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ABSTRACT 

 
In this research study, we proposed a model that describes the formation of thin-film of an 

AB compound layer at the interfaces of two immiscible solid layers A and B under the 

influence of irradiation. However, we begin our study with a non-irradiation process where 

we investigate the growth kinetics of an AB compound layer under the diffusion of one and 

two kinds of species. This diffusion process takes place by means of one or two transport 

mechanisms during an AB compound layer formation process. The results that follow from 

this investigation reveal a complex growth kinetics of an AB compound layer under the 

diffusion of two kinds of species by means of two transport mechanisms. However, the 

complex growth behaviour transforms to simple linear-parabolic or parabolic growths 

when only one kind of species diffuse by means of one transport mechanism. 

In the irradiation aspect of the study, the A and B solid layers (bilayer system) are 

considered to be bombarded by a beam of light and heavy energetic particles 

independently under different considerations. We take into account two possibilities during 

the irradiation of this bilayer system. Firstly, the majority of the kinetic energy of the 

radiation particles is considered to be converted into heat energy which subsequently 

results in the heating of the irradiated layers. We assume that the energy transferred from 

the incident particles to the atoms of the irradiated materials during the course of 

irradiation is less than their lattice threshold displacement energy. Thus, no defects are 

generated during this process. The influence of heating that accompanies the irradiation 

process is investigated to see if it could accelerate the growth of an AB compound layer at 

the interfaces of the A and B layers. 
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The second possibility is considered under the presupposition that the kinetic energy 

transferred by the radiation particles is greater than the lattice threshold displacement 

energy of the A and B layers; therefore, this process results in defects generation. 

The contribution of the two basic point defects (i.e. interstitial and vacancy defects), 

induced by irradiation, towards the growth of an AB compound layer is studied 

independently. 

The results that follow from this study show that the rate of growth of an AB compound 

layer at the interfaces depends on the defect generation rate. The growth rate increases 

proportionally with the defect generation rate. At high-temperature irradiation, the growth 

rate depends strongly on both temperature and defect generation rate while at low-

temperature irradiation it depends strongly only on defect generation rate. On the other 

hand, the radiation heating makes no significant contribution towards the growth of an AB 

compound layer at low temperature; this is because the dimensions of the A and B layers 

that are considered in this study are in the order of a few tens of nanometers. Considering 

the fact that the amount of energy deposited by the radiation particles increases with the 

thickness of the irradiated layer, less energy is, therefore, deposited in the irradiated layers 

under the thin film consideration. This reason makes radiation heating a less probable 

process for an AB compound layer formation under the influence of irradiation. 
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CHAPTER 1  

INTRODUCTION 

The reaction-diffusion kinetics has proven very useful in solid state reaction, providing the 

necessary insight into the compound layer formation at the interface(s) of a bilayer system. 

This bilayer system could be a solid-solid, solid-liquid, or solid-gas system. The 

technological importance and other useful applications of these compounds have been the 

motivation behind the investigation carried out on their formation processes. These 

investigations have been conducted under both irradiation and non-irradiation processes.  

The results of these investigations showed that the layer growth kinetics under both processes 

are usually the same, and they are often identified as parabolic [1].  

1.1 Review of experimental works 

The growth kinetics of different silicides are investigated at different temperatures ranging 

from 200 – 6500 C [2, 3] under a non-irradiation process. The activation energies for the 

growth of these silicides are determined from the experimental measurements, and the values 

are shown in Table 1-1. The interdiffusion coefficients of the silicides are calculated based on 

the measured activation energies and temperatures at which the silicides are formed.  

    The growth rates of these silicides are determined from the ratio of the square of the 

thickness of the silicide to the annealing time. The growth rate remains constant at a 

particular annealing temperature. As annealing temperature changes, the growth rate changes 

correspondingly. 

The diffusion coefficients of metal and silicon species are usually found to be smaller than 

the interdiffusion coefficients of the growing silicides [4]. This observation suggests that the 

growth of the silicide occurs at a rate faster than the diffusion of both metal and silicon 

species in the metal-silicon bilayer system.  
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The growth kinetics of the silicides is often determined as parabolic. However, there are 

silicides that are found to have two growth kinetics as shown in Table 1-1.  

Examples of such silicides are nickel silicide, tungsten disilicide and vanadium disilicide. 

Their growth kinetics begins as linear and later change into parabolic after a certain period of 

time. The thickness of silicide is generally found to increase with annealing temperature and 

time. 

    The experimental studies of the growth of silicides under irradiation are mostly carried out 

by ion beam mixing technique at a room temperature. The studies reveal that the 

stoichiometry of the silicide formed under irradiation in most cases is the same as that of the 

non-irradiation process. The growth kinetics of the silicide under irradiation is usually found 

to be similar to that of the non-irradiation process. The growth kinetics is parabolic for most 

of the silicides as depicted in Table 1-2.  

The metal/silicon interface is usually irradiated with an ion beam to different doses at a 

particular ion energy.  

The dose dependence of mixing variance of each diffusing species is found to be the product 

of diffusion coefficient and irradiation time [5]. The interfacial mixing is found to increase 

with ion dose. The thickness of the silicide layer increases in proportion to the square root of 

the ion dose with nearly constant composition [6]. 

The growth of the silicide layer in the metal/silicon bilayer system is suggested to be due to 

isotropic cascade mixing, thermal spike, and radiation enhanced diffusion of both metal and 

silicon species. The growth of the silicide is found to depend on the fluence rate. 

