did not take into account the length of active 

region and they used a single piezoresistive coefficient for both parallel and perpendicular 

directions to convert stress to mobility. However, those coefficients are not the same in those 

directions, which introduces error to their analytical equation. [6.8] proposed analytical 

models based on a 1-D string based assumption where neighboring layout effects might be 

overestimated. 
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In this chapter, we will present a compact analytical model solution which can predict stress 

distribution in parallel and perpendicular (x and y) directions. The model is intuitive and the 

results can be combined with other stress impacts which are presented in Chapters 2 to 4. 

 

6.2      Technical Approach & FEM Modeling of TSV Stress 

This section focuses on simulating TSV induced mechanical stress by using Finite Element 

Method (FEM).  

Figure 6.1 shows a layout view of a silicon region, having a copper through silicon via (TSV) 

connection. Due to the symmetry, only the quarter of the region was modeled in FEM 

simulation. FEM simulations assume 2-D plane strain condition, since the thickness of the 

silicon in z-direction is much larger than the other dimensions. We did not include other solid 

sections such as barrier liner and landing pad, which complicates the simulation and models 

without significantly affecting the results [6.6]. 

In our mechanical simulations, we limited the TSV process flow ramping down from 

annealing temperature to room temperature [6.5], [6.6], [6.9]. TSV structure is assumed to be 

stress free at annealing temperature.  

Results will be mainly presented for an annealing temperature of 200°C and ramping down 

to room temperature, which creates a thermal load of -175°C. However, analytical model 

receiv 
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receives annealing temperature as input and captures the stress for different thermal cycles as 

well.  

In Figure 6.1, right and left sides have symmetry boundary condition in x-direction and so do 

up and down sides in y-direction. No other loads, other than aforementioned temperature 

ramp down are applied for TSV stress simulation.   

In Figure 6.1, DTSV denotes the diameter of TSV. In addition, (XTSV, YTSV) are center 

coordinates of TSV. LSI indicates the length of the rectangular silicon region. 

Material properties used in our simulations are as follows [6.5], [6.10], [6.11]:   

 

 

Figure 6.1: Layout View and FEM Model for TSV stress simulation. 
 

 

Thermal expansion coefficients (ppm/°C) : 𝑎𝐶𝑢= 18 and 𝑎𝑆𝑖= 2.1 
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Young’s Modulus (GPa) : 𝐸𝐶𝑢= 70 and 𝐸𝑆𝑖=163,  Poisson’s Ratio : 𝑣𝐶𝑢= 0.34 and 𝑣𝑆𝑖=0.28 

 

6.3      Model Development for a Single TSV 

Owing to the much larger thermal expansion coefficient of copper, during thermal ramp 

down TSV shrinks more than silicon. As a result, it exerts tensile stress in radial direction 

and compressive stress in tangential direction as shown in Figure 6.2 [6.12].  

However, we create our simulation results and models in Cartesian coordinates so that we 

could add them up with other stress source results. 

 

 

Figure 6.2: Stress directions exerted by a single TSV. 
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Figure 6.3: Stress Calculation Methodology exerted by a single TSV. 

 

Owing to the symmetry of the structure in Figure 6.3: 

𝑆𝑋𝑋|Ɵ=0°(𝑥, 𝑦) = 𝑆𝑌𝑌|Ɵ=90°(𝑥, 𝑦) and  𝑆𝑋𝑋|Ɵ=90° (𝑥,𝑦) = 𝑆𝑌𝑌|Ɵ=0°(𝑥,𝑦)                            (6.1)    

Therefore the equations below are presented for parallel stress (SXX) but the ones for 

perpendicular stress are also in the same form.     

