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The TCAD tools of today are based on the atomic mechanisms 

underlying particular processes. This allows the simulators to be 

more predictive and to be utilized for a wider range of device 

architectures. The models in the simulators are also becoming 

increasingly sophisticated as new physics and processes are 

incorporated. Current diffusion simulators include models for ion 

implantation, dopant and defect diffusion, point defect/dopant 

/extended defect interactions, diffusion transients, stress, 

electric fields, charged defects and more. The study for this 

Ph.D. focuses on dopant diffusion in strained Si for metal oxide 

semiconductor field effect transistor (MOSFET) by using first-

principles and Kinetic Monte Carlo simulation. 

 
Tensile-strained silicon is a promising candidate for the 

channel of MOSFET due to the high mobility of the carriers. We 

 vii



have performed density functional theory based first-principles 

calculations to investigate the effect of biaxial strain on boron 

diffusion in Si by a more direct approach than previous 

researchers. The results suggest that tensile biaxial strain 

lowers the activation enthalpy, and furthermore causes an 

anisotropy of boron diffusion. On the contrary, compressive 

biaxial strain increases the activation enthalpy. We study strain 

effect in different charge systems. Basically the trend of 

decreasing diffusion barrier persists. The analysis of charged 

system is much more complicated than neutral system due to the 

well-known reason that strain can change the band structure of 

Si.   

 
A lot of experiments show that fluorine can suppress boron 

transient enhanced diffusion (TED) if it is co-implanted with 

boron, but the reason of this effect is not very clear yet. We 

propose our own theory about the effect of fluorine on boron 

diffusion based on the fluorine-vacancy complex theory.  

Fluorine-vacancy complex is found to be a trap for mobile boron 

atoms as well as Si interstitials by ab initio calculations. The 

suppression of boron diffusion is due to not only the lower Si 

interstitial concentration, but also the direct interaction 

between fluorine-vacancy complex and boron. Kinetic Monte Carlo 

simulations are performed to confirm this effect and agree with 

the experimental results. Furthermore, the same theory also 

explains why boron can enhance the diffusion of fluorine.  
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CHAPTER ONE 
Introduction 

 
 
1.1 Background about Ion Implantation and 

Dopant Diffusion  

 

1.1.1 Ion implantation and anneal  

 
Ion implantation has been the major doping technique for a 

long time. It has advantages such as accurate control of the 

number of the implanted atoms at a certain depth and high 

activation rate after annealing. But at the same time, 

accelerated ions cause a lot of radiation damage in the silicon 

lattice, as well as sputtering of surface atoms. The annealing of 

the damage and the activation of dopant atoms must be done at 

high temperature. The damage impacts both dopant diffusion and 

activation, and creates transient enhanced diffusion (TED), which 

can push PN junctions much deeper than desired. Reduction of 

thermal budgets to minimize diffusion and junction shift is a 

compromise with the need for sufficient dopant activation and 
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damage annealing. Significant effort needs to be expended to 

understand TED and activation so that trade-offs can be made 

[ZIE02]. 

  

                     FIG 1.1  

     Junction depth of deep submicron device 

Junction depths are currently below 25 nm for 90nm process 

technologies and are predicted to be as low as 10 nm for future 

deep sub-micron devices. Shallow junctions can be fabricated by 

carefully controlling TED. Methods for reducing TED include 

lowering implant energies, pre-amorphization followed by solid 

phase expitaxial regrowth and high temperature, rapid thermal 

processing (RTP) cycles.  

Non-traditional implantation techniques, such as cluster 

beam implant and plasma-assisted doping (PLAD) ion implantation, 
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still need more research work at the present time. But whatever 

implantation technique is used, they all suffer from TED and 

damage. 

 

FIG 1.2 A plasma-assisted doping setup 

Rapid thermal annealing (RTP) such as spike anneal can 

reduce thermal budget compared to furnace processing. However, it 

is difficult to accurately control temperature and ramp rates. 

Spike anneal requires higher peak temperature for equivalent 
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activation and has possible thermal stresses across the wafer. 

Gas Immersion Laser Doping (GILD) can get dopant activation above 

solid solubility limits and improve lateral junction abruptness. 

An amorphous layer thickness determines the xj for a box-shaped 

profile, but the process integration is complicated, and requires 

an absorber to uniformly distribute the heat. It also causes gate 

electrode deformation. Excimer laser annealing allows the rapid 

(on the order of microseconds) melting and recrystallization of 

any material within a “skin” layer of the surface, of which the 

skin layer depth is typically on the order of 50-200nm. Microwave 

Anneal can cause volumetric heating of wafer that is limited by 

skin depth. It also has the advantage of selective absorption. 

However, it is still an unproven technique for silicon junction 

processing [CUR01]. 

 

 

 
 

FIG 1.3  
Two-dimensional analysis of dopant distribution by 
TEM of a shallow junction formed by B ion 
implantation and laser annealing. [FOR02] 
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1.1.2 General theory of dopant diffusion  

 

The main purpose of a diffusion study is the determination 

of the location of impurity atoms that are introduced into the 

lattice for altering electronic properties. In addition to 

concentration gradient and temperature, crystal structure and 

defect concentration are extremely important. Impurity atoms 

diffuse by making random jumps. According to the different types 

of jumps, we can get the diffusion mechanisms such as 

interstitial diffusion, substitutional diffusion, interstitial-

substitutional diffusion, interstitialcy diffusion, etc. 

For interstitialcy diffusion, interstitial atoms “kick” out 

substitutional impurity atoms into interstitial sites.  These 

impurities can diffuse to adjacent substitutional sites and 

create new self-interstitials. The interstitial position of the 

diffusing impurity atom is purely a transition state when the 

impurity moves from one substitutional site to another. This 

process dominates the diffusion of boron in silicon. We will 

discuss this mechanism in detail later [GHA94].  

During high temperature anneals, there can be an anomalous 

TED which makes boron diffusion much more than for the usual 

situation. It is believed that there are rod-like defects called 

{311} that are responsible for this diffusivity enhancement. We 

know that boron undergoes interstitial-assisted diffusion. {311} 

can provide free Si interstitials constantly during annealing.  
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In order to understand and predict these effects, it is 

important to study models that treat a range of properties, 

including: the implantation of energetic ions and damage 

production; the structure, energies and mobilities of individual 

point defects; the interactions between point defects leading to 

the formation of clusters; the stability and mobility of 

clusters; the interactions between point defects and 

substitutional dopant atoms.  

 

 
 

Fig. 1.4  
Transmission electron microscopy (TEM) view of a 
{311} defect in silicon. [LAW00] 

 
The increased interstitial concentration [I] in the ion-

implanted region will shift the local equilibrium between 

substitutional and mobile dopant atoms, and the resulting 

enhanced dopant diffusivity D is to good approximation, given by 
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where DA* denotes the dopant diffusivity under equilibrium 

conditions and [I*] is the equilibrium interstitial 

concentration. 

 

 

 
                           
                         Fig.1.5  

TEM measurement of total Si interstitial density 
in {311} defects as a function of annealing time 
[STO97]. 

 

During RTA, the excess interstitials precipitate as a 

single monolayer of hexagonal Si, forms the rod-like defects 

{311}, which develop along the <110> direction. These defects 

slowly dissolve and maintain the interstitial excess. Initial 

investigations have shown that this defect dissolves with a time 

constant approximately the same as for TED, and that this defect 
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Fig 1.6  

Dislocation loops [STO97] 

 

is “the source of the interstitials”. Although {311} defects have 

a controlling role in TED, we still do not understand many of the 

things that influence {311] formation and dissolution. If the 

amount of primary damage is below a critical value, the {311} 

defects dissolve completely; the crystal is restored to perfect 

state. Above this critical damage level, the larger {311} defects 

can turn into stable dislocation loops. Dislocation loops are 

called secondary defects; they exist even after all the primary 

damage is completely annealed. After solid phase epitaxial (SPE) 

regrowth of amorphous region, a large number of dislocation loops 

are left at the interface between amorphous and crystalline 

silicon because they are below the threshold of amorphization. 

These defects are called End-Of-Range (EOR) defects. After RTA 

anneal, Oswald ripening occurs and the interstitials are trapped 
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in the loops. These dislocation loops are stable at 1000°C, but 

can disappear at higher temperature [STO97, PLU00]. 

 

 

1.2 Front End Process Modeling  

 

The best TCAD tools of today are based on physically-based 

models of the atomic mechanisms underlying particular processes. 

This allows the simulators to be more predictive and to be 

utilized for a wider range of device architectures than just 

those used in calibrating the models. The models in the 

simulators are also becoming increasingly sophisticated as new 

physics and processes are incorporated. Current simulators 

include models for ion implantation, dopant and defect diffusion, 

point defect/dopant/extended defect interactions, diffusion 

transients, stress, electric fields, charged defects, etching, 

deposition, oxidation, silicidation and more [IRT03].  

For dopant diffusion and activation studies, continuum 

models remain the mainstay of process simulators. Point defect 

based diffusion models need to be considerably refined especially 

concerning the interaction of dopants and defects in clustering 

and activation, and dopant binding. RTA ramp rates are an 

important factor, and their influence on diffusion/activation 

needs to be tested. The defect of interfaces, especially non-SiO2 

interfaces, becomes increasingly important. Here, the segregation 

and trapping of impurities needs to be modeled for all kinds of 

gate dielectrics, including SiO2, nitrided oxides, and high k 
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materials, and taking the influence of N, C and F impurities and 

knock-on oxygen into account.  

Models for surface and interface diffusion are needed. 

These include interactions with SiO2 and new gate dielectric 

materials. Process models for alternative materials (such as SiGe 

or SiGe:C) also needed to be developed. With rapidly shrinking 

device dimensions, mechanical stress effects are becoming 

important, and models for the effect of stress on reliability and 

dopant diffusion need to be developed.  

Continuum methods employ the same physics as MC methods. 

Simple first-order chemical reactions are used to describe the 

interaction between dopants and defects, and defects and 

clusters. The main difference is that in MC methods, each 

particle’s path is traced individually, and the computation time 

becomes proportional to the number of particles traced. Since the 

MC method is statistically sampling the number of atoms in the 

system, the accuracy depends on the number of particles that are 

traced. Computation time correlates roughly with the number of 

particles, and numerical error goes as one over the square root 

of the number of particles. 

Continuum methods approach the system from a different 

angle. In continuum simulation, the physics is formulated as a 

series of differential equations for each particle type. 

Typically, these equations are continuity equations—particle gain 

or loss depends on recombination and diffusion fluxes. Each 

species in the system needs a different differential equation. To 

model dopant behavior, totally five coupled differential 

equations are needed: one for the total dopant concentration, one 
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for each of the two different dopant–defect pairs, and one each 

for the two different point defects. This type of model is 

commonly referred to as a five-stream model for diffusion. 

Additional differential equations are also required to represent 

clustered defects, for example, the {311} defect population.  