    The palladium silicide (Pd2Si), nickel silicide (Ni2Si), cobalt silicide (Co2Si), tungsten 

disilicide (WSi2), vanadium disilicide (VSi2), and platinum silicide (Pt2Si) growth measured 

from experiment under irradiation and non-irradiation process are shown in Tables 1-1 and  

1- 2 below:  
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Table 1-1.  Silicides growth parameters measured from experiment under non-irradiation 

process 

Silicide Activation 

energy (eV) 

Formation 

temperature 

( 0C ) 

Pre-exponential 

factor 

(m2 /s) 

Growth kinetics The cause of 

growth of the 
silicide 

Pd2Si 1.50 [7] 200 - 275 
[7] 

7.90 x 10-4 [7] Parabolic 

[7] 

Heating and 
atomic 

diffusion 

Ni2Si 0.80 [8] 200 - 350 
[8] 

2.50 x 10-5 [8] Linear 

[8] 

Heating and 
atomic 

diffusion 

Ni2Si 1.50 [8] 200 - 350 
[8] 

1.67 x 10-4 [8] Parabolic 

[8] 

Heating and 
atomic 

diffusion 

Co2Si 1.50 [9] 350 - 500 
[9] 

- Parabolic 

[9] 

Heating and 
atomic 

diffusion 

WSi2 3.00 [2, 3] 650 [2, 3] - Linear [2, 3] Heating and 
atomic 

diffusion 

WSi2 1.90 [2, 3] 650 [2, 3] - Parabolic [2, 3] Heating and 
atomic 

diffusion 

VSi2 2.90 [2, 3] 600 [2, 3] - Linear [2, 3] Heating and 
atomic 

diffusion 

VSi2 1.80 [2, 3] 600 [2, 3] - Parabolic [2, 3]  Heating and 
atomic 

diffusion 

Pt2Si 1.49 [10] 200 - 500 
[10] 

5.50 x 10-4 [10] Parabolic [10] Heating and 
atomic 

diffusion 
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Table 1-2.  Silicides growth parameters measured from experiment under the influence of 

irradiation 

Silicide  Fluence 
(ions/cm2) 

Formation 
temperature 

( 0C ) 

Type of ion 
used for 

irradiation 

Ion energy 

(eV) 

The cause of 
growth 

of the silicide 

Growth kinetics 

Pd2Si 1.0 - 15 x 1015  

[5] 

25 [5] Argon ion [5] 78 x 103 [5] Isotropic cascade 
mixing and 

radiation 
enhanced 

diffusion [9] 

Parabolic [5] 

Ni2Si 4.7 – 8.9 x 1017  
[11] 

25 [11] Argon ion [11]      2 – 20 x 103 

[11] 

Isotropic cascade 
mixing and 

thermal spike 
[11] 

     Parabolic [11] 

Co2Si 1.0 – 10 x 1013  

[12] 

25 [12]      Gold ion 

       [12] 

120 x 106 [12] Thermal spike 

[12] 

Parabolic [12] 

WSi2 1.0 – 100 x 1012   
[13] 

25 [13] Gold ion [13] 120 x 106 [13] Thermal spike 

[13] 

Parabolic [13] 

VSi2 2.0 – 2.7 x 1016  

[14] 

25 [14] Argon ion [14] 3 x 103 [14] Isotropic cascade 
mixing and 

radiation 
enhanced 

diffusion [14] 

Parabolic [14] 

Pt2Si   1.0 – 11 x 1016   

           [15] 

25 [15] Argon ion[15]  150 x 103 [15] Isotropic cascade 
mixing [15] 

Parabolic [15] 

 

1.2 Introduction to the present theoretical approach 

A number of theoretical approaches had been developed in the past, among them are the 

physicochemical approach, linear-parabolic approach, interfacial reaction barrier approach 

and the conventional diffusion approach [16-18] in which all have a common goal of 

describing the formation of intermediate compound layer(s) in the bilayer systems.  
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The results of these theoretical approaches were compared with those predicted in the 

equilibrium phase diagrams.  

The results show that the simultaneous growth of three or more compound layers at the 

interface(s) of bilayer system (under thin film consideration) is very unlikely in contrast to 

the prediction of equilibrium phase diagrams. Therefore, the maximum number of compound 

layers that are most likely to grow simultaneously under experimental conditions is shown to 

be two [19].  

    The theoretical approaches described in the previous models are limited to non-irradiation 

processes. However, the present approach provides a logical explanation for the kinetics of 

growth of the compound layer under both irradiation and non-irradiation processes.       

In the present approach, we take into account the simultaneous contributions of both diffusion 

and chemical reaction to the formation process of the compound layer. This approach is 

different from that of the physicochemical model described in [19] where chemical reaction 

contribution is considered separately from that of diffusion.  

With the present approach, it is possible to consider different diffusion mechanisms and 

chemical transformation simultaneously in the bilayer system. The contribution of each 

diffusion mechanism to the growth of the compound layer can be determined by the density 

of reactant species that diffuse from different reactant layers to the reaction interface(s). On 

the other hand, chemical transformation contributes to the formation process of the 

compound layer at the reaction interface(s) through the chemical interaction between the 

diffusing and surface reactant species.   

The connection between the flux of diffusion and the reaction rate at the interface(s) of the 

bilayer system can be established in accordance with mass action principle. This connection, 

in turn, is linked with the growth rate of the compound layer. The reaction rate is shown in 

this model as the product of the density of the reactant species at the reaction interface(s). 

   The influence of diffusion of atomic species on the motion of surface boundary can also be 

established during the compound layer formation process. The position of surface boundary 

changes as the AB compound layer grows at the interface(s). 
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The diffusion of species determines the rate of change of position of the surface boundary.  

For example, as more reactant species diffuse to the reaction interface(s) the chance of 

chemical transformation between the diffusing and surface reactant species increases.  

The growth of the compound layer increases as a result of this chemical transformation and 

the layer growth, in turn, enhances the motion of the surface boundary. 