Stress functions for Ɵ=0° and Ɵ=90° are created based on some modification on 2-D Lame’ 

stress solution and given below.                                                       
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𝑆𝑋𝑋|Ɵ=0°(𝑥, 𝑦) = 𝑆𝑋𝑋|Ɵ=0°(𝑥, 𝑦𝑇𝑆𝑉) =
𝐴𝑋

�(𝑥 − 𝑥𝑇𝑆𝑉)2 + (𝑦 − 𝑦𝑇𝑆𝑉)2
+ 𝑆𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙_𝑋   

                                                                  = 𝐴𝑋
�(𝑥−𝑥𝑇𝑆𝑉)2

+ 𝑆𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙_𝑋                                          (6.2) 

𝑆𝑋𝑋|Ɵ=90°(𝑥,𝑦) = 𝑆𝑋𝑋|Ɵ=0°(𝑥𝑇𝑆𝑉 , 𝑦) =
𝐴𝑌

�(𝑥 − 𝑥𝑇𝑆𝑉)2 + (𝑦 − 𝑦𝑇𝑆𝑉)2
+ 𝑆𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙_𝑌         

                                                                   = 𝐴𝑌
�(𝑦−𝑦𝑇𝑆𝑉)2

+ 𝑆𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙_𝑌                                          (6.3) 

𝐴𝑋 = 𝑓(𝐷𝑇𝑆𝑉 ,𝐿𝑆𝑖 ,𝛥𝑇)   &  𝐴𝑌 = 𝑔(𝐷𝑇𝑆𝑉 , 𝐿𝑆𝑖,𝛥𝑇)                                                              (6.4) 

For any point in two dimensional plane, the stress can be calculated by using the equations 

below. 

𝑆𝑋𝑋|Ɵ(𝑥𝑖,𝑦𝑖) =
𝐴�𝑥𝑖,𝑦𝑖�

�(𝑥𝑖−𝑥𝑇𝑆𝑉)2+(𝑦𝑖−𝑦𝑇𝑆𝑉)2
+ 𝑆𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑥𝑖 ,𝑦𝑖

                                                                 (6.5) 

where 

𝐴(𝑥𝑖,𝑦𝑖) = 𝐴𝑋. 𝑐𝑜𝑠(Ɵ)2 + 𝐴𝑌 . 𝑠𝑖𝑛(Ɵ)2                                                                                  (6.6)         

𝑆𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙_(𝑥𝑖,𝑦𝑖) = 𝑆𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙_𝑋. 𝑐𝑜𝑠(Ɵ)2 + 𝑆𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙_𝑌 . 𝑠𝑖𝑛(Ɵ)2                                              (6.7) 

where 

Ɵ = 𝑎𝑟𝑐𝑡𝑎𝑛 �𝑦𝑖−𝑦𝑇𝑆𝑉
𝑥𝑖−𝑥𝑇𝑆𝑉

�                                                                                                                      (6.8) 
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6.4      Simulation and Modeling Results for a Single Copper TSV 

In this section, simulation and modeling results for a single copper TSV induced stress will 

be analyzed under a thermal load of -175°C. 

Figure 6.4 shows the simulation and modeling results for SXX for Ɵ=0° (y=yTSV and x 

varying), and Ɵ=90° (x=xTSV and y varying). These stress directions can be seen in Figure 

6.1. Parallel stress is tensile for Ɵ=0° and compressive for Ɵ=90°. As DTSV gets larger, the 

magnitude of stress magnifies as expected. 

 

 
  
Figure 6.4: Simulated and Modeled TSV Stress vs. Distance from TSV center for different 
TSV diameters (DTSV). (LSi=50μm.) 
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Figure 6.5: Simulated and Modeled TSV Stress vs. Distance from TSV center for different 
direction. (DTSV=2μm, LSi=50μm.) 

 

 

Figure 6.5 shows stress distribution in two different directions in 2-D plane. 

For direction 1, y coordinate is fixed and x is varied. As x increases, Ɵ gets smaller and    

Ɵ=0° component becomes more dominant as can be seen from Equation 6.6. Therefore the 

stre 
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stress gets more tensile as x rises first but then die to increased radius, it decreases again as 

Equation 6.5 suggests. The situation for direction 2 can be explained in a similar way. 

The magnitude of stress is the smallest for Ɵ=45° direction since contribution of tensile Ɵ=0° 

and compressive Ɵ=90° components are equal. 