 

Multiscale computational approach 

 

 

FIG 1.7 

 Different level of dopant diffusion simulation 
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1.3 Kinetic Monte Carlo simulation 

 

As a function of time, the kinetic Monte Carlo (kMC) model 

tracks the locations of defects, dopants, impurities, and 

clusters thereof. These various species are all treated as point 

particles with basic attributes such as size, diffusivity and 

dissociation rates. Additionally, it can include micro-structural 

features such as dislocations, surfaces and grain boundaries, 

which are treated as sinks of differing strengths. The data 

required to carry out these simulations are quantities such as 

the temperature-dependent diffusivities of defects, dopants, and 

impurities; the binding energies of clusters; the spontaneous 

recombination volume of vacancies and interstitials; the capture 

radius of point defects clusters and extended defects; and the 

jump distance, etc. 

During the simulation various kinetic processes are allowed 

to take place. The possible events are: the dissociation of a 

particle from a cluster; the diffusive jump of a particle; the 

introduction of a new cascade, that is, a new energetic dopant 

and all its associated V’s and I’s.  

The simulation time is then decided by the inverse of the 

sum of the rates for all possible events in the simulation box. 

 

                              (1.2) 
1)( −∑=∆ NiRit χ
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where the sum is over all possible events which can occur 

in the simulation box, Ni is the number of particles in the box 

that can take part in event I, and Ri is the rate of event i.  χ 

is a random deviate that gives a Poisson distribution in the time 

steps, so that they take a randomly distributed amount of time, 

but the average time for any event is given by the inverse of its 

rate. The time step increases when the number of possible events 

decreases or the event rate is slower [THE00]. 

 

 Set reaction rates for all Migration(random jump)  
defects Binding/ formation/ 

dissolution

Pick an 
event  

 

                               FIG 1.8  

        Diagram of the Kinetic Monte Carlo simulation process  

Do the 

End 

Set total Probability P 
Select random event 

Spontaneou
s  

   
0 P

Dual concepts:  
Particles (V, I, B, C, ...): Location Manager (Locator)  
Defects (PointD, Clusters, 311's, Complexes, Surfaces, ...): 
Event Manager (Scheduler)   

DADOS (M. Jaraiz et al., Univ. of 
Valladolid, Spain)  
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The first application of the kMC method to model defect 

diffusion in Si was reported by M. Jaraiz et al. DADOS (diffusion 

of atomistic defects, object-oriented simulator), and the method 

has since been used extensively by that group to model 

implantation and diffusion of defects and dopants in Si.[JAR96, 

PEL99, COW99, PEL01] There is another kMC simulator (BIGMAC) to 

study damage accumulation and defect and dopant diffusion in Si, 

which was developed by Johnson, Caturla and Diaz de la Rubia.  

To complement experimental work, atomistic process models 

can be used to calculate parameters for kMC and continuum models. 

For example, dopant binding and migration energies need to be 

calculated, such as the binding energies of a substitutional 

dopant to a mobile dopant atom or silicon interstitial and a 

point defect or dopant cluster. Forward and reverse rate 

coefficient calculations will be needed for several types of 

dopant-defect and dopant-interface interactions. 

Molecular-dynamics (MD) simulation methods can be used to 

treat the full dynamics of the diffusion process. MD is based on 

a simple integration of the classical equations of motion of an 

ensemble of atoms in a crystallite. Because atom trajectories are 

computed from forces derived from the gradient of an inter-atomic 

potential and integrated using Newton’s equations, the simulation 

can describe the complete phase space available to the system. 

Therefore, it is possible to simulate systems containing hundreds 

of atoms for nanoseconds or more. Such simulations have a great 

advantage for the calculation of saddle point properties. MD can 

also help predict the formation of realistic damage 

microstructures.  
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1.4 Density Functional Theory and VASP  

 

The accurate solution for many-electron system is Hartree-

Fock theory, which needs to solve Slater determinants of many-

electron wave functions. Obviously this method causes a lot of 

computational difficulty for large systems and it easily becomes 

impossible to calculate for a Si system in which we try to study 

the dopant diffusion behaviors. 

Density functional theory (DFT) depends on electron density 

n(x,y,z), not the  3N variables. Therefore, it has extremely good 

scaling possibility. DFT calculation is based on Hohenberg-Kohn 

theorem 

  

∫ ∫ ∫ ΨΨ⋅⋅⋅= ),...,,(),...,,(*)( 2121
3

3
3

2
3
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Hohenberg and Kohn proved that the relation expressed above can 

be reversed, i.e., to a given ground state density, it is in 

principle possible to calculate the corresponding ground state 

wave function. In other words, ψ0 is a unique functional of n0. 

Therefore, the total energy functional can be written as 

  

∫+++= rdrnrVnEnEnTnE xcH
3)()()()()()(   (1.4) 

 

Since the exact form of T(n) and Exc(n) are unknown, local 

density approximation is required for DFT calculations. One 
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approximation is Thomas-Fermi-Dirac theory, which approximates 

T(n) and Exc(n) by the corresponding energies of a homogeneous 

electron gas of the same local density.  Kohn-Sham theory uses 

the fact that the functional in the equation above can be written 

as a fictitious density functional of a non-interacting system. 

In Local Density Approximation (LDA) the functional depends only 

on the density at the coordinate where the functional is 

evaluated. In Gradual Gradient Approximation (GGA) the functional 

is also local, but takes into account the gradient of the density 

at the same coordinate. One should remember that the extension of 

DFT from ground state to excited states is not obvious. DFT is a 

ground-state theory only. There are also other limitations 

besides the approximations above, one example is the under-

prediction of the band gap in semiconductors (~0.6eV instead of 

~1.2eV for Si). 

The program that we perform DFT calculations is Vienna Ab-

initio Simulation Package (VASP), written and maintained by Prof. 

Hafner and Kresse from the University of Vienna. VASP is an ab 

initio quantum-mechanical molecular dynamic (MD) simulator, which 

can evaluate instantaneous electronic ground state at each step. 

We can also use VASP to calculate the migration energy and 

cluster formation energy needed in the kMC code DADOS. We use 

Ultrasoft Vanderbilt pseudopotentials (US-PP) for all the 

diffusion related study. Since GGA is arguably better than LDA, 

all the potentials are GGA.  

The most important concepts of DFT calculation during this 

work are suprecell, kpoint mesh and nudged elastic band method.  
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1.4.1 Supercell and k-point mesh  

 

The idea of calculating dopant diffusion pathway, migration 

barrier, and the binding energies is based on the supercell 

method. Because we need to have periodic boundary condition for 

calculating dopant properties in Si, a small sample cell makes no 

sense. For example, for Si usually a 2-atom cell can do most of 

calculations such as band structure etc. However, regarding to 

dopant diffusion or defect study, even 8-atom base is too small 

to give any reasonable results because the Si atoms surrounding 

dopant move away from lattice site position during the 

relaxation. The tension in the boundary means that there is an 

interaction between two neighboring dopants at this situation. In 

64-atom cell Si atoms at the boundary do not move during the 

relaxation, so that there is no interaction between two dopant 

atoms. Therefore, 64-atom cell is the minimum supercell that 

people use for diffusion study currently. Along with the 

increasing of calculation speed in recent years, 256-atom cell is 

more preferred. 

In order to get accurate results, a dense k-point mesh is 

needed. Usually we use 4x4x4 auto mesh in VASP in most of 

diffusion study except band structure calculation. The auto mesh 

method generates centered Monkhorst-Pack grids, where the 

numbers of subdivisions along each reciprocal lattice vector are 

given by  
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bi is the reciprocal lattice vectors, and |bi |is their norm. VASP 

generates an equally spaced k-point grid with the coordinates:  
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Symmetry, which is used to map equivalent k-points to each other, 

can reduce the total number of k-points significantly.  

 

1.4.2 Nudged elastic band method (NEBM) and 

climbing image 

 

A common and important problem in diffusion related 

research is the identification of a lowest energy path from one 

stable configuration to another. Such a path is often referred as 

the minimum energy path (MEP). The potential energy maximum along 

the MEP is the saddle point which gives the activation energy 

barrier. To find diffusion paths and saddle points, many 

different methods have been presented, in which nudged elastic 

band method (NEBM) is the most accepted one at present. 

In chain-of-states methods, several images of the system 

are connected together to trace out a path. If the images are 

connected with springs of zero natural length then the chain is 
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mathematically analogous to a Feynman path integral. In the 

context of finding MEPs for classical systems, one can minimize 

the object function with respect to the intermediate images while 

keeping the end point images. We refer this as the plain elastic 

band (PEB) method. 

 
 

                                         Fig.1.9 
 

(a): A plain elastic band with spring constant k = 1.0 
is shown with circles connected by a solid line. It cuts 
the corner and leads to an over estimate of the saddle 
point energy. The MEP, as obtained by the NEB method, is 
shown with a solid line going through the saddle point. (b): 
Same as (a) but with a spring constant of k = 0.1. The 
corner cutting is diminished, but now the images slide down 
from the barrier region towards the minima at the endpoints, 
thus reducing the resolution of the path in the region of 
greatest importance. [JON98] 
 

In NEBM, a minimization of an elastic band is carried out 

by the projection of the perpendicular component of the spring 

force and the parallel component of the true force. We refer this 

 19



projection of the perpendicular component and the parallel 

component of the spring force as `nudging'. These force 

projections decouple the dynamics of the path itself from the 

particular distribution of images chosen in the discrete 

representation of the path. The spring force then does not 

interfere with the relaxation of the images perpendicular to the 

path and the relaxed configuration of the images lie on the MEP. 

Furthermore, since the spring force only affects the distribution 

of the images within the path, the choice of the spring constant 

is quite arbitrary. This decoupling of the relaxation of the path 

and the discrete representation of the path is essential to 

ensure convergence to the MEP. 

 

Fig 1.10 

 Comparison of NEB and climbing image NEB [HEN00] 

The climbing image is a small modification to the NEB 

method in which the highest energy image is driven up to the 
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saddle point. This image does not feel the spring forces along 

the band. Instead, the true force at this image along the tangent 

is inverted. In this way, the image tries to maximize it's energy 

along the band, and minimize in all other directions. When this 

image converges, it will be at the exact saddle point.  
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CHAPTER TWO 

Strain and Stress in MOSFETs  
 

 

Since a lot of physical phenomena generate stress in metal 

oxide semiconductor field effect transistors(MOSFETs) structure 

during fabrication, it is essential to understand the basics of 

mechanics like volume changes during oxidation, thermal mismatch 

between materials, intrinsic strain in deposited layers, and 

surface tension. 

 

 

2.1 Strain, stress, elasticity and Poisson 
ratio  

 

Strain ‘ε’ is defined as the fractional change in length 

under force. It is thus a unitless quantity. The polarity of the 

change determines the strain compressive (to shorten an object) 

or tensile (to lengthen an object). Tensile strain is considered 

as positive and compressive strain as negative. Stress (σ) is 
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defined as force per unit area acting on the surface of a solid. 

Its unit is Pascal (Pa).  Similarly stresses are also defined as 

compressive or tensile based on the direction of applied forces. 