    The distribution of reactant species in the compound layer can be obtained mathematically 

from the present approach. This approach makes it feasible to obtain the density of reactant 

species actively participating in the formation process of the compound layer. The spatial 

dependence of the density of each reactant species in the growing layer is explicitly presented 

for different growth stages. 

1.3 Aim of the research study 

The aim of this research is to develop a theoretical model that would describe the compound 

layer formation under irradiation. The model in [19] is inappropriate for this case because it 

cannot account for the simultaneous diffusion of reactant species via different transport 

mechanisms together with the chemical transformation occurring at the interface(s) of the 

bilayer system.  

    By specific consideration of each radiation-induced process, we can possibly identify the 

process responsible for the compound layer formation. This consideration is important 

because there are a lot of processes that occur almost at the same time under irradiation. 

These processes include excitation of electron and phonon subsystems, radiation induced 

defect generation, nuclear transformation, interaction between defects: recombination of 

point defects (for example, recombination between interstitial and vacancy defects); 

formation of complexes, clusters, vacancy and interstitial loops; absorption of point defects 

by dimensional ones, for example, by dislocations and voids,  and so on.  

It is clear that radiation heating and production and absorption of defects have the most 

significant influence on diffusion and growth of compound layer.  
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To examine the influence of each process on the compound layer formation we consider the 

influence of vacancy and interstitials, and influence of radiation heating separately. It is the 

first approximation of course, but it shows the main tendencies.   

The influence of heating on the compound layer formation is investigated under irradiation. 

This investigation is done by examining the role of temperature induced by heating under 

irradiation on the chemical reaction and diffusion of reactant species.  

Inasmuch as chemical reaction and diffusion phenomena, which play an important role in the 

compound layer formation process, depend strongly on temperature.  

The role of temperature on these two key players during irradiation cannot be ignored. 

Therefore, it is crucial to investigate the contribution of heating to these two phenomena 

under irradiation. For example, if sufficiently high temperature accompanies the heating 

process, this can activate the diffusion of species from the reactant layers to the reaction 

interface(s) and at the interface(s), chemical reaction will occur at different rates because the 

temperature at each interface will be different due to the different quantities of heat energy 

generated in each irradiated layer.  

However, if extremely low temperature accompanies the process, the contribution of heating 

under irradiation become insignificant, and layer formation is less probable under such 

consideration.  

    On the other hand, the radiation-induced defect generation process is considered under two 

independent mechanisms. These mechanisms are interstitial and vacancy mediated processes. 

The vacancy mechanism under irradiation is similar to that of the non-irradiation process. 

The only difference between them is the disparity in vacancy density. There are more 

vacancies under irradiation than non-irradiation process.  

The interstitial mechanism under irradiation occurs faster than radiation-induced vacancy 

mechanism due to low migration energy of interstitial atoms.  The density of interstitial 

atoms generated under irradiation is approximately the same as that of vacancy. Therefore, 

the interstitial mechanism may be regarded as an effective diffusion mechanism for reactant 

species under irradiation in terms of mobility of species to the reaction interface(s). 
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    The commonly used theoretical models on irradiation are the thermal spike and 

displacement cascade model. These models are used to describe the extent of damage caused 

by irradiation in the target materials.  

They are mostly used by experimental investigators that usually irradiate materials with 

heavy particle radiation, such as ion radiation to explain their empirical results. Most of the 

experimental works on compound layer formation like those shown in Table 2-1 are 

explained in terms of these models because these compounds are also formed by ion 

irradiation.  

However, there are other experimental studies that confirmed the formation of compound 

layer, such as silicide with beam of light particles radiation (e.g. electron radiation) and non-

particles radiation (e.g. laser radiation) [20, 21].  

The theory of thermal spike and cascade displacement may not be appropriate for these cases, 

especially at low radiation energy considered in these studies, this is because the mass of 

radiation particle is smaller than that of the target atom. Therefore, translational displacement 

of atoms out of their lattice sites with the energy of a few of tens of kiloelectron volts is 

difficult in this situation. However, the radiation-induced approach developed in this study is 

applicable to all kinds of irradiation techniques. Since radiation-induced defect and heating 

occur in all irradiated materials under the application of different irradiation techniques, 

therefore, this approach can explain compound layer formation under any kind of irradiation.    

The model proposed in this study sheds new light on the contribution of radiation-induced 

heating and defect generation process toward the formation of the compound layer at the 

interface of two different material samples. 

1.4 The contents of the thesis 

The content of this thesis is divided into four chapters. 

In chapter one, we introduce the formation of the compound layer under both irradiation and 

non-irradiation processes with a brief review of experimental work on the subject. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



Department of Physics                        

21 

 

 

In chapter two, we tailored our theoretical model toward the compound layer formation under 

non-irradiation process. We divide this chapter into five sections.  

The first section introduces an AB compound layer formation under non-irradiation process. 

The second section presents the physical process for an AB compound layer formation.  The 

third section describes the model and basic equations for an AB compound layer formation 

under non-irradiation process.  

The fourth section presents results and discussion of an AB compound layer formation under 

non-irradiation process. These results are compared with experimental results. The fifth 

section presents a brief conclusion on the compound layer formation under non-irradiation 

process. 

In chapter three, we tailored the physical model developed in this study toward the compound 

layer formation under irradiation. We divide this chapter into five sections and two 

subsections. The first section introduces an AB compound layer formation under irradiation.  

The second section describes a physical model for an AB compound layer formation under 

radiation-induced heating. The third section describes a physical model tailored toward an AB 

compound layer formation under radiation- induced vacancy mechanism.  

