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Process-induced strained silicon device technology is being adopted by the 

semiconductor industry to enhance the performance of the devices in the nanometer 

realm. A prime area of research is to explore different ways to maximize the desirable 

strain in the device channel. Difficulties also exist with scaling strain to future technology 

generations. 

The need of the hour is to simulate and understand the front-end process closely to 

attain the required strain in the channel and this can be done using Finite Element Method 

(FEM). ISE-FLOOPS uses “StressSolve” solver to calculate the stress by solving for 

Hooke’s Law. The stress is a function of different parameters like geometry of the 

structure, boundary conditions, material parameters, process flow, etc. A range of issues 

such as stress dependence on critical dimension scaling, stress relaxation due to STI and 

contact hole etching that restrict the scalability of device structures for uniaxial and 

biaxial process induced stress have been addressed and explained with the help of 

simulation results. The detrimental effects of dopant introduced tensile stress in the p-
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channel devices have been highlighted. This work proposes some novel stress 

engineering techniques like using HARP STI to induce a transverse stress during the 

CMOS fabrication process. 
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CHAPTER 1 
INTRODUCTION 

In this thesis, the understanding and issues of MOSFET performance enhancement 

by using strained silicon devices will be discussed. This will be achieved by exploring the 

necessity of using mechanical strain as a vector for performance enhancement. 

1.1 History and Motivation 

For the past four decades, geometrical scaling of the transistor dimensions-Moore’s 

Law [Moo65]-has dominated the semiconductor industry for greater transistor density 

and the corresponding transistor performance enhancement. The basic proposal by Dr. 

Gordon E. Moore was that transistor density on an integrated circuit will approximately 

double every two years.  

 
Figure 1-1: Prediction by Dr. Gordon E. Moore, also known as Moore’s Law [Moo65] 

1 
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Since then, much innovation in the areas of transistor scaling and usage of new 

materials to follow the Moore’s Law have been accomplished which has led to the 

present day MOSFETs.  

 
Figure 1-2: Transistor size and technology trend [Tho04c] 

With the scaling of the feature size, the supply voltage and gate oxide thickness also 

scaled to a certain extent, to fabricate low power high-speed circuits. 

 
Figure 1-3: Gate oxide scaling with the technology generations [Tho04c] 
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Figure 1-4: Supply voltage scaling with the technology generations [Tho04c] 

The exponential progress predicted by Moore’s Law stayed firm on its path for 

over four decades, but it can not continue the trend forever [Moo03]. As the industry 

enters the nanometer regime, where the transistor gate length drops down to 35 nm and 

the gate oxide thickness to 1 nm, physical limitations such as off-state leakage current 

and power density pose a potential threat to enhance performance by simple geometrical 

scaling, and the industry needs a new scaling vector. Front-end process induced stress has 

thereby emerged as the new scaling vector for the current 90 nm node and the future 

technologies too [Tho04a, Tho04b]. Stress improves performance by the mobility 

enhancement, which fundamentally results from alteration of electronic band structure of 

silicon [Moh05].  

1.2 Strained Silicon Physics 

The switching speed of an ideal transistor can be increased primarily by two ways: 

physical gate length scaling and carrier mobility enhancement. Strained silicon is a 

technology, which increases the switching speed solely by enhancing the carrier mobility. 

The carrier mobility is given by [Moh05]: 
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*m
qτµ =     where, 1/τ = scattering rate, m* = conductivity effective mass (1-1) 

 The carrier mobility is enhanced by strain by reducing the effective mass and/or the 

scattering rate. It is accepted now that the electron mobility is enhanced by both the 

phenomena [Yua01], while for holes, only mass change due to band warping is 

understood to play a significant role [Tho04d] at the current stress levels in production.  

The mobility is directly related to the carrier velocity ‘υ’ and applied external 

electric field ‘E’ by: 

υ = µ.E          (1-2) 

It can be seen that increasing the carrier mobility increases the velocity, which is directly 

proportional to the switching speed of the device.  

For electron transport, the conduction band consists of six equal energy degenerate 

valleys at room temperature. Upon application of strain, two states occupy lower energy 

levels, while the remaining four occupy the higher one, thereby removing the degeneracy 

between the valleys. The difference in the energy levels causes repopulation of the 

electrons, thereby reducing their net effective mass [Moh05]. Due to band splitting, the 

backscattering of the electrons is reduced, thereby enhancing the velocity. The reduction 

of backscattering implies the increase in average lifetime of a carrier before it is knocked-

off during its course. The combination of both these effects leads to a net increase of 

electron mobility improvement in strained silicon devices. 

For hole transport, the valence band structure of silicon is much more complex. The 

valence band comprises of three bands: heavy-hole, light-hole and split-orbit bands 

[Ran05]. Application of favorable strain along [110] direction causes high band warping. 

When the strain is applied, the degeneracy is removed between light-hole and heavy-hole 
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bands, and holes fill-up the “light-hole”-like band [Moh05]. This reduces the effective 

mass, which is the prime contributor to hole mobility enhancement under strain. For the 

current stress levels (up to 1GPa), hole intervalley scattering is not significantly reduced 

since the bands splitting needs to be comparable to the optical phonon energy to 

considerably suppress the scattering effects. The main advantage of uniaxial compressive 

stress to the biaxial counterpart is that the hole mobility enhancement does not degrade at 

high vertical fields where commercial MOSFETs operate [Tho04b]. The methods of both 

uniaxial and biaxial state-of-the-art stress generation techniques are discussed at length in 

chapter 3 and chapter 4.  

Strained silicon technology comes with its own set of problems, which need to be 

addressed aptly. The main issues include the threshold voltage shifts [Lim04] and 

dislocation loops. The latter will have to be addressed by changing thermal cycles and 

controlling growth. 

1.3 Modifications in Conventional MOSFET Equation due to Strain 

The classical MOSFET equations for a long-channel device operating in linear and 

saturation regions are given by: 

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−−=

2

2

)(
ds

dsTgs
ox

lind
V

VVV
L

WC
I

µ       (1-3) 

( 2
)( 2 Tgs

ox
satd VV

L
WC

I −= )µ
       (1-4) 

In the nanometer realm, the carrier transport in the device becomes ballistic and Equation 

(1-4) becomes dependent on the carrier velocity as [Tho04c]: 

( )Tgsoxsatd VVWCI −><= )0()( υ       (1-5) 
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Hence, it can be seen that the square-law relationship approaches linearity in a ballistic 

model. In the above equation, <υ(0)> is the average carrier velocity at source which is 

related to the mobility by Equation (1-2). As the channel length approaches zero, <υ(0)> 

is the unidirectional thermal velocity υT, which is given by [Tho04c]: 

*

2
m

Tk LB
T π

υ =          (1-6) 

The drain current in the nanoscale limit can now be equated as: 

( Tgs
LB

oxsatd VV
m

Tk
WCI −= *)(

2
π

)       (1-7) 

Therefore, it is obvious that improving the mobility by application of strain enhances the 

performance of the device. 

1.4 Summary 

This chapter started with the brief introduction of MOSFET scaling trends and the 

motivation behind the work presented in this thesis. Moore’s Law was discussed along 

with the scaling trend of different device parameters such as the gate oxide and the 

supply voltage. This was followed by the understanding of the necessity of adopting 

strain as the new scaling vector and the basics of strain physics to assist performance 

enhancement. Finally, the implications of strain on the classical MOSFET equations in 

the nanotechnology devices were discussed. Chapter 2 will discuss of the simulation 

mechanics and strain engineering to generate the desirable strain in the device channel.  

 

 



CHAPTER 2 
SIMULATION MECHANICS 

2.1 Basics of Engineering Mechanics 

Since the thesis is primarily concentrated around stress and strain in MOSFETs, it 

is essential to understand the basics of engineering mechanics like stress, strain and 

mechanical properties. When a force is applied on a fixed body, it deforms in its shape. If 

the deformation is small enough, it returns to its original shape once the applied force is 

removed. This is described as the linear elastic behavior of the body and the deformation 

is considered to be within the elastic limit.  

Stress (σ) is defined as force per unit area ∆A acting on the surface of a solid. Its 

unit is Pascal (Pa). 

A
F

A ∆
∆

=
→∆

lim
0

σ           (2-1) 

 
Stress is a vector which has two components: normal and shear component.  

Normal Stress: Force per unit area, acting normal to ∆A is called the normal stress ‘σ’. 