However, if the force is applied as a couple and not along the 

same line, the solid object tends to be sheared off. Here the 

stress is called shear stress. The shear strain is defined as the 

fractional change in dimension of the sheared member. 

       

 

                   Fig 2.1  

A typical stress-strain curve showing the 

linear region, necking and eventual break 

[JOH05] 

 

In tensile and compressional stress, this relationship 

between strain and stress can be described by the modulus of 

elasticity (Young's modulus), as given by ‘E’ as E = σ/ε. Hence, 

it is obvious that Young’s modulus defines the stiffness of the 

material in the linear region [Fig 2.1 ]. The material may begin 

to “neck” at certain location and finally break.   
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Poisson's ratio n is the ratio of transverse contraction 

strain to longitudinal extension strain in the direction of 

stretching force. Tensile deformation is considered positive and 

compressive deformation is considered negative. The definition of 

Poisson's ratio contains a minus sign so that normal materials 

have a positive ratio. 

 

 
2.2 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.  

 

2.2.1 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, SiO
2
, silicon nitride expand 

and contract at different rates compared to the silicon substrate 

according to their thermal expansion coefficients. 
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Fig 2.2 

 Thermal mismatch of two materials 

 

Thermo-elastic behavior of materials is described by the 

constitutive relations, 

σ = C (ε- α∆T) = Cε-β∆T 

σ and ε are the stress and strain tensors,  
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where υ is the Poisson’s ratio and E
 
is the Young’s modulus of the 

film and ∆T is the temperature change. The thermal strain tensor 

α is the resulting strain of a material allowed to expand freely; 

the thermal stress tensor β=Cα is the stress per degree K in the 

material constrained not to expand [SIG96]. 
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2.2.2 Intrinsic stress  

 

It is well known that thin films develop large intrinsic 

stress during their preparation. The intrinsic stress either 

originates from strained regions within the films (grain 

boundaries, dislocations, voids, impurities, etc.) or at the 

film/substrate (lattice mismatch, different thermal expansion, 

etc) and film/vacuum interfaces (surface stress, adsorption, 

etc.), or is due to dynamic processes (recrystallization, 

interdiffusion, etc). The magnitude of most of these stress 

contributions is directly related to film morphology. The 

intrinsic stress generated can be quantified by Stoney’s equation: 

 

f

Si

h
h

R
E

)1(6 ν
σ

−
=     (2.2)  

 

where E
 
and υ

 
are Young’s modulus and Poisson’s ratio of substrate 

silicon, h
Si 
and h

f 
are substrate and film thickness, and R is the 

radius of curvature of the substrate.  

 

2.2.3 Dopant-induced stress  

Each dopant atom induces some local lattice distortion in 

silicon lattice. When these dopants enter the silicon lattice as 

substitutional atoms, the corresponding macroscopic strain can be 

estimated from the atomic radius mismatch. This mismatch strain 
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introduces a mismatch stress. Figure 2-1 illustrates the lattice 

contraction and expansion for boron and germanium atoms doped 

into silicon substrate.  

 

 

Figure 2.3 

 Lattice contraction due to boron atom and 

lattice expansion due to germanium atom [SHA05].  

 

2.3 Strained Si and SiGe MOSFETs 

 

In recent years, tremendous development has been made to 

improve the device performance of Si-based devices, e.g., higher 

density, faster speed and lower power dissipation. In 
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conventional Si-based MOSFETs, the device and process 

technologies have almost been pushed to the limit. New materials 

are needed to achieve even better device performance. The new 

materials and device structures should not only provide favorable 

electrical properties but also offer compatibility with the 

mature and robust Si technology to achieve cost effectiveness.  

Compared with Si, Ge has a similar band structure with 

smaller electron and hole effective masses and narrower band gap. 

The lattice mismatch between Ge and Si is 4%, and Ge is 

completely miscible with Si. It is feasible to grow SiGe alloys 

with any magnitude of Ge mole fraction. It is known that the 

fundamental band gap of bulk SiGe alloys is smaller than that of 

Si and the effective masses are smaller. Additionally these 

features can be engineered by adjusting the Ge mole fraction in 

the alloy. Thus SiGe is a feasible candidate compatible with 

current Si technologies in enhancing the device properties of 

semiconductor devices. 

In the past, two types of SiGe-based materials, strained 

SiGe and strained Si grown on a bulk SiGe substrate, have been 

studied and applied to semiconductor devices.  

 A high-quality compressively strained SiGe alloy layer can 

grow on (100) plane of a bulk silicon substrate by molecular beam 

epitaxy (MBE) and chemical vapor deposition (CVD). Due to the 

larger lattice constant of bulk Ge than that of Si, the 

pseudomorphic SiGe alloy layer is compressively strained. 
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                 Fig. 2.4(a)  
  
 Schematic diagram of the strained Si MOSFET 
structure. The Si channel is under biaxial tensile 
strain. 
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                     Fig. 2.4(b)  
 
 Si can grow epitaxially on SiGe buffer layer with the
same lattice constant as SiGe before reaching a 
critical thickness. This critical thickness is usually
a few hundred Angstroms.   
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                   Fig 2.4(c) 
 Since the lattice constant of relaxed SiGe is 
larger than Si, the Si layer grown on SiGe is 
under biaxial tensile strain. 
 

 

Silicon grown on a relaxed SiGe buffer layer is a common 

embodiment for generating biaxial tensile strain on the Si wafer. 

Fig. 2.4(a) shows the basic strained Si/relaxed SiGe MOSFET 

structure2. The biaxial tensile strain is induced in the thin 

epitaxial Si layer by the lattice mismatch between Si and SiGe, 

and this mismatch depends on the mole fraction of Ge content in 

SiGe alloy [Fig. 2.4(b)]. If the strained Si layer is kept 

sufficiently thinner than the critical thickness (around 200 Å 

for Ge content 0.4 at 873 K), the Si/SiGe interface is free of 

misfit dislocations and the lattice mismatch in the structure is 

accommodated by coherent layer strain.  

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, while PMOS performance (hole 

mobility) is enhanced by uniaxial longitudinal compressive stress. 

Interestingly, both NMOS and PMOS performance is enhanced by 

biaxial tensile stress. 

Uniaxial process strained silicon is being adopted in 

nearly all high-performance logic technologies. The channel 
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stress can be introduced by a tensile nitride capping layer on 

the device structure. As a result, the channel stress is 

dependent on the polysilicon gate and spacer dimensions. The 

uniaxial stress enhances electron mobility, thereby improving 

NMOS performance. 

Figure 2.5 shows Intel’s technology which implements 

tensile Si
3
N
4 
(silicon nitride) capping for n–channel devices. The 

 

 

 
               FIG 2.5  

 
TEM micrographs of 45-nm p-type and n-type MOSFET [THO04] 

 

 

p-channel device performance is enhanced by using selective SiGe 

layer as source/drain regions. 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. 
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                  Figure 2.6  

(a) Schematic equi-energy surfaces of the six split valleys 
in the first conduction band in compressively strained Si1-xGex. 
The minimum energies of the dark valleys are lower than those of 
the open ellipsoids. (b) Schematic energy diagrams of heavy hole 
(HH) and light hole (LH) bands in compressively Si1-xGex [WAN02] 

 

The compressive strain lifts the degeneracy of conduction 

band and valence band of SiGe at the band edges, as shown in Fig. 

2.6. In the conduction band, the ground energy of four ∆4 valleys 

around X points on the growth plane (100) move down, while two ∆2 

valleys move up. Therefore, more electrons occupy the in-plane ∆4 

valleys. The average effective mass component along the growth 

direction becomes smaller so that the mobility in the same 

direction is enhanced. However, the in-plane mobility is lower 

than that of bulk Si, due to higher average effective mass and 

alloy scattering. In the valence band of compressively strained 

SiGe (Fig. 2.6(b), the heavy-hole (HH) valley moves up in energy 
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above the light hole (LH), and the heavy-hole effective mass is 

decreased under the strain. The hole mobility in compressively 

strained SiGe is enhanced by 50% at room temperature.[WAN02]  

  

 

                 Figure 2.7  

 (a)Schematic equi-energy surfaces of the six split valleys 
in the first conduction band in tensile strained Si. The minimum 
energies of the dark valleys are lower than those of the open 
ellipsoids. (b) Schematic energy diagrams of heavy hole (HH) and 
light hole (LH) bands in tensile strained Si.[WAN02] 

 

In the conduction band of tensile strained Si, the strain 

lifts the degeneracy of the conduction and valence band edges, as 

shown in Fig. 2.7. The four-fold in-plane ∆4 valleys move up in 

energy, while the ∆2 valleys in growth direction move down and can 

accommodate more electrons. Thus, tensile strained Si has higher 

in-plane electron mobility. The hole mobility of tensile strained 

Si also becomes higher because the light-hole valley moves up and 

there is less inter-band scattering.  
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Strained Si and SiGe device design is ultimately based on 

the understanding of band structures of the materials, band 

offsets at the heterojunctions and accurate simulation of carrier 

transport in the device. The band structures of a strained Si or 

strained SiGe layer with various stresses are calculated by a 

variety of methods: first-principles density-functional theory; 

empirical pseudopotential calculation and tight binding 

calculation.  
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CHAPTER THREE 
Boron Diffusion in Strained Si 

 

 

3.1 Review of Dopant Diffusion in Strained Si 

and SiGe 

 

Strain effect on dopant diffusion has recently received a 

lot of attention because strained Si/SiGe technology has become 

very popular due to the enhanced mobility of carriers [HOY02] for 

next generation MOSFETs. Moreover, with the scaling of MOSFETs, 

the local process-induced strain can no longer be ignored. The 

studies of the properties of strained Si such as dopant 

diffusivity would help develop successful process integration 

because strain may impact the junction depth of source/drain, and 

effective channel length of MOSFETs. 

Many studies have been done on the strain/stress effect on 

diffusion, theoretically and experimentally. Due to the 

complexity of such experiments, there are many inconsistent even 

controversial experimental results on the effect of stress on 
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diffusion, and the debate still continues. In the mid-90's, it 

was found that B diffusion is suppressed in strained SiGe.[KUO93, 

MOR93] Cowern et. al. [COW94] proposed that the slower B 

diffusion is because of the biaxial compressive strain in the 

SiGe layer grown on the Si substrate, and they also concluded an 

enhancement of the interstitial-mediated impurity diffusion as 

well as a retardation of the vacancy-mediated diffusion under 

tensile strain.  But Kuo et. al. [KUO95] have found that even for 

relaxed SiGe, this diffusivity suppression still persists and the 

B diffusion exhibits weak strain dependence. Their results show 

that B diffusivity in Si reduces under tensile strain, which is 

opposite to the enhancement of B diffusivity in tensile-strained 

SiGe. Thus, the effect of strain on B diffusion remains an 

unresolved puzzle due to the difficulty of decoupling Ge chemical 

effects and stress effects. Recently Zangenberg et. al. [ZAN03] 

have reported results on strained SiGe and strained Si, which 

show that tensile strain increases the diffusion coefficient of 

B. 