The fourth section describes a theoretical model tailored toward the formation of an AB 

compound layer under the radiation-induced interstitial mechanism. The first subsection 

presents the model and basic equations for an AB compound layer formation under each 

radiation-induced process. The second subsection presents the results and discussion of an AB 

compound layer formation under each radiation- induced process.  

The results are compared with experimental results. Each of the subsection is discussed under 

each section. The fifth section present a concise conclusion on the formation of an AB 

compound layer under radiation- induced heating and defects. 

In chapter four, we give a general conclusion on the compound layer formation under 

irradiation and non-irradiation processes followed by a recommendation. We end the thesis 

with a list of references.   
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CHAPTER 2  

AB COMPOUND LAYER FORMATION AS A RESULT OF 

CHEMICAL TRANSFORMATION CONTROLLED BY 

DIFFUSION. 

2.1 Introduction 

A number of works in the literature report the formation and growth kinetics of the thin film 

of an AB compound layer such as silicide layer [22-25]. The compound layer formation can 

be explained from two approaches: diffusion approach (which is considered as the 

conventional approach) and physicochemical approach (an alternative approach to the 

former). From diffusion approach, the thin film of an AB compound is formed as a result of 

intermixing of A with B species after the diffusion of either A atoms into B layer or B atoms 

into A layer. This intermixing is initiated by heat treatment process. Diffusion approach 

usually leads to loss of reaction controlled stage [19] due to lack of consideration for the 

chemical reaction between A and B species.  

    Unlike diffusion approach, physicochemical approach incorporates two processes: 

diffusion and chemical reaction. It describes A and B layers as two immiscible layers with the 

interface(s) separating them. A chemical reaction takes place between A and B atoms at the 

interface(s). The A atoms or B atoms or both are brought to the interface(s) by means of 

diffusion. This approach creates room for the possibility of accounting for chemical reaction 

contributions to the thin film of an AB compound layer growth during reaction controlled 

stage.  

    The interfacial barrier approach described by Gosele and Tu [18] predicts the number of 

compound phases that can grow sequentially at the reaction interface in both thin film and 

bulk reaction couple taking into account a certain minimum thickness (called critical 

thickness).  
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This approach is limited to non-irradiation process, unlike the present approach that can 

account for the growth of compound phase(s) under and without irradiation.   

    In this chapter, we present a physical model that is tailored toward an AB compound layer 

formation under non-irradiation process.  

This model describes the growth kinetics of an AB compound layer based on the first 

approximation of reaction rate, which is expressed as the product of reactant species’ 

densities. This approximation is in accord with mass action law.  

The speed of growth is proportional to reaction rate during the reaction controlled and 

diffusion limited stages.  

The AB compound layer growth kinetics that follows from this approach show that the 

growth behaviour of the growing layer can be explained from the viewpoint of the number of 

kinds of atomic species actively diffusing into an AB layer during the formation process.  

This model is discussed in light of the number of kinds of active and dominant diffusing 

species in an AB compound layer during a non-irradiation process. The results of this 

theoretical approach are compared with experimental results. 

2.2 Physical process for an AB compound layer formation under non-irradiation 

process 

Let us consider AB compound formation for time >t . Suppose that at time t  the A 

layer occupies space x  and B layer occupies space x in the A-B bilayer system as 

illustrated in Figure 2-1. At time >t  heat treatment process commences in the A and B 

layers.  The AB compound layer arises due to the chemical reaction between A and B atoms. 

The interfaces A/AB and AB/B spatially separates A and B layers after the formation of the AB 

compound. The A atoms diffuse from the A layer through an AB layer to interface A/AB, and 

B atoms diffuse from the B layer via an AB layer to interface AB/B. At both interfaces, A/AB 

and AB/B, diffuse A and B atoms chemically react with B and A surface atoms respectively to 

form additional AB compound.  
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An AB layer occupies space from )t(Ahx   to )t(Bhx   as shown in Figure 2-2.  The 

thickness of the compound layer formed at interface A/AB is denoted by )t(Ah  and at 

interface AB/B by )t(Bh . The total thickness of an AB compound layer formed between the A 

and B layers is designated by )t()t()t( BA hhh  . 

 

   
 

 A layer B layer 
 
 

     

 

                                  

                                     x                                           x             x     

 x  

                              Figure 2-1: Schematic diagram of the A-B bilayer system at time t  

                                                   before the commencement of heating. 
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                                                 x        (t)Ahx                             (t)Bhx         x     

                                                                     x                                                                                            x    

                                                                                                               )t()t()t( BA hhh      

                 x                                        

                                        Figure 2-2: Schematic diagram of the A-B bilayer system showing 

                                                             an AB layer formation at time >t  after the  

                                                              commencement of heating. 

2.3 Basic equations for an AB compound layer formation under a non-irradiation 

process 

The chemical reaction between A and B atom, is represented as thus: 

 

b
νaνbνaν BABA                                                                                                  (2.1) 

 

Where 

aν and bν  are the stoichiometric coefficients for the A and B atoms respectively. 

The rate of chemical transformation depends on density of the reactant species. If one of the 

reactant species is in excess, the rate of reaction remains constant with a change of density of 

the species that are present in excess at the interface [26].  
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But, if the density of the reacting species is approximately the same, the rate of chemical 

transformation can be delineated in the first approximation as the product of reactant species’ 

densities.  

Thus, the rate of chemical reaction between A and B atoms, at reaction interfaces A/AB and 

AB/B can be approximately defined as thus: 
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aabAba
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νnνhxnhxnnγ
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)t()t(

)t(const
                                                 (2.2a)                                                         

           and                                                                                                                                                                                                                                                                                                                     

  
   

   















bbaBaBab

bbb
b

νnνhxnhxnnγ

νnνhxnnγ
R

)t()t(

a)t(Baconst
                                              (2.2b) 

where 

 )t(Ba hxn  and  )t(Ab hxn   are the densities of A and B atoms which diffuse to 

reaction interfaces AB/B and A/AB,  

γ is the reaction rate constant, and 

aR and bR are the reaction rates at interfaces A/AB and AB/B.                                                                                                                                                                                                                                        

Due to this approximation, the growth of an AB layer can be described in two stages. The first 

growth stage occurs when there is an excess of one kind of diffusing atoms.  