Shear Stress: Force per unit area, acting tangential to ∆A, i.e. along the plane of the 

surface, is called the shear stress ‘τ’. Shear stress has “tearing” effect on the plane of the 

body. 

Stress that acts to shorten an object is called compressive stress while the one that acts to 

lengthen an object is called tensile stress. As a rule of thumb, tensile stresses are 

considered positive and compressive stresses as negative.  

7 
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Strain ‘ε’ is defined as change in length of an object under force, compared to its 

original length. It is unit less quantity. Again, corresponding to normal and shear stress, 

there are normal and shear strain components. 

To understand the stresses and strains in depth, consider an infinitesimal cube as 

shown in figure 2-1. The figure shows normal and shear stresses in x, y and z directions 

acting on different planes of the cube. 

  

τzy
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σyy
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σxxτxz

τxy
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Poisson ratio ‘υ’, one more important property of the material, is the ratio of lateral 

contraction strain to longitudinal extension strain in the direction of the tensile stress. 

After the basic understanding of the mechanics concept, we can extrapolate our 

discussion to behavior of a body under force. Conceptually, any solid can be considered 

as a spring with certain stiffness. Consider a weightless spring suspended from ceiling 

and the other end is free to move. When a weight is suspended at the free end of the 

spring, it extends by a certain amount x depending the weight and stiffness of the spring. 

These quantities can be related to each other by mathematical expression of Hooke’s Law 

which states f = k.x, where f is the force applied (in our case, weight of object generates a 

force at the free end), k is the stiffness of the spring and x is the extension/displacement. 

Now, if the force applied is within the elastic limit, the spring reverts back to its original 

shape when the weight is removed. Also, in a system under equilibrium, the forces at all 

nodes are balanced, which means that summation of all forces in a system under 

equilibrium is zero. So when a force is applied on the spring, net forces acting on the 

spring are balanced when the spring displaces by a certain amount.  

Hooke’s Law also states that strain can exist without stress. To illustrate this 

phenomenon, consider an elastic band in relaxed position. When it is stretched along its 

length, stress is applied in y-direction whereas there is no externally applied stress along 

x and z-directions. The band not only extends along y direction, but also contracts along 

x and z-directions, which means there is strain in all the three directions when stress is 

applied in just one direction. After releasing the band, it comes back to its original shape 

if the applied forces are in elastic limit. 
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The thesis work of Randell [Ran05] explains the concepts of shear and normal 

stresses and strains at length and their relationship in equilibrium condition. The stress 

matrix in static equilibrium is given by: 

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

=

zx

yz

xy

zz

yy

xx

total

τ
τ
τ
σ
σ
σ

σ  where, σ = normal stress component, τ = shear stress component (2-2) 

 
Similarly, the strain matrix in equilibrium is given by: 

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

=

zx

yz

xy

zz

yy

xx

total

γ
γ
γ
ε
ε
ε

ε  where, ε = normal strain component, γ = shear strain component (2-3) 

 
2.3 Software Approach To Engineer Stress 

A software-based approach is adopted to engineer and maneuver the stress 

generated in the MOSFET channel, with an ultimate goal of enhancing the device 

performance. This is the common and most effective approach adopted in the 

semiconductor industry to model process-induced stress. 

2.3.1 ISE-FLOOPS Background 

FLOOPS (Florida Object Oriented Process Simulator) is a 1D, 2D and 3D process 

simulator, which simulates all standard process simulation steps like diffusion, oxidation, 

etching etc. [ISE03]. FLOOPS is a C++ based simulation program, which uses physical 

models to describe all the processing steps. There is a scripting capability called 
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Alagator, which can be used to simulate all user-defined processing steps. The ISE 

version of FLOOPS, used to obtain all the results in this work, is based on the 2000 and 

2002 releases of FLOOPS written by Dr. Mark Law and coworkers at University of 

Florida.  

2.3.2 How to use ISE-FLOOPS 

ISE-FLOOPS accepts sequence of commands at the command prompt or composed 

in a command file. The process flow is simulated by issuing a sequence of commands 

that correspond to the individual process steps. The command file is first checked for 

syntax by a pre-compiler and then the commands are executed sequentially. The pre-

compiler proves to be a great boost to enhance the execution speed since it checks for 

syntax at the beginning of execution. FLOOPS is written as an extension of tool 

command language (Tcl), so all Tcl commands and functionalities are supported by the 

software.  

A flexible way to use ISE-FLOOPS is to run the command file through the job-

scheduler called GENESISe. The latter is added to ISE framework to make the usage of 

ISE TCAD tools easier and user-friendly. It simplifies and organizes the handling of 

complex projects by an intuitive Graphical User Interface (GUI) environment. The 

GENESISe scheduler forms Design of Experiments (DoE) for the jobs and allows 

monitoring the simulation jobs running in a project. The user can initiate a bunch of jobs 

for simulation and GENESISe enqueues the tasks to be executed sequentially.  

2.3.3 Computation of Mechanical Stress using ISE-FLOOPS 

FLOOPS supports four mechanical models for the computation of mechanical 

stress: purely viscous, viscoelastic, elastic and plasticity. All simulations in this work are 

performed using elastic model. This is a valid approximation since the displacements 
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caused due to the stresses are in the linear elastic limit. The approximation was asserted 

by setting the viscosity of the materials to a high value. The tensor equations can be split 

into two parts: deviatoric and dilatational [ISE03]. The dilatational trace describes the 

material behavior in the case of a pure volume change while the deviatoric part describes 

an arbitrary deformation but without changing the volume.  

In elastic model, the deviatoric part is calculated as  

jklk G '' 2 εσ =   where, G = shear modulus     (2-4) 
 
The dilatational part is calculated as  

∑ ∑ −==
k k

kkkk pK 33 εσ  where, p = hydrostatic pressure, K = bulk modulus (2-5) 

Traversing the mesh, at each step, the equation is solved for balance of forces given by 

[Cea04]: 

,0=+
∂

∂
∑ i

j

ij F
σ

 (for i = x, y, z)       (2-6) 

where, σ denotes the stress and Fi denotes the total external forces generating the stress. 

These forces include the intrinsic film stress, thermal mismatch stress and stress induced 

due to material growth [Ran05].  

2.3.4 Finite Element Method (FEM) 

The physical interpretation of FEM is the breakdown of a structural system into 

components (elements) and reconstruction by the assembly process [Gud04]. This 

method is extremely useful for solving a complicated structure by dividing it into small 

elements by discretization process. The behavior of the overall structure can be estimated 

by solving the differential equations of individual elements. In 2D simulation, the z-

direction is assumed to be infinite and the structure is sub-divided into triangles, while for 

3D simulations, the element is a tetrahedron. A mesh is formed by the collection of all 
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these 3-node triangles, and each node in the mesh is assigned a number along with a set 

of coordinates (x, y).  

For arbitrary structures, stresses are not in equilibrium when described externally. 

The stressSolve command solves for Hooke’s Law (f=k*x) at each element leading to 

global equilibrium condition. The solver traverses through all nodes in the mesh, 

calculating stiffness and displacement, which relates to strain and stress at each element. 

In a composite structure, like the one shown in figure 2-2, the normal force applied is 

calculated from intrinsic stress by integrating the defined stress over the area. The 

stiffness matrix at each node is calculated from two more matrices: B-matrix and D-

matrix. B-matrix is a function of geometry of the element and the nodal coordinates of 

the given element, while D-matrix purely depends on the material properties. 

 

Create BT-Create B- Create D- applied force 
matrices matrices  matrices 

Figure 2-2: Flowchart of FEM stress solving algorithm in a composite structure. 