People have also tried to studied B diffusion under stress 

in other systems. Zhao et. al. [ZHA99] reported an enhancement of 

B diffusion under hydrostatic pressure and tried to predict 

biaxial strain effect on B diffusion by a theoretical approach 

with a strain-induced activation enthalpy, which relates to the 

activation volume found in hydrostatic pressure experiments. 

There are some connections between hydrostatic pressure and 

strain, but they are still quite different in nature. In such a 

complicated system, it is very difficult to make such 

comparisons. 
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Daw et. al. [DAW01] presented a general treatment to obtain 

the diffusivity tensor. However, the basic parameters for this 

theoretical treatment cannot be easily obtained from experiments; 

they must be obtained from first-principles calculations. 

Recently proposed B diffusion pathway in Si [SAD99, WIN99] makes 

such a detailed first-principles study possible.  In a following 

paper, Laudon et. al. [LAU01, WIN01] studied B diffusion under 

TiN metal gate, which introduces compressive stress under the 

gate. They studied the change of “creation volume” which is 

calculated by the length changes ∆Lα between the defective cell 

and the perfect Si cell. But theoretically they only did the 

calculation in detail for B diffusion under hydrostatic pressure. 

For B diffusion under biaxial strain, they discussed it as an 

example but did not discuss how the diffusivity changes. 

Actually, the stress in Si under a nitride layer or TiN metal 

gate is a function of distance from the interface. The stress is 

not as uniform as in strained Si which grown epitaxially on SiGe. 

It decays quickly down to the Si substrate. Strained Si grown on 

relaxed SiGe is a perfect candidate to study B diffusion under 

biaxial strain experimentally and theoretically. Although many 

studies of B diffusion in SiGe and stress effect on B diffusion 

have been done, first-principles studies of B diffusion in 

strained Si, which is an essential topic for present strained Si 

devices, are still very limited.  

Only the biaxial tensile strain in strained Si grown on a 

relaxed SiGe buffer layer is discussed. Unless otherwise 

specified, all “strain” refers to biaxial tensile strain. The 

strain plane we study is {001} since most of MOSFETs nowadays are 
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fabricated in {001} wafers. Unless otherwise specified, all 

“strain” refers to biaxial tensile strain on {001} plane. 

 

3.2 DFT study of B diffusion 
 

We calculate the activation enthalpy of B in the presence 

of strain with VASP, which is an ab initio quantum-mechanical 

molecular dynamics simulator based on density functional theory 

(DFT). [KRE93] The potential used for this calculation is a 

generalized gradient approximation (GGA) ultra-soft pseudo-

potential.[PER96] The simulation was performed on a uniform grid 

of k points equivalent to a 4x4x4 Monkhorst and Pack grid in the 

diamond cubic cell. The energy cut-off is 208eV. The optimized Si 

lattice constant for GGA in our system is 5.457 Å. A 64-atom 

super cell is used here. Although most of previous studies of B 

diffusion are in a 64-atom system, we also checked 216-atom unit 

cell. From the two different unit cells, we can study the cell 

size effect on our results because strain probably magnifies the 

error for small cell sizes. Although even in the 216-atom system, 

B concentration is not dilute enough compared with the real B 

concentration in MOSFET, the interaction between two B in the two 

neighboring 216-atom systems is small enough for our study. We 

found that in a 216-atom super cell the energy differences for 

the defect configurations under strain, which are under strain 

only shift a little small value (10~20 meV). The trend of strain 

effect on formation and migration energies is clear.   

After introducing the defects to the 64-atom supercell, all 

the atoms in the cell are relaxed to get the minimum energy 
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configuration. The nudged elastic band method (NEBM) [JON98] 

determines the minimum barrier energy along its diffusion pathway 

from the energy difference between the starting point (B-Si 

complex with the lowest formation energy) and the saddle point. 

The climbing image method with variable spring constants is used 

to find the saddle points and minimum energy paths [HEN00].  

 

 

3.3 Boron Diffusion under Strain  

 

To introduce biaxial strain in Si, we applied the lattice 

constant of relaxed  to the two crystallographic directions 

on the (001) plane ([100] and [010]) since the strained Si grown 

on relaxed SiGe buffer layer has the same lattice constant as 

SiGe. We then optimized the lattice constant in the third 

direction ( ) perpendicular to the strain plane in the 64-atom 

cell. The lattice constant of relaxed  can be calculated 

as , where  and  are the lattice 

constants of Si and Ge, respectively. “In-plane” and “out-of-

plane” strain are calculated by 

xxGeSi −1

⊥a

xxGeSi −1

GeSiSiGe xaaxa +−= )1( Sia Gea

SiSiSiGe aaa )(// −=ε and 

SiSi aaa )( −= ⊥⊥ε .  According to the elastic theory [WAL86], the 

“in-plane” biaxial strain //ε  can change the “out-of-plane” strain 

⊥ε  according to the equation  
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 )/(2/ 1112// CC−=⊥ εε               (3.1) 

 

where C11 and C12   are the elastic constants of Si. The 

experimental values of C11 and C12 are 167 GPa and 65 GPa, 

respectively. [LEV96] Our relaxed “out-of-plane” lattice constant 

and furthermore the calculated ///εε⊥  are in excellent agreement 

with the experimental values obtained from Eq.3.1. 

Daw et. al.[DAW01] predicted that B exhibits isotropic 

diffusion for (100) Si grown on SiGe because they treated BiH as 

the saddle point of diffusion pathway approximately. In reality, 

it is a local minimum near the saddle point. However, the energy 

difference between BiH and the saddle point changes seriously 

under strain. That’s why we found the anisotropy of B diffusion 

under strain. Bs-SiT and BiH both have <111> symmetry axis, but 

there is a middle point in the pathway called BiS, as shown in 

Fig. 3.1, which is a dumbbell configuration where B and the Si 

interstitial share a lattice site along [100] direction. The real 

saddle point locates between BiS and BiH. Due to the symmetry, 

there are 3 possible BiS. We label the BiS perpendicular to the 

strain plane vertical and the other two BiS lying on the strain 

plane horizontal. Each of them can help B go to 2 possible 

hexagonal sites. The saddle point can be obtained only by NEBM. 

Later on we will see that the strong orientation dependence of BiS 

leads to the anisotropy of B diffusion. 

We believe that the diffusion pathway should be the same 

for unstrained and strained Si when the strain is small. But we 

anticipate the barrier energetics will change with respect to 
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different strains added to the system. As strain becomes higher 

than a certain value (i.e., the strain caused by a Si0.7Ge0.3 

substrate), Bs-SiT is no longer the most stable configuration for 

B-I pair. The whole diffusion pathway is different, as we will 

show later. That is why we think that just calculating the change 

of “creation volume” of a certain defect is not enough to study 

the strain effect accurately. Beside the volume relaxation for 

small defects is very sensitive to the cell size.  
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Fig. 3.1 

e first half of the diffusion pathway for 
utral Bs-SiT: Bs-SiT → BiS → BiH; then B can 
ffuse to any of the 6 lattice sites in the 
xagonal ring, forming a new Bs-SiT.  

are interested in two aspects of B diffusion behaviors 

ain. The first is whether there is a change of 

y; the second is whether there is an anisotropy of 
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The B diffusion coefficient can be written in the Arrhenius 

form: [FAH89, ZHU98] 

 

))(exp(0 THEHDD m
BIb

f
I

BIBI κ+−−=              (3.2) 

 

with the prefactor , the formation enthalpy of a Si 

interstitial 

BID0

f
IH , migration enthaphy  and binding energy . 

( ) can also be treated as the formation enthalpy of  Bs-

Si

m
BIH bE

b
f

I EH −

T. 

Cowern [COW94] has reported that since the migration energy 

is small compared to the formation energy, the strain-induced 

change of activation energy must come from the change of 

formation energy. It is correct if the change of the whole 

activation energy is large compared to the migration energy. 

However, experimental data [KUO95]indicates that the enhancement 

of B diffusivity is small, so that it can also be due to the 

change of migration energy. 

The formation enthalpy of a Si interstitial can be 

calculated by [ZHU98] 
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and the binding energy of Bs-SiT in a neutral system is 
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Different defects show different responses to strain due to 

symmetry issues.  Bs-SiT has C3V symmetry. The <111>-symmetry axis 

makes all the Bs-SiT configurations equivalent with respect to the 

biaxial strain plane. BiH has a D3d symmetry, which also has a 

<111>-symmetry axis. Both of them are intrinsically isotropic. 

But the middle point BiS has a C2 symmetry, which has a symmetry 

axis <100>. Fig. 3.2 shows the changes of energetics for 

different configurations that we studied under strain.  

 

 

FIG.3.2 
 

The relative energy changes with strain of the 
defect configurations involved in B diffusion. The 
energy change of pure Si with strain is used as a 
reference. The energy changes of Bs-SiT and out-of-
plane BiS, which are not shown in figure, are almost 
as same as pure Si. 
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One can expect that the ground state of pure Si moves to 

higher energies along with the increase of strain because strain 

distorts the lattice structure and moves atoms away from the 

original ground-state positions. If the energy change of pure Si 

under strain is used as a reference, we can see clearly that the 

effect of strain is totally different for the defects. For 

example, the energy of “horizontal” BiS deceases under strain. 

Since a repulsive force between B and interstitial Si exists, the 

stretch of lattice in the same direction will help BiS relax 

because it separates the two atoms. That is why the energy of BiS 

goes down with tensile strain. On the contrary, compressive 

strain does not help BiS relax.  

In addition to the consideration that elastic forces change 

the ground state energies, the biaxial tensile strain can also 

decreases the Si band gap, thus resulting in the variations of 

the electronic states. The energy of the electron near conduction 

band decreases with strain because of the smaller band gap. On 

the contrary, the energy of ‘hole” near the valence band may 

increase with strain. The strain effect is a combination of 

elastic effect and band gap narrowing effect. We will discuss the 

details of band gap narrowing in next chapter.  

Based on Eq. 3.3 and 3.4, we can easily calculate the 

formation enthaphy of Si interstitial and the Bs-SiT formation 

energies without strain, which are 1.34eV and 2.63eV, 

respectively. The result for the change of the formation energy 

of Bs-SiT under strain is shown in Fig. 3.3. We find that the 

binding energy of Bs-SiT does not change appreciably under the 

strain with a SiGe buffer layer where Ge content is up to 0.4 
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because the four configurations involved in binding energy 

calculation are all isotropic.  

We also studied the dissolution barrier of Bs-SiT under 

strain. The Si interstitial leaves the substitutional B from 

tetrahedral site via the opposite hexagonal site. Since this 

dissolution pathway also has a <111>-symmetry axis, there is no 

anisotropy found. And the barrier does not change with strain 

either.        

For the migration enthalpy under strain, the diffusion 

pathway will have two different kinds of saddle points as a 

result of the break of the original symmetry. Due to the 

distortion of the hexagonal ring, two of the six possible  
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Fig. 3.3 
 

The change of “in-plane” migration barrier 
with strain for the neutral Bs-SiT. The strain 
is 0.0074, which is related to a Si0.8Ge0.2 
buffer layer. 
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pathways to the hexagonal interstitial position related with 

“vertical” BiS are shorter than the other four, as shown in Fig. 