For example, excess A atoms at interface AB/B or excess B atoms at interface A/AB and the 

second growth stage takes place when there is no excess of any kind of atoms at the 

corresponding interfaces. 

    The growth rate of an AB layer is determined by the rate of AB compound formation at 

both interfaces: 

 

   baab RRV
dt

dh )t(
                                                                                                       (2.3) 
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We give the details of eqn. (2.3) for all possible situations at interfaces of A-B bilayer system 

as thus:  

If there are no excess diffusing atoms at the corresponding interfaces (AB/B and A/AB), we 

obtain 

  

    )t()t(
)t(

BabAbaab hxnnγhxnnγV
dt

dh
                                                          (2.3a) 

 

If A atoms are in excess at interface AB/B, we obtain  

 

    )t(
)t(

Ababab hxnnγnγV
dt

dh
                                                                            (2.3b) 

 

If B atoms are in excess at interface A/AB, we obtain 

  

     )t(
)t(

Babaab hxnnγnγV
dt

dh
                                                                             (2.3c) 

 

Where abV  is the volume of one molecule of AB compound. 

The above consideration (in eqns. (2.3b) and (2.3c)) exhaust all possible cases since an 

excess of both A atoms and B atoms at the same time at the respective interfaces is 

impossible.  

Note that if there is an excess of A (or B) atoms at some moment of time (for case (2.3b) or 

case (2.3c)), then the excess atoms decreases as AB layer grows. Stoichiometric equilibrium 

is reached at some time called critical time, ct  after that, case (2.3a) takes place.   

Suppose that all A atoms at AB/B interface and all B atoms at A/AB interface reacted at once. 

Therefore, the growth of an AB compound layer is determined by the flux of A atoms toward 

B layer and flux of B atoms toward A layer.  
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Thus, we consider the diffusion of A and B atoms inside the AB compound layer.  

Diffusion of A and B atoms inside the AB layer is described by Fick’s second law under a 

stationary condition as thus: 

 

   







x

n
D

)x()b(a

)b(a                                                                                                        (2.4) 

   

 With corresponding boundary conditions: 

   )t(
)x(

)t( Baba
a

aBa hnnγν
dx

dn
DhJ  ,    

   )t(
)x(

)t( Aba
b

bAb hnnγν
n

DhJ bdx

d
  , 

   aAa nhxn )t(  and 

   bBb nhxn )t( .                                                                                                                                                                                                 

where  

 )t(Ba hJ and  )t(Ab hJ   are fluxes of A and B atoms toward interfaces AB/B and A/AB 

respectively,  

aD and bD  are diffusivities of A and B atoms. 

Solving eqn. (2.4) with boundary conditions for the first stage of layer growth (before critical 

time). We obtain an expression for the distribution of A and B atoms inside the AB compound 

layer when A atom is in excess at AB/B interface:  
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and for excess B atoms at A/AB interface, the distribution of A and B atoms in the AB layer is 

described by: 
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and 
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Density of A atoms at interface AB/B and B atoms at interface A/AB during second growth 

stage are:  
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                                                                                           (2.7a)                                                                                           

and 

)t(
)t(

hnγνD

nD
)h(n

abb

bb
Ab 




                                                                                        (2.7b) 

                                                                

If there are excess A atoms at reaction interface AB/B at time ctt  , an AB layer at this 

interface grow under reaction controlled process and at A/AB interface the growth is diffusion 

limited and vice-versa for excess B atoms at interface A/AB.  

Therefore, the relationship between time and layer thickness can be found by solving either 

eqn. (2.3b) or (2.3c) for excess A or B atoms at the reaction interface.  
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Solutions to eqns. (2.3b) and (2.3c) are expressed in eqns. (2.8a) and (2.8b) respectively.                                                                                                                                                     

 However, if there are no excess of A or B atoms at the reaction interfaces no reaction 

controlled growth would occur at either AB/B or A/AB interface. The growth at both 

interfaces would be predominantly diffusion limited at all time.  

At critical time ct , )t()t( cchh  :  
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Critical thickness, )t( cch is obtained from eqn. (2.9) as follows: 
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Eqn. (2.10a) holds at interface AB/B under reaction controlled process or eqn. (2.10b) at A/AB 

under the same process. It is worth noting that critical thickness cannot take place at two 

interfaces at the same time. It can only occur at the interface that has excess atomic species.                        

For the critical time, substitute ctt  , and )t()t( cchh   in eqn. (2.8a) or (2.8b) 
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Eqn. (2.11a) is the corresponding critical time of eqn. (2.10a) and eqn. (2.11b) is the 

corresponding critical time of eqn. (2.10b)                                                                                                                                                             

The growth rate of an AB compound layer after critical time (second stage of growth) is 

described by: 
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Substitute eqns. (2.7a) and (2.7b) into eqn. (2.12) and integrate the resulting equation.   
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A connection between time and layer thickness is established: 
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Where  
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2.4 Results and discussion on non-irradiation process 

The kinetics of the first stage of growth of an AB compound layer expressed in eqns. (2.8a) 

and (2.8b) shows time as both partly linear and partly natural logarithmic functions of layer 

thickness. Eqn. (2.13) depicts time as partly parabolic and partly natural logarithmic function 

of thickness. The natural logarithmic function in eqns. (2.8a), (2.8b) and (2.13) is attributed to 

the simultaneous diffusion of A and B atomic species in the AB compound layer.  