Figure 6.6 presents the relative mobility change (Δμ/μ) based on its position. Between Ɵ=0°-

45° SXX is tensile and SYY is compressive, both of which degrades hole mobility. On the 

other hand, NMOS enjoys tensile SXX but not compressive SYY. Therefore PMOS mobility is 

influenced by TSV more than NMOS since the effects of two components interfere 

constructively for PMOS but destructively for NMOS. For the same Ɵ position, the effect of 

TSV degrades with the distance. For the same distance, the effect decreases for Ɵ increase 

from 0° to 45°. 

Between Ɵ=45°-90° SXX is compressive and SYY is tensile both of which improves hole 

mobility. The improvement is more with the increasing Ɵ. In this region, the effects of both 

components still cancel each other on NMOS mobility.   

Due to mechanical stress induced high variation and thermo-mechanical reliability issues, 

TSVs have keep-away zone (KOZ) around them where devices cannot be placed [6.8].  The 

diameter of this region is proportional to TSV diameter [6.9] Therefore, shrinking the TSV 

diameter results in decreased stress and smaller KOZ, as a result lower variation and higher 

gate density. 
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Figure 6.6: Mobility Improvement (Δμ/μ) change for both NMOS and PMOS based on the 
position. 
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When a position is under the influence of multiple TSVs, linear superposition method is used 

to calculate the total stress in that position [6.6][6.7].  

𝑆𝑇𝑜𝑡𝑎𝑙 = � 𝑆𝑇𝑆𝑉(𝑖)
𝑖є𝑇𝑆𝑉𝑠

                                                                                                                       (6.9) 

 

6.5      Summary 

Three dimensional integrated circuit (3DIC) with through silicon vias (TSVs) is a promising 

technology alternative to 2-D planar technologies. TSVs induce mechanical stress to the 

silicon, which was the study of this chapter.  

We presented a compact analytical model to capture TSV induced stress at any point in a 2-D 

environment. When verified against FEM mechanical simulations, compact models show a 

very good fit. TSV stress on a point does not depend solely on the distance from point to 

TSV, but also the angle between it and the center of TSV. PMOS suffer more degradation 

from TSV induced stress, since the impact of x and y direction stresses are constructive 

whereas they are destructive for NMOS. 
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7.1      Introduction 

This chapter consists of two sections. In the first part, the details of the analytical model 

creation are discussed. In the second part, the analytical models are validated by using the 

silicon data fabricated with a process which contains dual stress liner (DSL) and Si1-xGex 

junction technologies. 

 

7.2      Analytical Model Construction 

In this section, the details of the analytical model construction will be presented. 

 

7.2.1      Parameter Sampling 

The accuracy of the analytical stress models depends heavily on the sampling intervals of the 

layout and process parameters which are used to perform FEM simulation. With small 

number of samples, it is not possible to capture the trend of the stress change for all 

parameters. On the other hand, creating large number of samples not only takes too much 

time in multidimensional environment but also increases model construction time. Therefore 

it is crucial to find optimum number of samples for different parameters in terms of time and 

accuracy. 

Figure 7.1.explains the adaptive sampling methodology with one of the worst case model 

const 
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construction examples. Not all model parameters need all the steps or that many samples as 

in the example in Figure 7.1. Stress change with most of the parameter sweeps is much 

smoother than the example and first model generally passes the test samples. 

 

 

 
Figure 7.1: Sampling and Model Construction flow. 
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7.2.2      Multidimensional Model Creation 

MATLAB® Curve and Surface Fitting toolboxes are used in the model construction. Model 

includes polynomial functions (mostly less than 5th order), rational equations (mostly less 

than 5th order in both nominator and denominator) and power functions. Since rational and 

power functions lead to more bounded interpolation between samples, they are preferred over 

polynomials, which may change more abruptly between samples, where possible.   

Our analytical models capture different process parameter effects additively. In other words, 

we extend our analytical model by one parameter at a time, by keeping the other parameter 

effects constant. Figure 7.2 illustrates the flow used to build the analytical models for LMS 

and CESL stress. STI stress model is also in the same form with smaller number of 

parameters as mentioned in Chapter 4. 
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Figure 7.2: LMS and CESL Block Level Models. 
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Suppose we are trying to extend our model from N variable to N+1 variable. 