In equilibrium condition, for an element triangle with area ∆, the elemental stiffness ke is 

calculated in discretized form as [Gud04]: 

ke = Areaelement.BT .D .B         (2-7) 

The B-matix, which is a function of nodal coordinates, is given by [Zie89]: 

 k1, E1 k2,E2 

Calculate k1,k2- more nodes in mesh 
matrices Newtonian 

solver 
all nodes traversed 

Create global k- 
matrices for both 

materials

Calculate ε at Calculate x at Calculate σ at 
each node each node each node 
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The D-matrix, for plane strain, is given by: 
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)21(00
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1
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The plane strain approximation for 2D simulations assumes that εxz = εyz = εzz = 0, but 

stress in z-direction is not zero. Here, we assume an infinitely long structure along z-

direction, hence the strain in z-direction approaches zero [Rue97] To compensate for the 

3-D behavior in a 2-D domain, the 2-D strain must be multiplied by a factor of (1 + υ) 

[Ran05]: 
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In equation (2-7), 2.∆ represents elemental volume in 3D and area in 2D. After 

obtaining the stiffness values, displacement at each node is calculated by solving Hooke’s 

Law. Across the interface of the two materials, strain is constant and thereby, 

displacements at each node in adjoining material are calculated. The elemental strain is 

related to elemental displacement by: 

εe = B . xe          (2-11) 
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2.3.5 Boundary Conditions 

Understanding boundary conditions is imperative while using FEM. The reflecting 

boundary conditions were assumed in all the simulation cases. This is a valid 

approximation if the boundaries are defined considerably far from the channel area, to 

avoid any effect of the boundaries on the channel stress. In the actual environment, the 

boundaries of a semiconductor wafer are free, but to simulate using free boundary 

conditions for a single device, the source/drain diffusion regions need to be exceedingly 

large, i.e. boundaries must be too far from the channel. This unnecessarily increases the 

complexity and size of the mesh as well as the simulation time. The source/drain regions 

in the simulations were chosen large enough to have no effect of the boundary conditions 

on the channel stress. 

The grid setting in the mesh is an important aspect of any FEM based simulator. 

All simulations in this work are carried out using mgoals engine, which is an adaptive 

engine to set the grid as each processing step is simulated. Initially, the grid in the entire 

structure was set in a coarse fashion, which gave significant offset from the expected 

results. Then after, the grid density in the desired regions, viz. the channel and the 

source/drain, was increased till the stress became insensitive to the grid. Of course, the 

trade-off with increasing the grid density is the computation time. 

A more detailed explanation of the FEM is given by [Ran05]. The reader can refer 

to ISE TCAD Release 9.0 manual [ISE03] for a detailed working and description of all 

ISE-FLOOPS process models and other TCAD subsidiary tools. 

2.4 Material Parameter Sensitivity 

In this work, the sensitivity of the channel stress to the material parameter 

variations was observed. Longitudinal tensile stress in NMOS is generated by 

 



16 

densification of silicon nitride layer on NMOS [Tho04a]. Table 1 shows the summary of 

the results obtained by skewing various parameters. In all the results presented in this 

work, σxx represents longitudinal component and σyy represents out-of-plane component 

of stress. Also, the positive values denote tensile stress while negative ones denote 

compressive. We hereby start with the following parameters: 

Esi = Epoly = 180 GPa; ESiN = 300 GPa; Eoxide = 65.8 GPa;  

υSi = υPoly = 0.28; υSiN = 0.1471; υoxide = 0.2 

The stress for the above stated parameters is: σxx = 427 MPa, σyy = -412 MPa 

The material parameters are highly process dependent and so are subject to change. The 

sensitivity of the channel stress on the parameters of each material was studied, and it 

was inferred that variations of material parameters do not alter the stress heavily. 

However, the silicon nitride parameters do affect the stress and changes the calculations 

significantly. The results obtained by the above mentioned sensitivity test are listed in 

Table 2-1. Each row suggests changing the listed parameter, while keeping all other 

parameters constant as above. The variations of the stress from the above mentioned 

results were studied. 

 
Table 2-1: Material Parameter Sensitivity Results (skewing the individual parameters, 

while keeping all others constant as stated above) 
Parameter σxx (MPa) σyy (MPa) Observation 

Esi = Epoly = 110 GPa 414 -412 No effect 
Esi = 169 GPa, Epoly = 164 GPa 431 -382 No effect 
υSi = υPoly = 0.222 419 -420 No effect 
ESiN = 160 GPa 160 -612 Significant effect, σyy 

value unreasonably high 
υSiN = 0.23 357 -352 Acceptable range 
υoxide = 0.15 425 -408 No effect 
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After significant research on the material parameters, the following values were found 

acceptable, which were used for most of the simulations in this work, unless specified. 

The mobility calculations from stress results obtained from the acceptable parameters 

were checked against the E-test published data and both the results matched within a 

small error margin. 

Table 2-2: Material Properties at Room Temperature [Mat88, FCG66, Yin03] 
Material Young’s Modulus ‘E’ (GPa) Poisson ratio ‘υ’ 

Silicon along [110] 169 0.222 
Silicon along [111] 186 0.222 
Polysilicon 164 0.222 
Germanium 139 0.25 
Oxide 72 0.15 
Silicon Nitride 300 0.23 
Tungsten 409 0.28 
Si0.83Ge0.17 163.7 (linearly interpolated 

between Si and Ge) 
0.222 (same as that of Si) 

 
2.5 Summary 

This chapter starts with the basics of engineering mechanics, the concept of stress 

and strain, and their components. The linear elastic property of solids is explained by an 

example of a spring. This is followed by the explanation of Hooke’s Law, and its 

mathematical interpretation. Next, the details of FLOOPS are discussed highlighting its 

key features and tools. The working of FEM, boundary conditions and approximations 

used for 2D simulations are explained. Finally, the preliminary simulations to observe the 

stress sensitivity to material properties are discussed along with observations. In Chapter 

3, the stress generation techniques in leading edge advanced CMOS will be discussed in 

depth along with more simulation cases.

 



CHAPTER 3 
STRESS GENERATION TECHNIQUES IN ADVANCED CMOS 

In the nanometer regime, biaxial stress has been the conventional method to strain 

the MOSFET channel. Recent studies in the field of uniaxial process-induced strain have 

revealed significant advantages over its biaxial counterpart. In this chapter, the methods 

to induce both the types of strain in the MOSFET channel will be discussed. 

3.1 Types of Process Induced Stresses 

The residual stresses present in thin films after deposition can be classified into two 

parts: 1) thermal mismatch stress and 2) intrinsic stress. Residual stresses will cause 

device failure due to instability and buckling if the deposition process is not controlled 

properly. 

3.1.1 Thermal Mismatch Stress 

Thermal mismatch stress occurs when two materials with different coefficients of 

thermal expansion are heated and expand/contract at different rates. During thermal 

processing, thin film materials like polysilicon, SiO2, silicon nitride expand and contract 

at different rates compared to the silicon substrate according to their thermal expansion 

coefficients. The thermal expansion coefficient, αT, is defined as the rate of change of 

strain with temperature. Its unit is microstrain/Kelvin (µε/K) [Sen01]. 

dT
d

T
εα =           (3-1) 

The thermal mismatch strain generated into substrate upon skewing the temperature by 

∆T, is given by 
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TsubT ∆−= αε           (3-2) 

The thermal mismatch strain in film is given by [Fre03]: 

( ) TTsTfmismatchf ∆−= ., ααε         (3-3) 

where αTf and αTs are thermal expansion coefficients of film and substrate respectively. 

Finally, the thermal mismatch stress is related to strain by: 
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where υ is the Poisson’s ratio and Ef is the Young’s modulus of the film. 

3.1.2 Intrinsic Stress 

Intrinsic stress is a type of residual stress, generated due to factors such as 

deposition rate, thickness and temperature. During deposition, thin films are either 

“stretched” or “compressed” to fit the substrate on which they are deposited. After 

deposition, the film wants to be “smaller” if it was “stretched” earlier, thus creating 

tensile intrinsic stress, and similarly compressive intrinsic stress if it was “compressed” 

during deposition. The intrinsic stress generated due to this phenomenon can be 

quantified by Stoney’s equation by relating the stress to the substrate curvature as 

[Fre03]: 

 ( ) f
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=         (3-5) 

where ESi and υSi are Young’s modulus and Poisson’s ratio of Silicon, hSi and hf are 

substrate and film thickness, and R is the radius of curvature of the substrate.  
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3.1.3 Dopant Induced Stress 

When a dopant atom is introduced in silicon substrate through ion implantation or 

diffusion, a local lattice expansion or contraction will occur depending on the varying 

atomic sizes and bond lengths of the atoms [Ran05].  

 
Figure 3-1: Lattice contraction due to boron atom and lattice expansion due to 

germanium atom [Ran05]. 

Figure 3-1 illustrates the lattice contraction and expansion for boron and 

germanium atoms doped into silicon substrate. The stress generated due to boron doping 

is a case of technical importance, which will be studied with the understanding of 

simulation results in the next chapter, while the biaxial stress generated due to SiGe will 

be discussed in the following sections. 