It is important to mention that the layer growth kinetic would be linear under reaction 

controlled process and parabolic under diffusion limited process if only one kind of atomic 

species diffuses in the AB compound layer.  
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If, for example, only A species diffuse in the AB layer when there is an excess of A species at 

AB/B interface during the first stage of growth (i.e., reaction controlled growth). Eqn. (2.8a) 

transforms to a linear equation (when bD ) 

 

    tnγVh bab)t(
                                                                                                            (2.14a) 

 

 And eqn. (2.13) reduces to parabolic equation  

 

        
cbaaabca)t(c)t(ba ttnnDVγhhDhhnγν )t()t(                           (2.14b) 

 

The critical thickness under this condition remains the same since it depends on the 

diffusivity of the atomic species (that is in excess) at one of the reaction interfaces during the 

reaction controlled growth stage.  

However, the corresponding critical time has a different expression under this situation. 
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Likewise, if only B atom diffuses in the AB layer when there is an excess of B atoms at A/AB 

interface during the same stage of growth. Eqn. (2.8b) also changes to a linear equation 

(when aD ) 

 

   tnγVh aab)t(
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and eqn. (2.13) reduces to parabolic equation 
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cbababcb)t(c)t(ab ttnnDVγhhDhhnγν )t()t(                           (2.15b) 

 

The critical thickness remains invariant under this condition due to the same reason as the 

one mentioned before. But the corresponding critical time is not of the same expression as the 

one obtained in eqn. (2.11b)  
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 However, if there are no excess of A or B atoms at either AB/B or A/AB interface, first 

growth stage would be absent. In other words, there would be no reaction controlled process 

and linear growth would not take place.  

Thus, only parabolic growth (diffusion limited growth) would be feasible. Eqn. (2.16a) would 

hold if there are only A species diffusing in the AB layer and eqn. (2.16b) would also hold if 

there are only B species diffusing in the AB layer under the second stage of growth.  

 

    tnnDVγhDhnγν baaababa )t()t(                                                               (2.16a) 

 

   tnnDVγhDhnγν bababbab )t()t(                                                                (2.16b) 

 

    The growth kinetics of four silicides (tungsten disilicide WSi2, vanadium disilicide VSi2, 

cobalt silicide Co2Si, and Nickel silicide Ni2Si) are studied based on the result of this model. 

The experimental data are taken from the literature [24-28] to determine the interdiffusion 

coefficients of silicide layers under conventional furnace annealing process. We assume that 

the diffusivity of dominant species is the same as that of interdiffusion coefficient of the 

growing silicides (since only one kind of species diffuses in the silicide layer). The diffusing 

species in each silicide layer are shown in Table 2-1. 
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Table 2-1. Useful information on growth kinetics of WSi2, VSi2, Co2Si, and Ni2Si 

AB layer 

(Silicide layer) 

Diffusing 
species under 
annealing 

condition in the 

AB layer 

(Silicide layer) 

Formation 
temperature 

T (K) used 
in this work 

Growth kinetics 
(from this study) 

Growth kinetics  

(from experiment) 

WSi2 Si [2, 3] 1033 [27] Linear and parabolic. Linear and parabolic  

[2, 3] 

 VSi2 Si [2, 3] 873 [28] Linear and parabolic. Linear and parabolic [3]. 

Co2Si 

 
Ni2Si 

Co [2, 3] 

 
Ni [2, 3] 

763 [9] 

 
573 [8, 29] 

Linear and parabolic. 

 
Linear and parabolic. 

Parabolic [2, 3]. 

 
Linear and parabolic[8]  

   

The results of interdiffusion coefficients for four silicides are depicted in Table 2-2 and they 

are obtained from Arrhenius equation described in eqn. (2.17) based on the data available on 

D0 and Ea in Table 2-4 at formation temperatures shown in Table 2-1. 
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E
expDNDND

B

a
)b(a)b(a)b(aint                                                                    (2.17) 

 

where  

intD  is the interdiffusion coefficient of AB layer,  

)b(aN is the atomic fraction of A or B atoms (which is equal to unity in the case of one kind 

of diffusing species) in the AB layer,  

D is the pre-exponential factor,  

aE is the activation energy,  

BK  (8.617 x 10-5 eV) is the Boltzmann constant, and  

T is the absolute temperature.  
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Table 2-2. Data used for WSi2, VSi2, Co2Si, and Ni2Si layer thickness estimation 

AB layer 

(Silicide 
layer)  

 

Interdiffusion 

coefficient, intD  

of AB layer 

(Silicide layer)  

 (10-17 m2/s ) 

Reaction rate 
constant, γ  

(10-38 m4/s) 

Volume of AB 
compound per 

Molecule, abV  

(10-29 m3) 

Number density of A 
and B atoms 

in the A and B layers, 


)b(an  (1028 atoms/m3) 

WSi2 1.000 [27] 4.700 4.300 W (6.300), Si (5.000) 

VSi2 0.029 [28] 0.910 4.000 V (5.200), Si (5.000) 

Co2Si 

 
Ni2Si 

3.000 [9] 

 
1.100 

(Estimated) 

1.200 

 
0.620 

5.000 

 
3.300 

Co(9.100), Si (5.000) 

 
Ni(9.140), Si (5.000) 

 

The layer thickness of WSi2 and VSi2 is estimated with eqn. (2.15a) (for reaction controlled 

growth) and eqn. (2.15b) (for diffusion limited growth). The critical thickness between the 

two growth stages is obtained with eqn. (2.10b) and the corresponding critical time, ct  (when

aD ) is estimated with eqn. (2.11b).  