3.1. The direction of first two diffusion pathways is 65o with 

respect to the biaxial strain plane and the angle of the other 

four pathways is 18o. From Fig. 3.3, the migration barrier without 

strain is 0.46eV in a 64-atom system, which is consistent with 

Jeong’s results.[JEO01] In a 216-atom system the barrier is a 

little higher than for a 64-atom system.  
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                             FIG.3.4  

The change of Bs-SiT → BiH → Bs-SiT diffusion 

pathway under biaxial tensile strain (a) the 

pathway with assistance of horizontal BiS, (b) 

the pathway with assistance of vertical BiS. 
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When we calculate the diffusion assisted by horizontal BiS, 

as we discussed earlier, Fig.3.4 (a) indicates that the saddle 

point under strain is affected by BiS. But for the pathway 

assisted by vertical BiS, the entire ground state shifts by almost 

the same value as in Fig. 3.4(b), so that the barrier stays the 

same. Based on the calculations above, a slight anisotropy of B 

diffusion under biaxial tensile strain is expected because the 

two diffusion pathways have different angles with respect to the 

biaxial strain plane, which are assisted by vertical/horizontal 

BiS. The change of migration energy is comparable to the change of 

formation enthalpy under strain. Therefore, more diffusion is 

expected along the strain plane (channel of the MOSFET). 

Finally, we can see the behavior of the activation enthalpy 

under tensile biaxial strain in Fig. 3.5. If we consider a 

typical RTA temperature, say 1000oC, an enhancement factor ~2 is 

expected in the vertical direction for B diffusion in tensile 

strained Si for a Si0.8Ge0.2   buffer layer, which is smaller than 

the recently published experimental data.[ZAN03] But for the 

direction along the channel (strain plane), the enhancement 

factor should be as big as ~4. 

Another important point is that the strain should be small 

for this method to be valid. From Fig. 3.4(a), it is easy to see 

that BiS is more stable than Bs-SiT when strain exceeds the value 

caused by Si0.7Ge0.3.  Because we are interested in B diffusion 

under strain for realistic device structure, where the strain is 

not large as for a Si0.6Ge0.4 buffer, we concentrate on modest 

strains in this study. 
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We have calculated the results of biaxial compressive strain 

as well. For the first pathway, the change of the saddle point 

increases the barrier. For the second pathway, the barrier 

remains the same. All the diffusion barrier results, which are 

listed in Fig.3.3, clearly suggest that tensile and compressive 

strain have opposite effects on B diffusion, as confirmed by the 

experimental data. The key issue for the change of the diffusion 

barrier comes from BiS, which affects the saddle point, thus 

finally leading to a change of the barrier. 
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                    FIG.3.5  

The formation energy of Bs-SiT and the diffusion 

barriers under tensile and compressive biaxial 

strain. The strain in Si is determined by the 

SiGe buffer layer for different Ge content. 
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We have performed DFT-based first-principles calculations to 

study the effect of biaxial strain on B diffusion in Si.  

Treating this problem from a different angle from previous 

researchers, our approach can study the strain effect directly, 

and finally draw a very clear conclusion about the effect of 

strain on B diffusion. The results show that tensile biaxial 

strain causes anisotropy of the B diffusion barrier. However, it 

lowers the whole activation enthalpy and enhances B diffusion. On 

the contrary, compressive biaxial strain increases the activation 

enthalpy and suppresses B diffusion. 

The conclusion about tensile strain is consistent with 

experimental data. Although there is no direct experimental 

evidence related with compressively strained Si, there are 

experiments on strained SiGe that can provide some guidance. We 

believe that the effect of strain on dopant diffusion depends on 

the diffusion mechanism. There is not a generalized effect for 

different dopants. Cowern [COW94] says that the effect depends on 

whether the diffusion is interstitial-assisted or vacancy-

assisted. This is because of the changes of formation energies of 

I, V under strain, not of the migration barrier.  

 

 49



 
 

 
 
 

CHAPTER FOUR 
Charged defects in Boron 
Diffusion under Strain 

 

 

4.1 Introduction of charged defects 

 

Point defects can exist in different multiple charge states. 

For a certain defect concentration, it is important to know the 

population of different charge states. Below the solubility 

limits, all dopants are ionized at diffusion temperatures. Due to 

the existence of charged defects, the dopants will experience the 

Columbic attraction or repulsion. The affinity of the dopant atom 

can be changed due to the silicon lattice’s local distortion at 

different charge states. The total number of point defects in 

equilibrium also changes under extrinsic conditions, not just 

relative populations in different charge states.  

Basically, there are two kinds of concentration dependent 

diffusion. After taking the internal electrical field into 

account, the effective diffusion coefficient is [GHA94]   
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Then we get the simple relation between diffusivity and dopant 

concentration. There are two extreme situations for this 

relationship: Intrinsic diffusivity for DDnnnN effii →≈<< ,, ; 

extrinsic diffusivity for DDNnnN effi 2,, →≈>> .  

This effect is mainly the Coulomb interaction due to the 

distribution of dopant concentration. It doesn’t really have any 

impact on point defects such as interstitials and vacancies. The 

neutrality equation is the pivotal factor to get the formula.  

The more interesting and complicated situation is the 

interactions between charged impurities and charged defects.  The 

diffusivity can be divided into several terms [GHA94]: 
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where D0, D+ D2+, D-, D2- are intrinsic diffusivities 

associated with neutral, positively and negatively charged 

defects; p and n are the hole and electron concentrations, 

respectively, and ni is the intrinsic carrier concentration. 
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“Intrinsic” Si means Si with no impurities, so p and n are both 

equal to ni in intrinsic Si. Not all of these terms apply to every 

situation, so only relevant terms must be considered. For 

example, the distribution of different charged vacancies is 

[PAH89], 
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The Si interstitials have more than one configuration, but they 

also have similar distribution equations according to their Fermi 

levels.  

For boron, the most important terms are the interactions 

with neutral and singly positive defects. When the Fermi energy 

is high, more positively charged Si interstitials may be 

generated, the negatively charged substitutional B has a higher 

possibility to interact with positively charged Si interstitials, 

making the second term more important.   
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Since the diffusivity under intrinsic conditions is 

, we can write the effective diffusivity as, 
++≈ DDDB

0*
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Monte Carlo particles represent the total number of point 

defects and pairs. The charge states should be considered every 

time when they jump or react with other species according to the 

local electrostatic potential. The local potential is determined 

by solving quasi_charge neutrality equation with Newton iteration 

since the population of charged point defects should be 

determined by the local Fermi-level. 

Actually the second effect is more important since the 

researchers are aware that B diffusion is not a neutral process. 

As we discussed earlier, 
+BI  is the fast diffuser that really 

cause boron diffusion. Therefore we have to calculate the 

concentration of 
+BI  and how the related clusters evolve. In 

Windl’s paper [WIN99], they discuss the different charged 64-atom 

super cells by doing VASP calculation. The results are different 

for neutral, positive charge and for negative charged systems. 

This is also the driving force for us to implement the second 

charge effect into consideration.  
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FIG 4.1 Solution of Poisson equation in DADOS 
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                  FIG. 4.2  

Comparison of B diffusion rofile (SIMS and 

simulation w/o charge effect included.) 

 

Fig. 4.2 is the comparison of B diffusion profile between 

SIMS and the simulation without charge effect included. The 

difference at the detail (“box-like” profile) comes from the 

charge effect. Hane et. al. [HAN01] published their work about 

the charge effect, but the results are not complete. We will 

optimize DADOS by implementing the model of charge effect into 

it. 

 
4.2 DFT calculation of charged Defects 

 

Since the usual approach to calculate charged defects 

assumes the introduction of the homogeneous countercharge to keep 

the neutrality of the supercell, the total energies of charged 
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defects have to be adjusted for the electrostatic interaction 

between charged defects and the jellium background. [SCH00] For 

the cubic supercell this correction is equal to [WIN99] 
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where α stands for Madelung constant, and a0 represents the 

lattice constant of the supercell. The typical values for this 

correction are 0.16 eV and 0.64 eV for singly and doubly charged 

defects, respectively.  

The formation energies of charged defects relative to the 

neutral state are expressed as,[JEO01, HAK00]  
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In Eq. 4.9, due to the 50% under-estimation of Si band gap 

in DFT, actually includes the information of incorrect band 

gap. To circumvent this problem to compare our results with 

experimental observations, we can rewrite Eq. 4.9 as, 

1−
DE

 

gFXXDDff EEEEEEE +−−−−=− −−− ε)()( 100101    (4.10) 

 

Here we can use the experimental Si band gap Eg. The above 

analysis becomes more complicated under strain due to the well-
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known strain-induced change of Si band gap.  The correction of 

the under-estimation of Si band gap should be carefully applied 

with the new band gap under strain. 

The concentration of charged B-Si complexes can be 

calculated as [FAH89] 
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Here C is concentration, B-Si± and B-Si0 are charged and 

neutral B-Si complexes, and EF is the Fermi level. The formation 

energies in Eq. (4.8) and (4.9) are directly related to defect 

energy levels EB-Si+ and EB-Si- . 

As a p-type dopant in semiconductor, B is supposed to 

provide free “holes”. Only in substitutional site, B atom can be 

activated to create a free “hole”, resulting in a negatively 

charged B. For B-Si complex, the most stable configuration at 

neutral state is Bs-SiT, which is formed by a substitutional B and 

tetrahedral Si interstitial [Fig. 4.3(a)]; other configurations, 

such as B in tetrahedral interstitial site (BiT) [Fig.4.3 (b)] and 

in hexagonal interstitial site (BiH) [Fig.4.3 (c)], have higher 

ground state energies. Since Bs-SiT is the most stable one, we can 

use high temperature anneal to put B at a substitutional site 

after implanting B in Si.  For the positively charged B-Si 

complex, Bs-SiT+ is still the most stable configuration. At 

negative charge state, the most stable B-Si complex is BiX- 
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[Fig.4.3 (d)]. BiX is the configuration that B atom and Si 

interstitial share one lattice site along <110> direction. We 

also mentioned a few other configurations in our calculations, 

such as BiS, in which B and Si share the lattice along <100>, and 

BiB in which an interstitial B is located at a bond-centered site, 

as shown in Fig.4.3 (e) and (f) respectively. They are transition 

configurations or saddle points along B diffusion pathways. 