3.2 Biaxial Stress Generation Technique 

A widely adopted method to introduce wafer-based biaxial stress to enhance 

CMOS performance is practiced by growing a silicon film atop relaxed SiGe virtual 
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substrate. Due to the lattice mismatch between Si and Ge atoms, tensile biaxial stress is 

generated in Si film, which enhances the performance of NMOS and PMOS, as can be 

seen from Table 3-1. It can be seen from the piezoresistance coefficients of Si for 

standard layout and wafer orientation, that NMOS performance (electron mobility) is 

enhanced by uniaxial longitudinal tensile and out-of-plane compressive stress (figure 3-

2), while PMOS performance (hole mobility) is enhanced by uniaxial longitudinal 

compressive stress. Interestingly, both NMOS and PMOS performance is enhanced by 

biaxial tensile stress. 

Table 3-1: Longitudinal and Transverse Piezoresistance Coefficients Evaluated for 
Standard Layout and Wafer Orientation (Units of 10-12 cm2 dyne-1) [Tho04b] 

 <100> <110> 
Polarity πll ⊥π  πll ⊥π  
N or P π11 π12 (π11 + π12 + π44)/2 (π11 + π12 - π44)/2 
N-type -102 53.4 -31.6 -17.6 
P-type 6.6 1.1 71.8 -66.3 
 

 
Figure 3-2: MOSFET schematic device cross-section (standard layout) 

When a film is grown/deposited on a substrate, the mismatch strain between the 

two layers due to the difference in their lattice coefficients is given by [Jai96]: 

sub

filmsub
mismatch a

aa −
=ε          (3-6) 
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were asub and afilm are the lattice constants of the substrate and heteroepitaxy film. The 

stress in the layer is given by [Jai96]: 

mismatcho ε
ν
νγσ

1
12

−
+

−=         (3-7) 

where γ is the shear modulus of elasticity and υ is the Poisson’s ratio. 

When a silicon film is deposited on SiGe buffer layer, the film is forced to adopt 

the greater lattice constant of the SiGe, hence the Si film is under biaxial (longitudinal 

and transverse) tension, whereas it exhibits an out-of-plane compressive component. This 

effect is well illustrated in figure 3-3 and figure 3-4. 

 
Figure 3-3: Steps in creating biaxially strained silicon film atop SiGe layer 

 
Figure 3-4: Traditional approach to enhance device performance illustrating biaxial 

tensile stress in MOSFET channel [Boh03] 
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Figure 3-4 shows the traditional approach of generating biaxial tensile stress in 

MOSFET channel to enhance device performance. It illustrates the longitudinal and 

transverse tensile stress components in the silicon channel on graded SiGe layer. 

 
3.3 Uniaxial Stress Generation Technique 

Uniaxial process strained silicon is being adopted in nearly all high-performance 

logic technologies [Tho04b]. Ito et al [Ito02] investigated channel stress by introducing a 

tensile nitride capping layer on the device structure. As a result, the channel stress 

dependent on the polysilicon gate and spacer dimensions. A predominant method of 

introducing uniaxial longitudinal tensile stress is by deposition of CVD silicon nitride 

film on the device structure. This enhances electron mobility, thereby improving NMOS 

performance. IBM incorporates compressive silicon nitride capping layer to generate 

uniaxial longitudinal compressive stress in PMOS channel. With the state-of-the-art 

processing technology, up to 1.4 GPa process induced tensile stress is generated inside 

SiN film for NMOS while up to 3.0 GPa compressive stress has been exhibited for 

PMOS [Bay05]. 

 
Figure 3-5: IBM technology to introduce uniaxial longitudinal stress in CMOS devices 

[Moh05] 
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Figure 3-5 portrays dual stress liner process architecture with tensile and 

compressive silicon nitride capping layers over NMOS and PMOS respectively. 

Similarly, Intel’s technology also implements tensile Si3N4 (silicon nitride) capping for 

n–channel devices. The p-channel device performance is enhanced by using selective 

SiGe layer as source/drain regions (figure 3-6). The lattice mismatch in the heterolayer 

compresses the silicon lattice, which consequently compresses the device channel. For 

17% Ge concentration, a compressive stress of 1.4 GPa is generated inside the SiGe layer 

[Bay05]. All simulations in this work are carried out by modeling the lattice mismatch 

stress as the intrinsic stress and then balancing the forces to evaluate the channel stress. 

 
 

Figure 3-6: Intel’s strained silicon technology [Boh03] 

3.4 Effect of Varying Geometrical Parameters 

The effect of varying geometrical parameters on channel stress and thereby on 

carrier mobility has been an interesting research topic in strained-silicon nanoscale 

devices. The work by Pidin et. al. [Pid04] highlights some of these effects by front-end 
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process-simulations. An in depth review of these cases of technological importance are 

explained in this section. 

3.4.1 Critical Dimension Scaling 

The most important parameter that scales with each technology generation is the 

critical dimension of the physical gate. The channel stress increases as the gate length is 

scaled since the channel is in closer proximity of the tensile capping Si3N4layer for 

smaller critical dimensions. For the current 90-nm node with the standard 140 nm gate 

thickness, 80 nm tensile SiN cap and nitride spacers, the simulated channel stress 

component values are σxx=353 MPa, σyy=276 MPa. The trend of future nodes can be seen 

from figure 3-7, assuming all other dimensions remain unchanged. 

 
Figure 3-7: Longitudinal channel stress component values for different critical 

dimensions for oxide, nitride and no spacers. 
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It can be seen that for oxide spacers, the channel stress is lower than for the nitride 

spacers because tensile nitride cap relaxes as it pushes against the softer oxide spacers 

while balancing the forces. This causes lower stress to be transferred into the channel. 

The nitride film is able to transfer stress to the channel because an edge-force is 

developed as the film goes over the spacer and gate geometry [Cea04]. An important 

observation from the results is that it is difficult to strain long-channel devices compared 

to their short-channel counterparts using tensile nitride capping layer. This is an 

important consideration the circuit designer should take into account while designing for 

optimum circuit performance. 

3.4.2 Polysilicon Gate Scaling 

With every technology node, the aspect ratio (ratio of length to height) of the polysilicon 

gate has increased since thicker gates yield higher channel stress for n-channel 

MOSFETs. An interesting trend observed while scaling the gate thickness is that beyond 

a certain value, increasing the aspect ratio is not beneficial. Figure 3-8 illustrates the 

issue. The graph shows that increasing the aspect ratio initially assists in boosting the 

stress transferred into the device channel from tensile nitride cap, but beyond 150 nm 

gate thickness, the stress rolls off and remains unchanged. It can be concluded that 

increasing gate thickness beyond this value only increases the process complexity and 

deteriorates device performance due to problems like fringing fields. The current 90-nm 

technology devices have a gate thickness of 100-140 nm. One more interesting 

observation from the graph is the effect of roll off point for devices without spacers. This 

case can be understood as a device with overall smaller gate length. The stress slope is 

steeper initially, but it rolls off at a prematured gate thickness of ~100 nm compared to 
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the geometry with spacers In addition, the maximum stress extracted at this value is 

lower than the spacer case. 

 
Figure 3-8: Effect of scaling polysilicon gate thickness on NMOS channel stress 

3.4.3 Effect of Buffer Layer on NMOS Channel Stress 

A common practice to reduce the font-end process generated defects is to use an 

unstressed thin silicon nitride buffer film over the structure. This buffer (liner) film, if not 

properly deposited, proves to be detrimental to the channel stress in NMOS. 

The tensile nitride capping layer needs to be in close proximity to the substrate (ideally 

directly onto the substrate) to stress the device channel. Figure 3-9 reveals the reduction 

in longitudinal stress upon increasing the liner thickness. Similarly, the out-of-plane 

compressive stress component, which is also significant in improving n-channel device 

performance, is reduced upon depositing thicker liner layers. 
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Figure 3-9: Effect of increasing buffer (liner) layer thickness on NMOS channel stress 

3.4.4 Effect of Salicide 

Salicides are essential for good contacts with the device terminals. Since salicides 

are of different material than silicon, it is worth exploring the effect of salicide on the 

channel stress. Modern process technologies have nickel salicide (NiSi) for the contacts 

whereas formerly, cobalt salicide (CoSi) was used. Both the salicides have the same 

material properties (Young’s modulus = 161 GPa, Poisson ratio = 0.33) [Lie03, Hsi92]. 