𝑓(𝑥1,⋯ , 𝑥𝑁)  →  𝑔(𝑥1,⋯ , 𝑥𝑁+1)       

We have 4 different cases for N=1 and 3 different cases N>1. 

For N=1, the methodologies which were followed to combine two single-variable curve-fit 

models s are presented below, in order of increasing complexity. If the less complex option 

did not yield 5% absolute value prediction error, compared against simulated data, then the 

next more complex option was tried. 

i) Parameters are independent, therefore : 

             𝑔(𝑥1,𝑥2) = 𝑓1(𝑥1).𝑓2(𝑥2)                                                                                 (7.1) 

ii) MATLAB® Surface Fitting toolbox could fit the surface 

           𝑔(𝑥1,𝑥2) = 𝑝(𝑛+1)𝑥1𝑛+𝑝𝑛𝑥1
(𝑛−1)𝑥2+…+𝑝2𝑥1𝑥2𝑛 + 𝑝1𝑥2𝑛 + 𝑝0                           (7.2) 

iii) 𝑔(𝑥1,𝑥2) = 𝑝𝑛𝑥1𝑛+𝑝(𝑛−1)𝑥1𝑛−1+…+𝑝1𝑥1 + 𝑝0                                                  (7.3) 

where coefficient p’s are functions of 𝑥2.  

𝑝𝑛 = 𝑓(𝑛+1)(𝑥2),⋯,𝑝0 = 𝑓1(𝑥2)                                                                        (7.4) 

iv) 𝑔(𝑥1,𝑥2) =

   𝐿𝑖𝑛𝑒𝑎𝑟 𝑜𝑟 𝑄𝑢𝑎𝑑𝑟𝑎𝑡𝑖𝑐 𝐼𝑛𝑡𝑒𝑟𝑝𝑜𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 {𝑓1(𝑥1,𝑥2),⋯ , 𝑓𝑚(𝑥1,𝑥2)}           (7.5)                                                                                          

where m is the number of sampling points for x2. 
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In most of the cases, first three options were enough to provide the accuracy for our 

analytical models. However for some cases, last option was also used.  

Figure 7.3 is an example of extending one variable functions to two variable one, which is 

one of the cases in our LMS model. 

 

 

LMS depth (nm)
LMS spacing/2

 (nm)
 

Figure 7.3: Example of a three dimensional model creation from different samples. 
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For N>1, interpolating of simulated data points are done in multidimensional environment. 

For models with higher numbers of parameters, we broke them into summation and 

multiplication of two-parameter models and combined them using the same flow. The 

methodology which was followed is given in Figure 7.4. 

 

 

Figure 7.4: Multidimensional Model Creation Flow. 
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In most of the cases, either first or second cases satisfy the condition and it was not necessary 

to apply linear interpolation. Since the interpolation needs the most number of equations, 

both its construction and execution times are longer than others. Therefore, it is used only if 

first two methods do not meet the accuracy requirement. 

The flow in Figure 7.4 was extended to more dimensions to capture all parameters mentioned 

in previous chapters. As Figure 7.4 suggests, the basic building block of our models are two 

variable surface equations, which was explained above. 

 

7.2.3      Executable Analytical Models 

We have MATLAB® scripts as executable version of our analytical models. The models 

accept layout and process parameters as inputs and return stress values in all directions. 

function [stressXX, stressYY, stressZZ]=LMS_Device(gate, Lch, Lsd, Lsti, 
Lsti_y, W, dep, ele, Gh, Tin, Lg, Lsp , AJx, AJy, SMOL, N_Boron, YoungM, 
LMStype) 
 
function [stressXX, stressYY, stressZZ]=DSL_Device( gate, hliner, Lch, 
Lsd, Lsp ,Lsti, Lsti_y, W,  ele, Gh, Tin,   YoungM, IST, dcn, wcn, lcn, 
ncn) 
 
function [stressXX, stressYY ] = STI_stress(Lsti, Lsti_y, Lactive, 
Lchtosti, W, depth, intS, deltaT ) 
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7.3      Model Validation 

We compared our analytical model to measurements of a test-chip in an advanced industrial 

technology. The process has dual stress liner (DSL) and Si1-xGex junctions as strain 

enhancement techniques. We averaged the ring oscillator frequencies over several dies to 

mitigate the effect of die to die variations. 