 

 
4.3 Results and Discussion 

 

In a strain-free system, experiments show that only the 

first two terms are major ones in Eq. 4.3 for B 

diffusivity.[GHA94] The positively charged term is as important 

as the neutral term for the intrinsic condition, and dominates 

for heavily p-doped conditions. Our calculation results also 

support this diffusion behavior. As shown in Fig.4.4, the 

negatively charged term is not as important as the neutral and 

positive ones because the formation energy of the most stable 

negatively charged B-Si pair is much higher than other charged B-

Si complexes. We also provide the formation energies of 

tetrahedral interstitial Si at different charge states as a 

function of the Fermi level in Fig. 4.5. [LOP04, LEU99] In Table 

4.1, we summarize all the related energies of the defects at 

neutral as well as charged states. It suggests that the formation 

energy of positively charged Bs-SiT is the lowest. Neutral Bs-SiT 

is about 0.2 eV higher, and negative BiX is more than 1 eV higher. 
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Here, we choose the Fermi level as 0.6eV (middle point of the gap) 

because we are interested in intrinsic condition (as described in 

Eq. 4.3). The migration energy of neutral Bs-SiT is 0.45eV, which 

is the smallest one among all the B-Si complexes. According to 

Eq.3.2, the most favorable diffusion pathway should have the 

lowest activation energy (that equals to the sum of formation 

energy and migration barrier). Our results show that under 

intrinsic condition, although positively charged Bs-SiT has the 

lowest formation energy, neutral Bs-SiT has the lowest activation 

energy. Fig. 4.6(a) shows the formation energies and migration 

barriers at different charge states for intrinsic condition. If 

we assume that B atoms can freely gain/lose electrons during 

diffusion, the most favorable diffusion pathway [WIN99] should 

start from Bs-SiT+, which has the lowest formation energy; then 

Bs-SiT+ can acquire an electron and change the charge state to 

neutral because neutral Bs-SiT has a much lower diffusion barrier.  

Therefore, the final activation energy is about 0.65eV (depending 

on the Fermi level, ~0.6eV here). Fig.4.6(b) shows the formation 

energies and migration barriers at different charge states under 

a highly p-doped condition (where the Fermi level is close to the 

valence band top, i.e., ~0eV). From Fig. 4.6(b), we can clearly 

see why positively charged defects dominate B diffusion under 

heavily p-doped conditions. Therefore, for our study of strain 

effect on B diffusion, it is very important to evaluate all the 

charged B-Si complexes, not just the neutral ones.  
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(a)                (b)              (c) 

 

          (d)              (e)       (f) 

 
                       Fig. 4.3 
  

 Atomic B-Si configurations involved in B 
diffusion. The dark balls represent B atoms. (a) 
Bs-SiT, (b) BiT, (c) BiH, (d) BiX, (e) BiS, (f) 
BiB. 
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                             Fig. 4.4 
  

The formation energies of the most stable B-Si 
complexes at different charge states with respect 
to the Fermi level. For neutral and positively 
charged states, the most stable B-Si complex is 
BSIT, which is formed by a substitutional B and 
tetrahedral Si interstitial; For negatively 
charged state, the most stable B-Si complex is BiX, 
which is formed by a B atom and a Si atom sharing 
one lattice site along [110] direction. 
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                             Fig. 4.5  
  

   The formation energies of tetrahedral Si 
interstitial at different charge states with 
respect to the Fermi level. 
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             Fig. 4.6(a) 

 
    Formation energies and migration barriers 
for differently charged B-Si complexes for 
intrinsic condition (Fermi level is ~0.6eV). 
The starting position of each curve depends on 
the formation energy. The positively charged B-
Si complex gains an extra electron in the most 
“favorable” pathway.  

 
The positively charged Bs-SiT has two competitive pathways: 

(1) Bs-SiT+ → BiS+ →BiH+ → BiS+ → Bs-SiT+ and (2) Bs-SiT+ → BiB+ → Bs-

SiT+. The first pathway is the same as the neutral pathway. As 

depicted in Fig.4.7 (a), the diffusion direction of the second 

pathway is <111>. The saddle point is BiB [Fig.4.3 (e)]. The 

binding energy of Bs-SiT+ is 0.8eV, with respect to the 

dissociation products, BS- and SiT++. In the second pathway, the Si 

interstitial (Atom #1 in Fig. 4.7(a)) pushes boron from one 
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                          Fig. 4.6(b)     

 Formation energies and migration barriers for 
differently charged B-Si complexes for heavily 
p-doped condition (Fermi level is ~0eV). 
 
 
 
 
 

   
 Neutral 

(Bs-SiT) 

Positive 

(Bs-SiT+) 

Negative 

(BiX-) 

Emigration(eV) 0.45 1.0/0.8 0.8 

Eformation(eV) 2.6 2.4 3.5 

Eactivation(eV) 3.05 3.4/3.2  4.1 

 

                       Table 4.1  
The migration, formation and activation 
energies for differently charged B-Si complexes 
when Fermi level is at ~0.6eV from either band 
edge (middle point of the gap).  
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lattice site to the other along the bond direction. The Si atom 

(#2) on the other side of B becomes a new Si interstitial. 

Without any additional steps, following the same diffusion 

mechanism the new Si interstitial (#2) can only reverse boron to 

the original position (i.e., oscillate back and forth). The 

second pathway needs to combine with other steps, either other 

diffusion pathways or additional movements of Si interstitial 

(#2) to help B diffuse to a new site (except the two lattice 

sites in the dumbbell configuration). Therefore, the real 

migration barrier of pathway #2 for multiple-step diffusion 

depends on the additional movement of Si interstitial, which has 

a barrier about 1.1eV (from one tetrahedral interstitial position 

to a nearby tetrahedral interstitial position), higher than the 

migration energy of the second pathway (0.8eV).  This is also 

mentioned in [JEO01]. 

 

For the first pathway, the “out-of-plane” migration barrier 

remains unchanged. Unlike the neutral case, the “in-plane” 

barrier does not change also because the saddle point BiH+ stays 

at the same value, although the relative energies of some  

middle points decrease, as shown in Fig 4.7(b). Bs-SiT has C3v 

symmetry. The <111>-symmetry axis makes all the Bs-SiT 

configurations equivalent with respect to the biaxial strain 

plane. BiH has a D3d symmetry, which also has a <111>-symmetry 

axis. Both of them are intrinsically isotropic. The difference 

between the neutral and positively charged Bs-SiT for the same 

diffusion pathway arises from the fact that BiH is not the saddle 

point in the neutral case. The real saddle point in the neutral 
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case is not isotropic and affected by the middle configuration BiS 

which has a C2 symmetry. There is a reduction in the migration 

barrier for the second pathway because tensile strain relaxes the 

local stress of the saddle point BiB. Since the symmetry axis of 

BiB is <111>, the decrease of migration barrier is isotropic for 

biaxial tensile strained Si with a (100) strain plane. Therefore, 

both diffusion pathways of positively charged Bs-SiT do not show 

an anisotropy of B diffusion and only the second pathway has a 

lower migration barrier under strain. 
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                           Fig. 4.7(b)    

 
The change of migration barrier with strain 
for positively charged Bs-SiT. The strain is 
0.0074, which is related to a Si0.8Ge0.2 buffer 
layer. 
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For the negatively charged case, Bs-SiT- is unstable. The 

most stable B-Si complex is BiX-, as shown in Fig.4.3 (f). The 

pathway BiX- → BiS- → BiX- [Fig. 4.8(a)] is the most favorable one. 

The diffusion direction is <110>. Because of the transition point 

BiS-, we found a similar effect of strain as on the neutral 

diffusion pathway. The “in-plane” ([110] with respect to the 

(001) strain plane) barrier is reduced [Fig. 4.8(b)], while the 

“out-of-plane” ([011] and [101]) barriers remain unchanged.  

 

 

 

       

 

 

 

        
BiX- BiS-

 
BiX-

 
                          Fig. 4.8(a)   

The diffusion pathway BiX- → BiS- → BiX- for 
negatively charged BiX. 

 

 67



0.0

0.4

0.8

0 4 8 12 16

0.0

0.4

0.8

strain-free

Bi
X(110)

Bi
S (100)

Bi
X(110)

 

 

 "out-of-plane"
 "in-plane"

under strain
(0.0074, 20%Ge)

 

 
R

el
at

iv
e 

En
er

gy
 (e

V)

NEBM number

 
                          Fig. 4.8(b)     

 The change of migration barrier with strain 
for negatively charged BiX. The strain is 
0.0074, which is related to a Si0.8Ge0.2 buffer 
layer. 

 
For some major defects in B diffusion, Figure 4.9 shows the 

effect of strain on the ground state energies at different charge 

states.  The energy of SiT++ increases with strain, while SiT+ has 

a similar dependence on strain as pure Si does and the energy of 

neutral SiT decreases. (The change of pure Si with strain is used 

as the reference here.) This behavior is due to a combination of 

elastic stress and band gap narrowing. For the migration 

barriers, the energy dependence on the charge states is not 

important because we are just interested in the same charge 

state. However, for the effect of strain on the formation 

energies, we have to carefully evaluate the energy changes under 

strain associated to different charge states. 
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                      Fig. 4.9      

The ground state energy dependence on strain 
for differently charged defects in 64-atom 
supercell. Neutral pure Si is used as the 
reference. 

 
In order to explain the ground state energy dependence on 

strain of pure Si and other defects, we have studied the changes 

of band structure and density of states (DOS) with strain.[WIN04] 

Since the strain range in this study is with respect to a SiGe 

buffer layer in which mole fraction of Ge changes from 0 to 40%, 

we use the largest strain (40% Ge) here. Fig. 10 shows that the 

band gap indeed decreases, in agreement with other calculations 

[FIS96]. The band gap narrowing mainly results from the lowering 

of the conduction band; the valence band edge remains nearly 

unchanged. This results in that the energy of negatively charged 

Si, which has one extra electron in conduction band, should 

decrease with strain [Fig.4.9].  

A tetrahedral Si interstitial has two s-electrons that 

should be in the valence band, and the two p-electrons should be 
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in the defect energy level near conduction band, as shown in 

Fig.4.11.  Below the Fermi level, there is one defect energy 

level.  

Because of spin degeneracy, it can occupy two electrons. 

For neutral SiT, it is obvious from Fig. 4.11 that the energies of 

these two electrons decrease with strain. It explains why the 

energy of neutral SiT decreases under strain with respect to 

neutral pure Si [Fig. 4.9]. 

Si, which has one hole at the edge of valence band, still 

increases with strain with respect to neutral Si [Fig.4.9]. To 

understand this, we have done the DOS calculation of pure Si 

[Fig.4.12]. The DOS shifts slightly to a lower value under 

strain, suggesting the valence band edge at other k points 

decrease more.  
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                     Fig. 4.10  

The band structure of pure Si in 64-atom 
supercell without and with strain.  
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                        Fig. 4.11    

The band structure of tetrahedral Si interstitial 
in 64-atom supercell without and with strain. 

 
 

Although the peak of valence band almost stays at the same 

position with strain [Fig. 4.10], the energy of positively 

charged than at the Γ point. Since our calculations have been 

done in a 4x4x4 k-point mesh, not just Γ or X point, it is 

possible that the energy of the positively charged Si supercell 

increases with strain when there is a hole at the edge of the 

valence band. 