Salicide thickness can range from 50 °A – 200 °A. The effect of salicides is shown in 

Table 3-2. Since the salicide has material properties almost same as that of silicon, its 

presence does not make any significant effect on the stress introduced into the channel. 
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Table 3-2: Effect of Salicide on NMOS Channel Stress 
Salicide thickness (°A) σxx (MPa) σyy (MPa) 

0 349 -322 
50 348 -332 
100 349 -333 
150 351 -330 
200 352 -330 

 

3.5 Summary 

In this chapter, the sources of strain in MOSFETs are discussed. This is followed 

by a brief understanding of different types of stresses, their physics and mathematical 

modeling. Next, the state-of-the-art stress generation techniques, for both wafer-based 

biaxial and locally-induced uniaxial stresses are discussed. Finally, the effects of scaling 

different geometrical parameters for n-channel devices are explained along with 

simulation cases. In next chapter, the cases of technical importance for leading edge 

CMOS technology will be studied. 

 

 



CHAPTER 4 
CASES OF TECHNOLOGICAL IMPORTANCE AND RELATED ISSUES 

In this chapter, cases of technological importance in advanced strained silicon 

device technology will be investigated. After understanding the stress generation 

mechanisms, physics and mathematical modeling described in the previous chapters, we 

can expand our discussion to various issues that need to be addressed with due 

understanding to extract the desired CMOS performance enhancement. We initiate the 

cases by exploring the issues in both biaxial and uniaxial stress generation methods, and 

then continue with discussion of novel stress engineering mechanisms. 

4.1 Strained-Silicon-On-Insulator (SSOI) 

A large amount of research is being conducted in exploring the possibility of 

including biaxial strained-Si in mainstream CMOS process to enhance device 

performance [Hoy02, Rim]. A novel approach in this direction is to fabricate ultra-thin 

strained-Si layer on SOI, called strained-silicon-on-insulator (SSOI) [Rim03], thereby 

complementing their individual advantages. At the future advanced process nodes of 65 

nm and below, performance and power consumption issues arise due to bulk silicon’s 

higher leakage currents. SSOI technology has proven thus far to be a promising variation 

to deal with these issues. The process complexity of fabricating SSOI structure involves 

transferring a strained-Si/relaxed SiGe hetero-layer on a handle wafer, followed by 

selective etch-back of SiGe to leave SSOI structure [Åbe04, Chr05]. A homogeneous 

stress of 1.5 GPa has been exhibited by Soitec Group’s [Soi92] industrially manufactured 

SSOI wafers with a 200 °A Si layer.  
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Figure 4-1: Stress relaxation in 200 °A strained-silicon on insulator and on SiGe for 

different island sizes. The curves in circle are for mentioned strained-silicon 
thicknesses for 1.0 µm island 

The matter of concern in this technology is the stress relaxation due to generation 

of free surface while forming STI trenches, which leads to wasted active area along the 

channel width. Consequently, this increases the actual required transistor width than 

estimated, if the stress relaxation is not accounted for. Adding to this issue, it can be 

inferred from the simulations that there is a significant relaxation in the biaxial stress 

when the film is on oxide compared to atop a SiGe layer. The reason being that SiGe has 

a much higher Young’s modulus compared to oxide. Figure 4-1 shows the transverse 

stress profile along the island width from its center for both these cases: strained-silicon-

on-oxide and on SiGe. The initial stress in the Si film was assumed to be 1.6 GPa and the 

 



32 

relaxation after etching the islands was studied. The simulation results for three different 

island sizes: 0.25 µm, 0.5 µm, 1.0 µm, reveal the center has maximum stress in all the 

cases. For 0.25 µm island, there is a 21% stress relaxation, for 0.5 µm, it is 10% and for 

1.0 µm, its only 3%. Hence, it can be noted that as the island size increases, the stress 

relaxation at the center drops, but this requires wider devices. It can be seen that there is a 

significant wastage of silicon before the channel stress approaches a desired value to give 

optimum performance enhancement. One more observation from the graph is that the 

island regains higher peak stress value quickly for thinner silicon compared to the thicker 

silicon layers. Therefore, a way out to minimize silicon wastage for optimum mobility 

enhancement is to fabricate devices on thinner strained-silicon membranes. 

4.2 Uniaxially Strained Device Issues 

Uniaxial front-end process induced stress is being widely adopted in almost all 

logic technologies because of its edge over the biaxial counterpart [Tho04b]. A caveat 

that might invoke the attention of VLSI process and design engineers will be discussed in 

this section. 

4.2.1 Effect of Varying Silicon Nitride Thickness 

Chapter 3 explains the concept of improving electron mobility in n-channel devices 

by depositing a tensile silicon nitride capping layer over the entire structure. It has been 

understood that increasing the Si3N4 film thickness increases the stress in the channel 

[Pid04]. This holds true up to a certain thickness in a legged gate structure, which are 

widely used in logic technologies. The effect of increasing the nitride thickness, keeping 

a constant space between two NMOS devices in stacked gate structure, is presented in 

figure 4-2. The devices were laid apart at a distance of 110 nm and stress value in the 
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center device channel is plotted in the figure. Initially, both the stress components, 

necessary to boost NMOS performance, increase with nitride thickness. 

 
Figure 4-2: Effect of increasing silicon nitride thickness on channel stress components 

At 45 nm nitride thickness, “pinch-off” occurs when nitride cap of two adjacent gates 

merge, which abruptly reduces the longitudinal component, whereas the out-of-plane 

component remains constant. Then after, the longitudinal component value increases 

again slowly as the nitride becomes thicker. This behavior hints that silicon nitride 

requires a certain overlap over the source/drain regions to strain the channel, denial of 

which proves detrimental to the stress in the channel. One more crucial outcome of the 

graph in figure 4-2 is that the longitudinal stress reaches a peak value for a very thick 

nitride cap. This property can be exploited in front-end processing by using silicon nitride 

as the first-layer dielectric, which is normally ~1000 оA thick. By doing so, both the 
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needs are sufficed, viz. extracting maximum channel stress and forming a first-layer 

dielectric. The structure, generated by ISE-FLOOPS, in the “pinch-off” condition and for 

different nitride thicknesses can be viewed from figure 4-3.  

 
Figure 4-3: Stacked gate structures generated by ISE-FLOOPS for different silicon 

nitride cap thicknesses 

4.2.2 Multiple Gate Structure 

A case of technical importance, similar to the one discussed in section 4.2.1, is to 

examine the effect of varying the space between adjacent gates in a multiple/stacked gate 

structure. The simulation results for this case, are plotted in figure 4-4, for both n-channel 

and p-channel devices with 35 nm gate length and 140 nm polysilicon gate thickness. 

Again, the effect of “pinch-of” of nitride cap discussed in previous section can be viewed, 

where the stress for 30 nm nitride cap exceeds that for 100 nm cap until approximately 70 

nm space. This behavior asserts the conclusion that the cap of a given thickness requires a 
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minimum space to strain the device channel maximally. One more point to be noted is 

that beyond a certain space, the stress saturates in the channel; which means it is futile to 

have a bigger source/drain diffusion area than this roll-off point. The same effect can be 

seen for PMOS, where the stress boosts up initially as the SiGe volume (space) increases, 

and beyond a roll-off point, the stress saturates. Also, as expected, the stress values are 

higher for smaller spacers since the SiGe is in closer proximity of the channel. The 

junction depth for PMOS devices is assumed to be 0.12 µm. 

 
Figure 4-4: Effect of varying space between adjacent gates for different Si3N4 cap 

thicknesses for NMOS, and different spacer sizes for PMOS 

4.2.3 Stress Relaxation Due to the Presence of STI 

Shallow Trench Isolation (STI) is primarily used in CMOS technology to isolate n-

channel and p-channel devices. STI is formed by etching shallow trenches and filling 
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them with oxide dielectric. In this section, the effect of stress relaxation in the devices 

adjacent to the STI is explained. Figure 4-5 and figure 4-6 depict the NMOS and PMOS 

multiple- 

 
Figure 4-5: Nested NMOS structure illustrating the stress relaxation due to the presence 

of STI 

gate structures with three devices and STI at the ends. It shows that the center device has 

the maximum stress compared to the ones near STI. In the NMOS case, a portion of 

intrinsic nitride stress is lost due to the softer oxide in STI, which leads to lower stress 

introduced inside the device channels adjacent to STI. The same effect is seen in the 

PMOS case, where SiGe source/drain regions push against the channel to induce a 

compressive stress. In the devices adjacent to STI, the source/drain regions of these 

devices push against softer oxide on one end, which results in SiGe losing some stress, 
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leading to lower stress in these devices. Both these effects are illustrated in figure 4-5 and 

figure 4-6, where the first value shows the longitudinal component and the second value 

is the out-of-plane component of the stress at that point. An interesting takeaway from 

figure 4-6 is the notably lower stress near source/drain surface. It is much lower than the 

initial intrinsic stress, which leads to lower point-defects during fabrication. 