Our analytical models need process parameters such as DSL thickness and Si1-xGex junction 

depth as mentioned before. These parameters were estimated by using the published data of 

the process.  

The provided silicon data have mainly four sets of layout experiments. The first set has 

devices with varying contact properties, such as the number of contacts, contact distance to 

gate and contact area keeping other layout parameters affecting stress constant. In second set 

of experiments nwell boundary distance was varied around PMOS devices in both horizontal 

and vertical directions. In third set of experiments, active area was varied. In last set of 

experiments, both active area and nwell boundary distance were varied together. 

From our SPICE simulations using a 45nm predictive technology model [7.1], it was found 

that the ring oscillator frequency is proportional to the per width drive currents of NMOS and 

PMOS devices constituting the inverter, which is the basic building block o the ring 

oscillator. 

𝑓𝑅𝑂~ ��𝐼𝑑𝑆𝐴𝑇𝑝 𝑊𝑝⁄ �+(𝐼𝑑𝑆𝐴𝑇𝑛 𝑊𝑛⁄ )
2

�                                                                                            (7.6) 
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As mentioned in previous chapters, Idsat dependence on stress is mainly related to two 

parameters in BSIM4 model [7.3], mobility and saturation velocity. Therefore, by creating 

multipliers for these parameters, Idsat value is updated for each experiment which results in 

frequency change for ring oscillator. 

 

 

Figure 7.5: Model Validation Flow. 
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For each layout experiment, total stress for each device is calculated by using our models. 

Then based on these values, a mobility multiplier for each device is calculated by using the 

Equation 1.8 with the values on Table 1.1.Figure 7.5 shows the flow used in our model 

validation. 

 

 

Figure 7.6: Saturation Velocity Multiplier vs. Mobility Multiplier.  

 

In [7.2], it is shown that Idsat improvement with stress is non-linear and rate of improvement 

increases for higher levels of stress change. SPICE simulations were used to create saturation 

velocity multiplier vs. mobility multiplier for this process, which is shown in Figure 7.6. The 

curve has the same trend as explained in [7.2]. 

Lastly, based on the stress values for each device, a set of mobility and saturation multipliers 

are created. SPICE simulations are performed for each layout experiment. Normalized 

frequency comparison between silicon data and our model is presented in Figure 7.7, which 

is separated into four sections for each set of experiments.  The model shows a very good fit 

to 
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to the silicon data. Root mean square error (RMSE) between silicon data and model resulted 

normalized frequencies is 0.75 %. This error would likely be reduced further if more process 

details were available. In addition, there are other proximity induced variations such as well-

proximity and lithography, which are not captured in our models. 

 

Contact
Experiments

Nwell
Experiments

Active
Exp. Nwell+Active

Experiments

 

Figure 7.7: Experimental and Modeling Ring Oscillator Normalized Frequency Results for 
different layout experiments. 
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7.4      Summary 

In this chapter, the flow we followed for analytical model construction was discussed. We 

presented the parameter sampling and multidimensional model construction methodologies 

in detail in the first part. 

In the second part of the chapter, we presented the verification of our models against a silicon 

data. Models show a very good fit to the experimental data, resulting 0.75% RMSE for 

normalized frequencies. 
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Chapter 8 

 

Conclusion and Future Work 

 

8.1      Conclusion 

With the introduction of strained-silicon to the CMOS process, two devices with the same 

gate length and width, which are assumed to have same drive strength in a regular Spice 

simulation, may exhibit considerable performance variations due to nonuniform distribution 

of stress through the layout. Therefore, it is essential to create analytical models to for circuit 

analysis and optimization. 
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This dissertation presents the development of an analytical stress model which is capable of 

predicting the systematic layout induced mechanical stress variations of advanced CMOS 

processes. These models can be used to enable optimization of circuit and layout design in 

the presence of stress effects. A software tool is designed by using MATLAB® which can 

provide quick feedback to the layout designer about the effects possible changes in layout to 

the device hence circuit performance.  