  Based on the above analysis and Eq. 4.8-11, we find that 

all the formation energies of the most stable B-Si complexes are 

reduced by strain under the intrinsic condition [Table 4.2]. The 

formation energies of charged B-Si complexes decrease more than 

the neutral one. Finally, we can get all the changes of formation 

energies as well as migration barriers of B-Si complexes at 
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different charge states, as shown in Table II. Basically the 

trend of decreasing “in-pane” migration barriers and the 

resulting anisotropy of B diffusivities persist for neutral and 

negatively charged B-Si complexes. For positively charged B-Si 

complex, although the migration barrier reduces in the second 

pathway, there is no anisotropy in B diffusion. 

Moreover, strain can also reduce the difference in the 

formation energies of differently charged defects under heavily 

p-doped condition due to band gap narrowing, which can be seen 

easily from Eq. (4.12), (4.13). This leads to a relatively weak 

doping concentration dependence of B diffusion under strain. 

Since 
kTE

vci
geNNn 2/−⋅= , we can also write the first two terms of 

Eq. (4.3) as 
kTE

i
genpDD /0 )/( ∆+ ⋅⋅+  [MOR93]. Here Nc and Nv are the 

density of states at the conduction and valence band edge, 

respectively; ni is the intrinsic electron concentration in 

unstrained Si, and ∆Eg is the change of band gap due to the 

strain. Since ∆Eg is negative, we can also conclude a weak doping 

concentration dependence of B diffusion in strained Si under 

heavily p-doped conditions. 
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                     Fig. 4.12  
Density of states (DOS) of pure Si in 64-atom   
supercell without and with strain. 

 
 neutral postive negative 

In-plane -0.1 0/-0.1 -0.1 ∆Emigration 

(eV) Out-of plane 0 0/-0.1 0 

∆Eformation (eV) -0.1 -0.15 -0.15 

In-plane ~4 ~3/5 ~5 Diffusivity 

enhancement Out-of plane ~2 ~3/5 ~3 

 
                          
                         Table 4.2  

The changes of migration and formation energies 
for differently charged B-Si complexes under 
strain in intrinsic condition with respect to the 
unstrained system. The strain is 0.0074, which is 
related to Si grown on a Si0.8Ge0.2 buffer layer, 
and the diffusivity is for 1000oC. (The 
positively charged B-Si complex has two 
competitive diffusion pathways.) 
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4.4 Conclusions 

 

We have studied the effect of strain on B diffusion for 

differently charged B-Si complexes. In biaxial tensile strained 

Si, B diffusion is enhanced at all three charge states (neutral, 

positive and negative). Furthermore, there exists an anisotropy 

in B diffusion under biaxial strain for neutral and negatively 

charged B-Si complexes. But for positively charged B-Si complex, 

no anisotropy of migration barrier is found. This leads to less 

anisotropic diffusion in strained Si in heavily p-doped 

conditions. The difference in defect formation energies under 

heavily p-doped conditions also decreases because of band gap 

narrowing. The strain effect on B diffusion is attributed to a 

combination of elastic stress and band gap narrowing.  
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CHAPTER FIVE 
Transient Enhanced Diffusion of 

B in Presence of F 
 

 

5.1 Basic models in DADOS 

 

DADOS is built on a dual concept: Particles (I, V, B, C, 

...) and Defects (PointD, Clusters, 311's, Complexes, Surfaces, 

...). Therefore, there are two basic classes (class Particle and 

class Defect) with the common properties. Specific particles (I, 

V, ...) and defects (PointD, clusters, ...) are derived from 

these two classes by adding specific properties like name, types 

of interacting particles, event rates and so on. Under this 

Particle-Defect approach, particles relate to space coordinates 

whereas defects are built as agglomerates of particles and relate 

to time and behavior. 

For example, Interstitials are Particles with 3 coordinates 

and are defined to interact with V, B, ... but not with As. A 

particle selects its highest-priority interacting neighbor and 

passes this neighbor information to the defect the particle 
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belongs to. Then, the defect interacts with that neighbor in a 

way which depends on the defect type. For example, an I selects a 

neighboring V, but the result of the interaction depends on 

whether the I is in a simple PointD, or in a {311} or in a BnIm 

Boron-Interstitial complex. Based on this dual approach, 

particles are handled by a special object, the Location Manager 

(Locator), whereas defects are handled by the Event Manager 

(Scheduler). 

The vacancy diffusivity is ),/43.0exp(001.0 kTDV −=  and 

interstitial is )/9.0exp(01.0 kTDI −= . The binding energy for 

infinitely large interstitial clusters is set to 2.1eV to match 

the {311} experimental decay. The binding energies for 

interstitial clusters with n interstitials are calculated from 

the equation  

 

)1(45.11.2)( −−−= nnnEbi .   (5.1)  

 

Similarly, vacancy cluster binding energies are obtained 

from [JAR96, PEL99] 

 

 .    (5.2) ])1([15.565.3)( 3/23/2 −−−= nnnEbv

 

Only point defects are assumed to be mobile. Point defects 

can include "pair" defects. Clusters and traps are assumed to be 

immobile. The trap activation energy is set to 3.5eV and the trap 

concentration to . The jumping distance and capture 
317105.1 −× cm

 76



radius are chosen equal to the nearest neighbor, which are 

consistent with KADM.[TIA97] 

Cowern et al. published their research on energies of small 

self-Interstitial clusters in Silicon. Their research use an 

Oswald ripening model to get some “magic” numbers on the 

formation energies of small interstitial cluster. 

 

 

 

                           
                             Fig.5.1  

 
Magic number of formation energies of 
interstitial clusters, estimated from Ostwald 
ripening analysis [COW99] 
 

 

The temperature dependence of the diffusivity can be 

written as )/exp(0 kTEDD m−= . If thinking about a panicle 

leaving a cluster, we should include the binding energy, 

. The dissociation and migration rates are 

given by , where 

]/)(exp[0 kTEEDD mb +−=

2/6 δDR = δ is the jumping distance. At each time 

step, we randomly choose among all possible events. The 
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simulation time is incremented by the inverse of the sum of the 

rates for all possible events, ∑ −=∆
i ii RNt 1)(χ . 

 

 

5.2 Transient Enhanced Diffusion of B in 

Presence of F 

 
The suppression of boron transient enhanced diffusion in 

presence of fluorine is investigated. Fluorine-vacancy complex is 

found to be a trap for mobile boron atoms as well as Si 

interstitials by ab initio calculations. The suppression of boron 

diffusion is due to not only the lower Si interstitials 

concentration, but also the direct interaction between fluorine-

vacancy complex and boron. Kinetic Monte Carlo simulations are 

performed to confirm this effect and agree with the experimental 

results. Furthermore, the same theory also explains why boron can 

enhance the diffusion of fluorine.  

In recent years, a lot of experiments [KRA93, HUA94, VUO95, 

PAR99a, PAR99b, SHA01, MOK02, DUS02, MUB03, IMP04, DIE02, and 

DIE04] have shown that F can suppress B transient enhanced 

diffusion (TED) if it is co-implanted with B, but the mechanism 

is not very clear yet. Many papers on this study draw different 

conclusions, which are inconsistent with each other.  

There are two possible effects of co-implanted species on B 

diffusion: reducing the concentration of Si interstitials, and 

changing the diffusivity by increasing the migration barrier 

(including forming immobile complex with boron directly). Because 
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boron diffusion is interstitial-assisted, reduction of Si 

interstitials can suppress B diffusion. For example, carbon is a 

well-known species for the suppression of boron TED because 

carbon atom is a trap for Si interstitial by forming carbon-Si 

interstitial (ISi) complex. The study of co-implantation should 

carefully evaluate these two effects. Krasnobaev [KRA93] also 

suggested three possible effects of fluorine on boron diffusion: 

free point defects that can reduce Si interstitial concentration, 

BF complex, and electrical field effect caused by F-related 

defects.   

 

Regarding F, currently most studies agree that F can 

suppress B diffusion. Fluorine-vacancy (FV) complex[DIE02, DIE04] 

is one important model that explains F abnormal diffusion 

behavior and the suppression of B diffusion under amorphization 

conditions. Fluorine has very interesting diffusion trend[TSA79, 

JEN92, SZE94, ROB02], as shown as Fig.5.2 and Fig. 5.3. 

Interstitial fluorine itself diffuse much faster than B. Without 

forming an immobile complex, fluorine can diffuse out of Si very 

quickly.  FV complex theory successfully describes F out-

diffusion behavior because F can form FV complex at the initial 

stage of anneal after implantation. 
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                              Fig. 5.2  
Experimental 30keV, 2e14 F implants annealed 
at 700ºC. [ROB02]. 
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                             Fig. 5.3  

Experimental fluorine profiles following a 
BF2 implant into an amorphous layer, and 
subsequent 30 minutes annealing. [TSA79]. 
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Diebel et al. [DIE02, 04] applied FV complex theory to B 

diffusion in presence of F under amorphization conditions. All 

the damage can be removed in the amorphous region by solid state 

epitaxy (SPE) regrowth. Fluorine should be in either 

substitutional F (FV) or other FmVn complexes. Szeles et 

al.[SZE94] studied F-vacancy association using positron trapping 

and suggested that most of F atoms also are in substitutional 

lattice positions with no open volume associated after 550ºC or 

above annealing.  

The suppression of B diffusion can be explained by the fact 

that FV complex creates more vacancies after SPE regrowth, which 

recombine with Si interstitials. Based on the above argument, 

many researchers believe that the F effect on B diffusion is a 

purely damage effect, which means that F is similar to carbon 

because both of them reduce Si interstitial concentration, 

although F forms FV complex with vacancies whereas carbon forms 

carbon-ISi complexes. Therefore, there is no direct interaction 

between B and F. 

However, Downey et al. [DOW98, ROB00] performed an 

interesting experiment about F effect on B diffusion under 

amorphization conditions [Fig. 5.4 and 5.5]. By implanting B at 

30 keV and F at different energies, F profile overlaps with B 

profile in one sample, and is either deeper or shallower than the 

B profile in other samples. We know that after SPE regrowth, ISi 

can only come from the end of range (EOR) region. An obvious 

suppression of B diffusion takes place with the co-implant of F 

as a result of the formation of FV complexes. While FV complexes 

can consume ISi coming from EOR, the suppression of B diffusion 
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reaches its maximum only when F profile overlaps with B as-

implanted profile. If the F effect is a purely damage effect, it 

should not have a strong dependence on the location of the F 

profile. FV complexes can react with ISi either when overlapping 

with B profile or on the way of ISi reaching B.  This experiment 

indicates that there should be some kind of direct interaction 

between B and F.  
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                            Fig. 5.4 
  

Experimental boron diffusion profiles which was 
co-implanted with Fluorine at various energies, 
annealed at 750ºC for 2 hours. Wafers were pre-
amorphized by 70keV 1e15cm-2 Si implant. 
Implant condition: B 1.12keV at a dose of 
1e15cm-2. F at a dose of 2e15cm-2[ROB00] 
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                           Fig. 5.5 
 

SIMS profiles of 1.12keV boron and 12keV 
fluorine after 750ºC anneal. Sims data are from 
[ROB00] 

 

Furthermore, if FV complexes only interact with Si 

interstitials, one direct conclusion is that for a sub-

amorphizing BF2 implant condition, B diffusion should be enhanced 

by the existence of FV complexes, because contrary to the 

amorphization case, the existence of FV complexes leaves more ISi 

unrecombined. Pi et al. [PI03] also confirmed that F retards V-I 

recombination in Si by positron annihilation spectroscopy (PAS). 