 
Figure 4-6: Nested PMOS structure illustrating the stress relaxation due to the presence 

of STI 

4.2.4 Stress Relaxation due to Contact Etching 

An interesting issue that arises in process-induced uniaxial strained silicon devices 

is the effect of etching contact holes in NMOS devices. This issue has been discussed by 

Cea et. al. [Cea04], where the effect of etching a portion of nitride cap to make contact 

holes is explained. When contact holes are etched, it removes a significant amount of 
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nitride, which leads to channel stress relaxation in longitudinal and out-of-plane 

directions. This effect is corroborated by figure 4-7, where the relaxation is plotted 

against contact hole distance from the spacer edge. As discussed in previous chapters, the 

out-of-plane component of the channel stress primarily arises primarily due to the nitride 

overlap over the spacers. Hence, it is not affected much due to the holes. The channel 

regains peak stress when contacts are distant from the channel.  

 
Figure 4-7: Stress relaxation due to contact holes in NMOS strained silicon device with 

45 nm Lgate, 140 nm gate thickness and 80 nm nitride cap thickness 

A better understanding of this effect will be obtained by simulating the case in a 3D 

simulator, where contacts are simulated as holes unlike of infinite depth in the 2D 

simulator. 
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4.2.5 Effect of Raised Source/Drain in PMOS Device 

This section explores a strategy to increase compressive stress generated by 

embedded SiGe source/drain regions in a PMOS device. The topology of the source/drain 

regions can assist to increase the stress and this property is well exploited during the 

front-end processing. Raising the SiGe source/drain regions up to a certain extent 

transfers higher stress to the channel, thereby further improving the mobility of holes. 

 
Figure 4-8: Stress boosting in PMOS by increasing SiGe step height for 45 nm gate 

length devices. 

A general practice in forming spacers is to use prefer silicon nitride versus oxide as the 

spacer materials, since nitride has proven  to act as a better shield to the gate oxide. The 

drawback of this technology is the reduction in potential transfer of compressive stress to 

the channel because nitride is a harder material compared to oxide. The effect is clearly 
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depicted in figure 4-8, which also shows the increase in stress upon increasing the raised 

step height. Beyond approximately 300 оA of step height, the raised SiGe source/drain 

regions do not increase the stress further, and therefore the curve saturates. The figure 

also reveals the higher stress induced upon increasing the Ge concentration. Higher Ge 

concentration in SiGe compresses the silicon lattice even greater, which is simulated by 

higher intrinsic stress inside SiGe regions. In sate-of-the-art nanodevice research, Ge 

concentration is increased up to 30%. 

4.2.6 SOI vs Bulk Technology 

In this section, we shall investigate and compare the stress generated in SOI and 

bulk devices. Ghani et. al. [Gha03] have reported the PMOS drive current enhancement 

by epitaxially grown SiGe source/drain regions on bulk silicon substrates. The 

compressive stress generated in the device channel increases with increasing the SiGe 

volume in the source/drain regions. Cases along the same line have been discussed in 

sections 4.2.2 and 4.2.5, where the SiGe space was increased in former case while SiGe 

step height increase was studied in the latter. In this section, the effect of increasing SiGe 

depth, in both SOI and bulk silicon, is studied and the results are plotted in figure 4-9. 

In the SOI structure simulated, the 70 nm silicon membrane is bonded on an oxide 

box thickness of 1000 °A. This is followed by selectively etching the source/drain 

regions to the required depth, and filled by epitaxially grown SiGe. The plot in figure 4-9 

compares the stress generated in SOI vs bulk silicon devices for 45 nm gate length. The 

SOI case is simulated with two different Young’s modulus of oxide, viz. 44 GPa and 72 

GPa. As can be seen, the Young’s modulus of oxide does not alter the stress significantly. 

Also, the stress in SOI and bulk cases is almost equal for a given source/drain depth. 
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Figure 4-9: Effect of varying SiGe depth in SOI vs bulk silicon devices 

For the current 90 nm node, the standard source/drain depth in bulk silicon devices is 120 

nm, which induces approximately 700 MPa compressive longitudinal channel stress, 

while the maximum stress extracted out of the standard SOI devices is only about 550 

MPa. Thus, the bulk silicon technology yields considerably higher compressive channel 

stress for PMOS drive current enhancement. The recent research work published work by 

Freescale Semiconductor Inc. [Zha05] reports 40% higher channel stress of PDSOI 

devices compared to its bulk counterpart. This result is inconsistent with the simulated 

results presented above. A 3D simulation approach with closer process modeling might 

lead to consistent results. 
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4.2.7 Effect on Stress by Boron Doping in p-channel Devices 

Boron doping in p-channel source/drain regions introduces a local tensile strain in 

the substrate due to its size mismatch with silicon. Boron is smaller in size than silicon 

and when it occupies a substitutional lattice site, a local lattice contraction occurs (figure 

3-1) because the bond length for Si-B is shorter than for Si-Si [Ran05]. Horn et. al. 

[Hor55] reported that a single boron atom exerts 0.0141 °A lattice contraction per atomic 

percentage of boron in silicon at room temperature. The stress induced in the channel due 

to boron doping was insignificant for long-channel devices, but for CMOS transistor 

channel lengths in the nanometer realm, this stress plays a significant role in determining 

the carrier mobility enhancement. Boron is widely chosen as the p-type dopant due to its 

high solubility limit in silicon; at 1100 °C, boron has a solubility limit of 3.3X1020/cm-3 

[Jae02]. The simulations are performed by defining the local boron induced lattice 

contraction by a tensile intrinsic stress in source/drain regions [Hol93]. 

BdN
da

a
0

0

.1
−=β          (4-1) 

 
where, β = lattice contraction coefficient = 5.19e-24 cm3, NB = boron concentration, 

  a0 = lattice constant. 

Therefore, 
0

0

a
da

 = -β.NB = ε is the local strain generated inside the silicon lattice. This 

strain is compressive, thereby pulling the silicon atoms in the lattice and generating a 

tensile stress in the device channel. The tensile intrinsic stress defined in the simulations 

can now be calculated by σ = -(ESi x ε). 

Figure 4-10 reveals the amount of tensile stress induced by boron doping at 

different concentrations for different channel lengths. For 0.5 µm source/drain length and 
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given boron concentration, as the channel length is varied from 25 nm to long-channel 

length of 1.0 µm, the stress in the center of the channel reduces exponentially. The effects 

of scaling source/drain length and channel length are explained in depth by Randell 

[Ran05]. Longer source/drain regions imply higher number of boron atoms to pull the 

channel. 

 
Figure 4-10: Effect of scaling boron concentration for different channel lengths, 0.5 µm 

source/drain length and 0.12 µm junction depth 

As can be seen from the plot in figure 4-10, the problem of tensile stress due to boron 

doping is not significant in long-channel devices, where the stress is below 50 MPa for 

2X1020/cm-3 boron concentration. The problem alleviates when channel lengths enter 

nanometer regime and the boron concentration reaches its solubility limit. The stress in 

45 nm channel length and 3.5X1020/cm-3 boron concentration reaches approximately 200 
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MPa. This tensile stress can be deleterious to the compressive stress induced by 

embedded SiGe source/drain and can result in carrier mobility much lower than expected. 

Also, the boron solubility in silicon germanium increases much beyond its limit in 

silicon. So the dopant stress generation problem proves to be even more significant in 

advanced CMOS devices where Ge concentration is expected to be close to 30%. 

Methods to counter and suppress the dopant induced stress are important issues under 

research. 

4.3 Prospective Stress Generation Techniques 

Historically, STI stress has been considered detrimental to the device performance 

[Sco99, Nan05]. Simulation and experimental results have shown that High-Density 

Plasma (HDP) Shallow Trench Isolation (STI) generates a transverse compressive stress 

in the channel, which degrades NMOS performance while not affecting PMOS. Despite 

its compressive nature and degradation of NMOS mobility, HDP is the most commonly 

used gap-fill technology for STI because of processing ease. In 65 nm devices, where 

pitch is expected to be less than 200 nm, compressive stress and reduced mobility can 

prove to be a major obstacle. Hence, efforts have been made to eliminate this stress. In 

this work, use of the high aspect ratio process (HARP) STI [Bay05], which produces a 

moderate to high transverse tensile stress, to engineer the device performance is 

presented. CMOS performance does not improve with just one type of longitudinal 

uniaxial stress along [110] direction. HARP STI, if used for isolating the devices along 

their width, induces transverse tensile stress along [1-1 0] direction. From the calculations 

of piezoresistance coefficients (Table 3-1) of Si along different dominant directions, it is 

obvious that transverse tensile stress can improve CMOS performance. The novel 

technique for stress engineering comes along with its own complexities which need to be 
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dealt with to attain the performance improvement. All issues pertaining to this technique 

will be discussed in the following sections. 