Throughout the dissertation, the impact of process parameters on the channel stress and 

layout sensitivity was repetitively presented for each stress contributor. Most of the similar 

work in the area of stress modeling use specific set of technology parameters to model layout 

impacts, which was shown to be only accurate in a very narrow manufacturing space. On the 

other hand, our models create fast and accurate stress estimation for most commercial 

processes ranging from the 130nm to 8m technology nodes. The models were based on over 

22,000 finite-element simulations. 

In Chapter 2, we presented the process and layout parameter impacts of embedded lattice 

mismatch stressor junctions in a very detailed way for an isolated device. The impact of LMS 

depth, height, spacing and shape as well as other process parameter on the channel stress 

were presented. 

Chapter 3 is the counterpart of Chapter 2 for dual stress liners (DSL). Detailed analysis were 

performed and presented throughout this chapter. 

Chapter 4 presents shallow trench isolation (STI) stress analysis, which is an unintentional 

stressor unlike the previous ones. Although it is a well-studied stress source by other 

ugfgfgfna 
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researchers, their models are unable to capture the impacts of stress modification brought by 

the state of the art STI processes. With the introduction of intrinsic tensile stress to the STI in 

our model, we are able to capture these process impacts. 

Chapter 5 is the extension of previous chapters to the dense device environment. The stress 

of a device does not solely depend on its parameters. Hence, the study of the contribution of 

neighboring structures in layout is crucial for this dissertation to be useful in a circuit level 

study, where devices are rarely isolated. The impact of neighboring junctions, nwell 

boundary and active jogs was studied in detail. Horizontal and vertical layout decomposition 

techniques were introduced to calculate stress in the presence of dense layout environment. 

In addition, the impact of dummy polysilicon gates was also included in our study. 

Chapter 6 presents through silicon via (TSV) stress. TSVs are widely used in three 

dimensional integrated circuits (3DICs). A compact analytical model to capture TSV induced 

stress at any point in a 2-D environment was presented and verified against FEM mechanical 

simulations. 

Chapter 7 presents the analytical model construction and validation. This chapter includes the 

details of our sampling methodology for FEM simulations. In addition, we present our 

methodology to create continuous analytical models by using discrete simulation points via 

curve fitting. Different methods of interpolation to extend our models to higher dimensions 

were discussed in this chapter. In addition, we verified our models against 65 layout 

experiments in an advanced CMOS technology, with resulting in root mean square error of 

less than % 0.8. 
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The models are implemented in a 5,000-line MATLAB script, distributed under a BSD-style 

open-source license and are available on request. 

 

8.2      Future Work 

The results and findings of this dissertation address several interesting research areas for the 

future work, some of which we present in this section. 

 

8.2.1      Stress Extractor Tool 

A stress extractor tool can be built to support circuit analysis of integrated circuit in presence 

of stress effects. It would extract geometric information for transistors and determine the 

average stress tensor of each transistor. Then these stress tensors would be converted to 

mobility and velocity saturation multipliers as well as threshold voltage changes and return 

these values for each device in the layout data. The Calibre LVS environment, for example, 

could be used to extract geometry information. This information would be extracted and fed 

into our stress models. At this step, the stress extractor would need to know the stressor 

techniques (eSiGe, eSi:C, DSL) which are being used in the technology and their properties 

such as SiGe depth, stress liner thickness, etc. 
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. 
Figure 8.1: Stress Extractor Flow. 

 
 
 
 

8.2.2      Stress Models for Tri Gate-Transistors 

To achieve better gate control for devices, tri-gate structures were introduced in 22nm 

technology mass production [8.1].  They also employ LMS and DSL stress sources, therefore 

our technical approach can be used to model the stress of these devices also. Due to their 

stricter layout properties, we expect to see less variation due to stress in tri-gate structures 

than in their planar counterpart. 
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