In a similar vein, the thickness of Co2Si and Ni2Si is obtained from eqn. (2.14a) (for reaction 

controlled growth) and eqn. (2.14b) (for diffusion limited growth). The critical thickness and 

time are estimated with eqn. (2.10a) and (2.11a) respectively (when bD ). The results of 

critical thickness and time of the silicide layers are shown in Table 2-3.  

The results show that critical thickness is strongly dependent on the diffusivity of the active 

moving species in the silicide layer. The higher the diffusing rate of the active species the 

thicker the thickness become at the transition point. 
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Table 2-3. Critical thickness and time of WSi2, VSi2, Co2Si, and Ni2Si layer. 

AB layer 

(Silicide layer) 
ch  (10-9  m) ct  (s) 

WSi2 

 

0.990 0.124 

VSi2 

 

0.280 0.285 

Co2Si 

 
Ni2Si 

 

66.000 

 
47.000 

44.000 

 
92.000 

 

    The growth kinetics of four silicides considered in this study reveals a linear-parabolic 

relationship between layer thickness and time. The linear growth in both WSi2 and VSi2 layer 

is due to the reaction rate dependence on tungsten density at W/WSi2 interface and vanadium 

density at V/VSi2 interface during reaction controlled stage. Parabolic growth, on the other 

hand, is due to reaction rate dependence on both densities of tungsten and silicon atoms at 

both interfaces in tungsten-silicon system. The same explanation applies to vanadium-silicon 

system. Linear growth in the Co2Si layer occurs as a result of excess cobalt atoms at Co2Si/Si 

interface during reaction controlled stage and parabolic growth arises in the Co2Si layer due 

to the active diffusion of cobalt as the only moving species during diffusion limited stage in 

the Co2Si layer. The same explanation holds for linear-parabolic growth in the Ni2Si layer 

where nickel is the only active diffusing species. 
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Table 2-4. Activation energy and pre-exponential factor for the growth kinetics of WSi2, 

VSi2, Co2Si, and Ni2Si 

AB layer 

(Silicide layer) 
aE  (eV ) D  (m2/s) 

WSi2 

 

3.400 [27] 0.400   (Estimated) 

VSi2 

 
2.900 [28] 0.016 (Estimated) 

Co2Si 

 
Ni2Si 

 

- 

 
1.500 [8, 29] 

- 

 
1.670 x 10-4 [8, 29] 
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           Figure 2-3: The growth kinetics of tungsten disilicide (WSi2) at 1033 K under 

                                a non-irradiation process. The arrow shows the linear growth 

                                regime of WSi2 under a reaction controlled process. The estimated 

                                time for the linear growth of WSi2 is 0.124 s.  
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                      Figure 2-4: The growth kinetics of vanadium disilicide (VSi2) at 873 K under 

                                           a non-irradiation process. The arrow shows the linear growth  

                                           region of VSi2 over an estimated period of 0.285 s.  
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       Figure 2-5: The growth kinetics of cobalt silicide (Co2Si) at 763 K under  
                            a non-irradiation process. The arrow shows the linear  

                            growth regime of Co2Si over a period of 44 s. 
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          Figure 2-6: The growth kinetics of nickel silicide (Ni2Si) at 573 K under a  

                               non-irradiation process. The dotted arrow indicates the linear growth 

                               regime of Ni2Si over a period of 92 s.  

    Due to the small magnitude of layer thickness formed over a very short period of time 

during reaction controlled growth as shown in Table 2-3, the linear section of this curve is 

correspondingly small that the growth kinetics appear to be predominantly parabolic in 

Figures 2-3 to 2-6. The silicide growth is considered over a period of 3600 s in all the layers. 

The comparison between the growth kinetics predicted from this model and that of the 

experiment as depicted in Table 2-1 shows that the results of this theoretical approach are in 

good agreement with experiment.  

    The expressions in eqns. (2.8a), (2.10a), and (2.13) are used for the investigation of growth 

kinetics of palladium silicide; where both palladium and silicon are considered as diffusing 

species in the palladium silicide Pd2Si layer.  
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Since Pd2Si layer is a metal rich silicide phase, we assume that palladium species are in 

excess at the reaction interface Pd2Si/Si during the reaction controlled stage. 

The diffusion coefficient of palladium and silicon species in the palladium silicide layer is 

determined through the application of Darken’s equation: 

 

PdSiSiPd NDNDD Pd2Si                                                                                              (2.18) 

 

where  

Pd2SiD is the chemical diffusion coefficient of palladium silicide,  

PdD and PdN  are the diffusion coefficient and atomic fraction of palladium species,  

SiD and SiN  are the diffusion coefficient and atomic fraction of silicon species.  

The atomic fraction of both palladium and silicon species is determined by:  

 








SiPd

)Si(Pd

)Si(Pd
nn

n
N                                                                                                          (2.19) 

 

Where  


Pdn is the density of palladium species (6.8 x 1028 atoms/m3) in the palladium layer,  


Sin is the density of silicon species (5.0 x 1028 atoms/m3) in the silicon layer.  

PdN = 0.58, SiN = 0.42, and Pd2SiV  = 4.2 x 10-29 m3.  

Pd2SiV is the volume of one molecule of palladium silicide. 

The diffusion coefficient of palladium species is estimated to be about 3.9 times faster than 

that of silicon species in the palladium silicide layer based on the empirical data in [4].  
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The chemical diffusion coefficient of palladium silicide is estimated from the well-known 

Arrhenius equation: 

 

  












 
  TK

E
expDD

B

a
Pd2Si

                                                                                                 (2.20) 

 

aE = 1.5 eV/atom [33], D  = 7.9 x 10-4 m2/s [33], T = 473 K [33], and γ  =   6.8 x 10-40 m4/s. 