4.3.1 Stress Variation Along the Device Width 

All simulations performed for HARP STI assume an initial intrinsic stress of 1 GPa 

in all directions in STI due to its densification. The densification effect of HARP STI 

generates an equal intrinsic stress in all directions. The simulations conducted with this 

assumption showed an interesting trend where the channel stress exceeded the 

intrinsically defined STI stress. This will be termed as “Stress Magnification”. 

 
Figure 4-11: Stress variation along the device width in HARP STI stress engineering 

technique 

The stress magnifies better if the island is smaller for given STI dimensions. A matter of 

concern in using STI for stress engineering is the variation of the channel stress along the 
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width. This has been shown in figure 4-11. Bigger islands have a higher variation, which 

implies the mobility is enhanced differently along the width. 

4.3.2 Stress Engineering by STI Depth 

Transverse channel stress by HARP STI can be engineered by varying STI depth. 

The stress is seen to be a strong function of trench depth up to 400 nm, beyond which it 

rolls off (figure 4-12). Here, the STI width and transistor width are held fixed at 300 nm 

and 500 nm respectively. The figure also shows the effect of polysilicon gate on top of 

the channel before balancing the forces. In this case, there is significantly low amount of 

stress generated compared to the former case, since the channel effectively becomes a 

buried layer bound from all sides when forces are balanced. 

 
Figure 4-12: Effect of varying STI depth on channel stress: for free surface and for 

polysilicon on top 
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The case with polysilicon on top can be considered to be analogous to the stress 

generated by embedded SiGe source/drain in PMOS, except that SiGe induces a 

compressive stress. 

4.3.3 Stress Engineering by STI Width 

One approach to engineer the transverse tensile channel stress is by modulating STI 

width. Higher STI width implies higher amount of STI to pull the channel. This case is 

analogous to the case discussed in section 4.2.2, where the SiGe space is scaled to extract 

higher channel stress. For the STI case, the results are plotted in figure 4-13. It can be 

inferred from the figure that the stress increases up to 500 nm STI depth, beyond which 

the stress is indifferent to STI depth. 

 
Figure 4-13: Effect of varying STI width on channel stress for different transistor widths 

 



48 

The practical STI depth for current processing technology is approximately 500 nm, 

which suffices the need to maximize the channel stress. As expected, the figure shows 

lower stress for wider transistors. All results are obtained in the center of the device width 

and 100 °A below the surface. 

4.3.4 Stress Dependence on STI Topology 

The STI topology is another factor which can change the stress expected to be 

introduced by the HARP STI densification process. A recessed STI surface can 

undermine the stress in the channel. Figure 4-14 shows ~80 MPa stress reduction for a 

500 °A recess in the STI surface. Hence, due importance should be given to the STI 

topology while polishing the surface.  

 
Figure 4-14: Stress dependence on STI topology 
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4.3.5 Stress Dependence on STI Densification 

The intrinsic stress in the STI can be increased by increasing the densification of 

atoms in the HARP STI gap-fill. Thereby, the densification is purely a function of 

process technology adopted for CVD deposition of oxide in the isolation trenches. For a 

given STI and channel dimension, the channel stress varies linearly with the STI intrinsic 

stress, which can be viewed from figure 4-15. 

 
Figure 4-15: Stress dependence on HARP STI intrinsic stress 

4.4 Summary 

In this chapter, stress issues pertaining to strained silicon devices were discussed 

and the explanations were corroborated with the simulation results. The chapter 

commenced by explaining the major issues in the state-of-the-art biaxially wafer based 

strain technique, followed by a variety of issues in uniaxial strained silicon devices. The 
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issues ranged from structural geometry, stress relaxation by STI, scalability and 

comparison between SOI and bulk technologies. This was followed by addressing the 

important issue of dopant-induced stress. Finally, the prospective stress engineering 

techniques were explored, and issues arising in the technique were discussed. In the next 

chapter, a summary of all chapters will be presented, along with recommendations for the 

future work. 

 
 

 

 

 



CHAPTER 5 
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS FOR FUTURE WORK 

5.1 Summary and Conclusions 

In this thesis, a wide range of issues related to strained silicon technology, a vector 

to extend Moore’s Law, has been investigated. A set of simulations targeted to study and 

maximize stress in CMOS devices was carried out, and the results were presented with 

explanations. 

In Chapter I, the history of CMOS devices was discussed, starting with Moore’s 

Law, its implications on the semiconductor industry, and its predicted pathway. This was 

followed by the discussion of the driving motivations to study desirable strain in 

MOSFETs to extend Moore’s Law. A survey of the existing literature on strained silicon 

devices was presented along with the explanation of the physics behind performance 

enhancement in the devices.  The state-of-the-art techniques to induce uniaxial and 

biaxial strain in the devices were introduced along with their advantages and drawbacks. 

Chapter II introduced the basic concepts of engineering mechanics, stress, strain 

and their relationship. The governing law, called Hooke’s Law, which describes the 

motion of spring in elastic limit, was introduced and explained mathematically with an 

example of a spring. The concept of linear elasticity was introduced. This was followed 

by the introduction to the Finite Element Method (FEM), an approach to discretize and 

solve many complex mechanical engineering mechanics problems. To understand the 

limitations of a system, the boundary conditions and approximations used for 2D 

simulations were discussed. The 2D simulator, FLOOPS, used to carry out simulations in 

51 
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this thesis, was introduced highlighting its key features and tools. Finally, the preliminary 

simulations to observe the channel stress sensitivity to material properties were discussed 

along with their analysis. 

Chapter III deliberated on the sources of strain in MOSFET channel. This was 

followed by different types of stress, their physics and mathematical modeling. Next, the 

state-of-the-art stress generation techniques, for both wafer-based biaxial and locally-

induced uniaxial stresses were discussed. The two different methods to strain the PMOS 

channel, by SiGe source/drain regions and by compressive nitride capping layer, were 

presented and explained pictorially. The physics behind strain generation in NMOS due 

to stressed silicon nitride capping layer and in PMOS by silicon germanium source/drain 

regions were explained. NMOS channel is stressed by tensile nitride cap since an edge 

force is developed as the film passes over the spacer and the structure geometry. The 

silicon lattice in PMOS source/drain is compressed by the introduction of Ge, a larger 

atom than Si, which in turn compresses the channel, thereby enhancing the mobility of 

hole carriers. The piezoresistance coefficient table for standard layout and wafer 

orientation corroborates the reasoning behind NMOS performance enhancement due to 

tensile longitudinal stress and PMOS performance enhancement due to the compressive 

stress. Finally, the effects of scaling different geometrical parameters for n-channel 

devices were explained along with simulation cases. The longitudinal component of 

channel stress increases along with the scaling of NMOS critical dimension. Nitride 

spacers are better acquainted to transfer the nitride capping stress to the channel 

compared to oxide spacers, since nitride is a harder material with a higher Young’s 

modulus. The polysilicon gate thickness also plays an important role in determining the 
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n-channel device stress. Initially, as the gate aspect ratio is increased, the channel stress 

increases. However, beyond 150 nm gate thickness for spacer case, and 100 nm for no 

spacer case, the stress saturates and does not respond to increasing the gate thickness 

thereafter. The thickness of buffer nitride film, used to reduce the process-induced 

defects, is equally significant to engineer, to have the desired mobility enhancement. As 

the liner thickness increases, it becomes difficult for the tensile nitride cap to stress the 

channel.  

Chapter IV presented cases of technical importance in advanced strained silicon 

device technology and the related issues. The cases are important to design and process 

engineers. Historically, mobility of holes is considered to be approximately half that of 

electrons. Due to this reason, PMOS devices are considered to be slower than NMOS, 

and hence the former are designed to be twice as wide as NMOS to have symmetrical rise 

and fall times in CMOS technology. Front-end process induced stress has been reported 

to enhance stressed to unstressed hole and electron mobility ratios up to 4 and 1.7 

respectively [Hoy02]. This implies that in future generations of CMOS strained silicon 

devices, for symmetrical rise and fall times, PMOS need not be twice as wide as NMOS. 