At present, there are few experimental reports on enhancement of 

B diffusion due to F. In contrast, there are a few experiments 

showing that B diffusion is suppressed even under sub-

amorphization condition [MUB03]. 

Another important evidence of F-B direct interaction is 

that F diffusion is enhanced by the presence of B [SHA01] 
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[Fig.5.6]. It is known that without F-B direct interaction, F can 

diffuse only when FV complex reacts with ISi to release Fi. 

Therefore, the existence of substitutional B layer only consumes 

more Si interstitials by forming boron-interstitial pairs to 

diffuse, and consequently F diffusion can only be suppressed 

under this condition. As a result, a direct F-B interaction is 

the most likely reason for the enhancement of F diffusion.   

 

What kind of direct interaction exists between F and B? For 

low dose BF2, F diffuses out towards the surface, whereas B still 

diffuses to the bulk [Pi03]. From this fact we can draw a 

conclusion that there should be no stable BF complex formed since 

B and F, which are not bonded each other, diffuse in the 

different directions.  

 

o

 

 

Fig 5.6  
Experimental results of B and F diffusion in a 
boron delta-doped supperlattice at 720C for 1 
min [SHA001] 
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Diebel has done density functional theory (DFT) 

calculations on FV complexes, and recently Lopez et al. [LOP05] 

have also published similar, but more detailed results. However, 

neither of them mentioned what happens if a mobile boron-Si 

interstitial pair (Bi) meets with a FV complex. In this paper, we 

propose our own theory about the effect of F on B diffusion based 

on the FV complex theory. In Table 5.1, the binding energies of 

FV complexes and substitutional B based on our VASP calculation 

are listed. These binding energies are similar to previous 

calculations [Die04].   

We do not think that F enhances B diffusion in sub-

amorphization case if the direct interaction between FV complex 

and B is taken into account. By using ab initio calculations, we 

found that Bi atom occupies the lattice site in FV complex to form 

substitutional B (Bs) and interstitial F because Bs is more stable 

than FV complex, as shown in Fig. 5.7 and Table 5.1.  Only F3V has 

a comparable binding energy as Bs.  FV complex behaves like a trap 

for Bi, but BF bonding is not necessary for this trap.   

 

                      Fig. 5.7  

The configurations of FV complexes 
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FV F2V F3V F4V Bs Si binding 

energy (eV) 2.38 4.63 6.58 7.12 6.69 7.64 

 

                          TABLE 5.1  
The binding energies of FV complexes, Bs, and Si. 
The total binding energies are calculated with 
respect to interstitial F/B/Si and single 
vacancies. 

 

 Based on the binding energies, the reactions are postulated 

as below [DIE02].  

FnV+I  nFi                      (5.3a) 

 FmVn+I  kFi + Fm-kVn-1                (5.3b) 

 

However, based on the binding energy of Bs, there should also be 

reactions as 

FnV+Bi Bs+nFi                     (5.4a) 

  Fm-kVn+Bi  Bs +kFi + Fm-kVn-1                   (5.4b) 

 

Here FV complex behaves like a trap for ISi and Bi. 

These reactions indicate the competition of Bi, Fi and ISi to 

take over the vacancy position. ISi recombines with V; Bi reacts 

with V to form a substitutional B (Bs); Fi reacts with V to form a 

FV complex. Here the FV complex is similar to Fs. Since Si-F bond 

length is smaller than Si-Si bond (71% of the Si-Si bond-length), 

Fs is not stable. As a consequence, when Fi meets with a vacancy, 

instead of occupying the substitutional position, Fi forms a Si-F 

bond with one of the 4 possible surrounding Si atoms. Then if 

more Fi comes, FV complex can trap them to form F2V, F3V etc. F3V 
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is the most stable configuration, which is shown in Fig. 5.7. 

Therefore, we designate Fs as FV (F1V1) complex. Based on the 

binding energies, B and ISi have a dominant advantage to take 

vacancy site over FV, F2V and even F3V. Thus, FV complex can 

capture Bi just as it captures ISi. Furthermore, during the 

reaction, F does not form any BF-bonded structure and is kicked 

out of the vacancy position as Fi.  

One important concern is whether there is a reaction 

barrier for the above reactions. Based on our nudged elastic band 

method (NEBM) VASP calculations, no reaction barriers are 

observed either for Bi or ISi, consistent with previous work 

[DIE04, LOP05].

       Now we apply this theory to explain the “controversial” 

experiments. The diffusion simulations were performed by a DADOS-

based kMC diffusion simulator. First, we simulated F self-

diffusion based on FV complex theory. Fig.5.8 shows the 

interesting surface-oriented F diffusion behavior and the shift 

of the profile peak. It is known that the distribution of ISi and 

vacancies is not uniform. Vacancies dominate the range near the 

surface; interstitials are abundant in the bulk, as shown in Fig. 

5.9. The free Fi diffuse rapidly in both directions---the surface 

and the bulk. It is well known that vacancy clusters dissolve 

quickly at most of anneal temperatures. Thus, after all the 

vacancy clusters dissolve, interstitial F (Fi) can only be 

captured by FV complex. As a result, when Fi diffuses down to the 

bulk, where fluorine (FV complex) concentration is low, F can 

continue to diffuse into the deeper bulk. On the other hand, if Fi 

diffuses to the surface, it can be easily captured by FV 
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complexes because of the higher fluorine (FV complex) 

concentration, resulting in a surface-oriented diffusion behavior 

and the concentration peak shifts to the surface.  Based on this 

theory, ab initio and continuum diffusion simulation is 

successfully matched with experimental results. 
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Fig. 5.8  
 

30keV, 2e14 F implants annealed at 700ºC. 
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                                                       Fig. 5.9  

            TRIM simulation of excess I-V profile. 
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Second, we modeled Shano’s experiment by our simulations. 

We built several substitutional B marker layers, and then 

implanted F. Fig. 5.10 shows the profiles of B and F after 1 

minute, 800oC anneal. It indicates that B diffuses much less in 

the region with high F concentration than in the region with low 

F concentration. In addition, F diffusion is enhanced in the B 

doped region, consistent with our expectation. 
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                            Fig. 5.10  
 

Our simulation of the same experiment as in Fig 
5.6. (The condition is not exactly as same as 
Fig 5.6 due to the limited accuracy of Monte 
Carlo simulations.) 
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This theory can also explain the amorphization case. After 

SPE regrowth, F atoms are in FV complex configurations, which 

bring extra vacancies to Si.  However, a direct reaction between 

FV complex and Bi makes Fig 5.2 easy to understand. We did not 

simulate the experiments again because it is similar to the 

simulation above, where we have already confirmed the direct 

interaction between B and F.  

       Regarding the sub-amorphization case, because F reacts with 

vacancies to form FV complex, there might be more ISi due to the 

delay of I-V recombination. However, since Bi can be captured by 

FV complexes, there are not really more extra Si interstitials 

available. Since extra ISi forms {311}, which are not free point 

defects and dissolves slowly, FV complex may play a bigger role 

at the early anneal stage. Due to the fact that F diffusion is 

much faster than B and enhanced by B, F can diffuse totally out 

of Si after certain anneal time [PI03].  Therefore, the effect of 

F on B diffusion is transient. Furthermore F concentration must 

be high enough to have a noticeable effect on B diffusion. Taking 

into account all the above, F effect at low dose (sub-

amorphization) should depend on the implant and anneal condition 

and needs to be evaluated case by case. However, the overall 

effect of F should always be a suppression of B diffusion. 

 

5.3 Summary 

  

     We investigated F diffusion and its effect on B diffusion.  

A direct B and FV complex interaction is proposed based on ab 
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initio calculations. KMC simulation can simulate B diffusion in 

presence of F, which shows that the existence of F can suppress B 

diffusion and B has a reverse effect enhancing F diffusion. 

Detailed simulations were also performed for the sub-

amorphization case of BF2 or F co-implant. Unlike amorphization 

case, in which B diffusion is always suppressed, B diffusion in 

presence of F is a balance of two competing effects. The final 

result (enhancement/suppression) depends on the annealing 

condition. 
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CHAPTER SIX 
Possible Future Work 

 

 

6.1 Strain effects on other dopant (e.g. P, As 

etc.) diffusion in Si. Is any general 

conclusion possible? 

 

We believe that the effect of strain on dopant diffusion 

depends on the diffusion mechanism. There should not be a 

generalized effect for different dopants. Although an enhancement 

of the interstitial-mediated impurity diffusion and a retardation 

of the vacancy-mediated diffusion under tensile strain were 

proposed,[COW94] they are due to the changes of formation 

energies of I, V under strain, not the migration barrier. The 

future work can involve P, As and other species to investigate 

whether or not one can draw general conclusions about strain-

mediated dopant diffusion. 

 

 

6.2 Ab initio study of B diffusion mechanisms 

in SiGe and Ge   
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As we mentioned earlier, there is an enhancement of B 

diffusivity in strained Si and strained SiGe. But in relaxed 

SiGe, B, P and As also exhibit faster diffusivities than in pure 

Si. The reason is possibly the Ge chemical effect. The ab initio 

study of dopant diffusion in SiGe is not easy because the 

structure of SiGe is a randomly distributed alloy regardless of 

what the mole fraction of Ge is. Since the change of the 

diffusivity is close to a linear function of Ge mole fraction, we 

may ignore the problem about SiGe structure first, and then just 

study the effect of individual Ge atoms on B diffusion in Si. For 

example, we can put Ge atom in different positions near the B 

diffusion pathway to check the change of diffusion pathway. This 

method will be accurate after we modify the Monte Carlo diffusion 

model to include the Ge chemical effect of different positions. 

We have found that if Ge atom is the assisting atom for B 

diffusion, there is a 0.14eV decrease of the diffusion barrier. 

The calculation also show that Ge interstitial is slightly more 

stable than Si interstitial in SiGe, that means it is possible 

that Ge acts as an assisting interstitial in B diffusion. 

Another interesting study is dopant diffusion in Ge.  The 

research on Ge has become popular again in recent years due to 

the high mobility of the carriers compared to Si-based device. 

But most of the studies of dopant diffusion in Ge are at least 30 

years old. Early experimental studies showed that B diffusion in 

Ge is vacancy-assisted, and also claimed that B diffusion changes 

from interstitial-assisted to vacancy-assisted with the increase 

of mole fraction of Ge in SiGe [FRA84]. But there are recent 

papers challenging this conclusion and the newest DFT study also 
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didn’t support the conclusion of vacancy-assisted diffusion; 

instead they got the similar result (interstitial–assisted) as in 

Si [DEL04, UPP04]. This discrepancy should be an interesting 

beginning for DFT study on the diffusion in Ge, and the better 

understanding of dopant diffusion in Ge will shed light on the 

study in SiGe.      
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