The process flow complexity to induce wafer-based biaxial stress in the state-of-the-art 

SmartCut technology [Soi92] was discussed and the issue of stress relaxation caused due 

to free surface generation while etching STI trenches was explained at length. The 

relaxation causes the stress to reduce near the edges of silicon membrane, and hence this 

relaxation should be accounted for when sizing the transistors. The advantages of using a 

thinner membrane to minimize stress relaxation were discussed along with simulation 

results.  
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A set of cases pertaining to uniaxial locally-induced stress was discussed thereafter. 

The effect of scaling up the nitride capping layer thickness in legged-gate NMOS devices 

separated by a certain distance was seen. The channel stress increases up to a certain 

value, and reduces dramatically at “pinch-off” of nitride layer. Thereafter, increasing the 

nitride cap thickness slowly increases the channel stress. The use of stressed silicon 

nitride as the first layer dielectric, between device and first metal layer, was proposed to 

maximize the channel stress. This was followed by the discussion of a similar case, where 

the space between adjacent devices in a legged-gate structure was scaled in both types of 

MOSFETs, and it was inferred that the stress in both the devices increases with 

increasing the space. Again, the effect of silicon nitride “pinch-off” was observed in 

NMOS devices. These are some of the prime challenges to be faced at the smaller feature 

sizes, where source/drain regions will be made smaller to increase the packing density of 

the devices.  

Next, the stress variation in different devices in a legged-gate structure due to 

presence of STI was discussed. STI relaxes and absorbs some stress from the adjoining 

devices; thereby the carrier mobility enhancement will be different in different devices. 

This is another important consideration the design engineers should take into account 

during circuit design. Another issue that leads to stress reduction in NMOS device (and 

PMOS device in dual stress liner technique) channel is the effect of etching contact holes 

for the source and drain connection. The contact holes remove significant amount of 

nitride, which relaxes the channel stress. The effect has been discussed by Cea et. al. 

[Cea04] and the difference between 2D and 3D simulated results has been explained. A 

2D simulator assumes the contacts are of infinite depth rather than the 3D case that takes 

 



55 

all dimensions of the holes into account. The effect of raising the embedded SiGe 

source/drain regions to compress the channel higher, has been discussed in the following 

section. The raising is beneficial up to 300 оA, beyond which the stress is indifferent to 

the step height. Due to processing conditions, nitride spacers are preferred over oxide 

spacers, but this hinders the SiGe source/drain regions to stress the channel. Further, 

increasing the Ge concentration increases the stress in the source/drain along with the 

longitudinal compressive channel stress. Modern processes have incorporated up to 30% 

Ge concentration in the source/drain to achieve ultra shallow junction depths for the 

minimal feature size transistors. Boron diffusivity has been reported to get retarded in 

presence of SiGe compared to single crystal silicon [Zan03]. 

The difference in the stress generated in p-channel devices in bulk and silicon-on-

insulator (SOI) technology has been simulated. The presence of oxide box does not make 

significant differences in the stress transferred to the channel. The source/drain depth in 

PDSOI devices is restrained by the silicon thickness, and hence the maximum it can 

reach in modern processes is up to 70 nm. This limits the SiGe volume, and hence the 

current 90 nm technology devices on bulk silicon exhibit higher stress than the SOI 

devices. An important issue of dopant induced stress in p-channel MOSFET device is 

discussed in depth, and the detrimental longitudinal tensile stress generated due to B 

doping has been discussed for short-channel and long-channel devices. From the 

piezoresistance coefficient table, it can be seen that tensile longitudinal stress degrades 

PMOS hole mobility. The tensile stress is prominent in short-channel devices where the 

source/drain regions are in close proximity to the channel and the B dopant concentration 

is approximately 3 x 1020 cm-3. The tensile stress offsets some of the compressive stress 
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induced by the SiGe source/drain regions, and hence the hole mobility attained is lower 

than the expected value. 

Finally, the prospective stress generation techniques by engineering the transverse 

longitudinal stress by HARP STI have been discussed. Various issues pertaining to this 

technique have been explained and seconded with simulation results. The stress variation 

along the device width in long-channel devices can be of prime concern, since it gives 

different carrier mobility at different points along the width. It is equally important to 

engineer STI depth and width to maximize the stress for the given device dimensions. 

The effect of “Stress Magnification” in HARP STI stress generation technique has been 

explained, where the channel stress exceeds the intrinsically defined STI stress in absence 

of polysilicon on top during the process flow. The topology and densification of STI 

should be accounted for to attain the desired stress. 

5.2 Recommendations for Future Work 

Strain generation techniques have been discussed and a wide range of issues 

affecting the strained silicon devices have been simulated as a part of this thesis work. 

The emphasis for this work was to highlight the issues which the industry needs to 

account for in developing the process and devices. At each technology node, smaller 

feature sizes will be incorporated, which will demand more precise modeling of the front-

end process to predict the device behavior. As we deal with materials at the atomic levels 

in future technology nodes, many different processing techniques are being explored to 

meet the requirements of the International Roadmap for Semiconductors (ITRS). The 

following work describes some of the recommendations for the future work to achieve 

closer simulated results to the fabricated device data.  
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5.2.1 3D Modeling 

A better understanding of issues like contact hole etching, stress relaxation in SSOI 

films etc. will be achieved by 3D modeling of the process and device. A good example 

illustrating the difference in the results is the 3D modeling of contact holes [Cea04] 

where the results obtained by 2D simulator are very conservative and depict a significant 

mobility loss compared to the actual loss. All simulation cases for PMOS devices need a 

3D approach, where the width of the device is finite and the intrinsic stress defined in the 

source/drain regions should be in all three dimensions. The stress generation techniques 

using HARP STI should also be simulated by defining the intrinsic stress in all three 

dimensions, since the STI densifies equally in all dimensions. Some of the 3D simulation 

results might reveal that the stress generated in the channel is not purely uniaxial, and that 

there is also some biaxial component attached to it. Therefore, it is recommended to 

simulate all the cases in a 3D simulator with a very close modeling to the actual process 

flow. ISE-FLOOPS v10.0 supports 3D simulations, which is recommended to simulate 

all the future work. 

5.2.2 Additivity Issue 

An interesting issue to explore, which was attempted during this thesis work, is the 

stress additivity when a compressive silicon nitride capping layer is deposited over a 

PMOS structure with embedded SiGe source/drain. It is worth exploring, if the 

compressive stress generated by the individual techniques, actually complement each 

other when incorporated together. This requires multiple balancing of forces during the 

simulations, first one after PMOS structure sans silicon nitride, and the second one after 

deposition of silicon nitride film. This effort should then be extended to simulate the 

effect of a nitride cap while raising the step height. It is predicted that initially the stress 
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would be additive, but as the step height is increased, the impact of compressive nitride 

cap on the channel stress would decrease. This effect was attempted to be simulated 

during this thesis work, but since ISE-FLOOPS v9.5 does not support multiple 

“StressSolve” commands in a single script, it is left as a recommendation for the future 

work using ISE-FLOOPSv10.0. The effort to explore the additivity issue should also be 

extended to test if all the stress generation techniques, including the prospective ones, 

complement each other if implemented together in CMOS structures. 

5.2.3 Stress Generation due to Thermal Mismatch and Material Growth 

In this thesis work, all stresses are modeled by approximating them to the intrinsic 

stress. It is hereby recommended that the thermal mismatch stress during diffusion be 

accounted for, since all materials have different thermal expansion coefficients and this 

can lead to variation in the stress induced in the channel. Also, the SiGe source/drain 

should be simulated with the natural growth profile, and the lattice mismatch stress due to 

the material growth should be simulated in its original form. The obtained results should 

then be compared against the intrinsic stress approximation results presented in this thesis 

work.  

5.2.4 Better Understanding of Novel Stress Generation Techniques 

It is imperative to understand and closely model the novel stress generation 

techniques, like the HARP STI to engineer transverse longitudinal stress, which would 

suffice the needs of performance enhancements for future strained silicon devices. The 

next step should be to club the existing standard strained silicon techniques with the 

novel techniques, and explore the stress additivity in the composite structures. 

As can be seen from the discussion in this chapter, there is a wide scope for 

exploration in the field of simulating front-end process induced stress to enhance the 
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carrier mobility and thereby extend the Moore’s Law. It is hereby recommended that all 

the simulation results should be backed with the experimental data to have a better 

understanding of strain generation mechanisms in the devices. 
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