The estimated values of Pd2SiD , PdD   and SiD  are 8.2 x 10-20 m2/s, 14.4 x 10-20 m2/s, and  

3.7 x 10-20 m2/s respectively using eqns. (2.20) and (2.18).                          

The palladium silicide, Pd2Si critical thickness is estimated with eqn. (2.10a) and we obtain 

2.07 nm at a temperature of 473 K and the corresponding critical time is calculated using  

eqn. (2.11a) and a critical time of 19.78 s is obtained. These results are obtained under the 

consideration of two kinds of diffusing species in the palladium silicide layer. These species 

are palladium and silicon, and they are both assume to diffuse concurrently in the silicide 

layer. The growth kinetics of palladium silicide under this type of consideration is depicted in 

Figure 2-7. 

There are different viewpoints on the diffusing species in the palladium silicide layer from 

experimental reports [31-36]. We, therefore, investigate the diffusing species in the palladium 

silicide layer looking at two more diffusion possibilities. This investigation is done based on 

the result obtained from this model. 

The other two diffusion possibilities considered are when:  

1. Silicon diffuses as the only species and  

2. Palladium diffuses as the only species in the palladium silicide layer.   

We, then estimate the thickness of palladium silicide under each diffusion consideration and 

compared the results with that of the experiment [7].  
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The palladium silicide thickness in [7] is estimated with equation of the form: 

 

   tDh )t( Pd2Si                                                                                                            (2.21) 

 

 

                Figure 2-7: The growth kinetics of palladium silicide (Pd2Si) at 473 K under the 

                                       concurrent diffusion of both palladium and silicon species in the 

                                       silicide layer. The arrow shows the linear growth regime of Pd2Si 

                                       over a period of 19.78 s.  

The growth kinetics of palladium silicide when palladium is considered as the only diffusing 

species in the silicide layer is depicted in Figure 2-8. A linear-parabolic relationship is 

established under this consideration. The linear section of the growth stage is obscured due to 

reaction controlled process that dominates for a very short time compared to diffusion limited 

process. A reason similar to the one given previously. 
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The critical thickness of 2.07 nm is obtained, using eqn. (2.10a), which is of the same 

magnitude as the one estimated under the concurrent diffusion of silicon and palladium 

species. The corresponding critical time of 29 s is obtained with eqn. (2.14c). 

       

                     Figure 2-8: The growth kinetics of palladium silicide (Pd2Si) at 473 K when 

                                           only palladium species diffuse in the silicide layer. The arrow 

                                           shows the linear growth regime of Pd2Si over a period of 29 s.  

The results in Figure 2-9 depict silicon as the dominant species during the palladium silicide 

growth; this is because the curve of palladium silicide under the diffusion of silicon is closer 

to the experimental curve than the other two curves.  

The result also shows that the concurrent diffusion of palladium and silicon species is 

unlikely in the Pd2Si layer; since the thickness of palladium silicide estimated under this 

consideration is more than that of the experimental value.  
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However, we cannot rule out the possibility of palladium species participation in the mass 

transport process during the silicide growth; this can only occur, if the diffusion of silicon is 

obstructed [37] during the silicide growing process. 

 

              Figure 2-9: The growth kinetics of Palladium silicide (Pd2Si) at 473 K under the  

                                   consideration of three different diffusion possibilities over a period of 

                                    3600 s. 

2.5 Conclusion 

The model shows a good agreement with experimental results. The silicides considered in 

this study have two growth stages. Reaction controlled stage and diffusion limited stage.  

The growth kinetics show a linear growth under a reaction controlled stage and parabolic 

growth under a diffusion limited stage. The reason for this kinetic of growth is ascribed to the 

diffusion of dominant species by means of one transport mechanism. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



Department of Physics                        

48 

 

 

CHAPTER 3 

INFLUENCE OF IRRADIATION ON AB COMPOUND LAYER 

FORMATION 

3.1 Introduction 

Experiments have shown the feasibility of the compound layer formation particularly at the 

interface of two immiscible solid layers under the influence of irradiation at a low 

temperature [11-15, 21, 38-40]. Most of the reported works were carried out independently 

with either heavy or light particle beam irradiation. For example, nickel silicide is produced 

at the interface of nickel/silicon system under argon ion irradiation [11, 39], cobalt silicide is 

formed at the interface of cobalt/silicon system under gold ion irradiation [12], tungsten 

disilicide is produced at the interface of tungsten/silicon system under gold ion irradiation, 

and vanadium disilicide is formed at the interface of vanadium/silicon system under argon 

ion irradiation [14].  The same set of silicides are also produced under electron and laser 

irradiation [20, 21]. 

The reports show that the compound layers were formed via cascade mixing under heavy 

particle irradiation, such as ion irradiation. However, this explanation is not applicable to 

light particle irradiation, such as electron irradiation due to mass difference between electrons 

and target atoms. 

    In this study, we proposed a different approach which intends to explain the compound 

layer formation from the viewpoint of the radiation-induced process which is fundamental to 

all irradiation techniques. Radiation-induced processes are many, and they occur only within 

a transient time during the period of irradiation. Examples of such process include radiation 

induced heating, radiation-induced defect generation process, radiation-induced excitation 

and ionization process, radiation- induced recombination, and annihilation of defects, etc. 

Due to a number of these processes, it remains unclear which of them is actually responsible 

for the compound layer formation at the interface of an irradiated bilayer system, such as 

metal-silicon system.  
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The radiation-induced processes in the irradiated bilayer systems are taking into account over 

a period of time much greater than 10-8 s.  At this time defect reaction by thermal migration is 

considered in the irradiated layers [41].  

The radiation-induced excitation process relaxes into heating over this period of time. The 

influence of radiation-induced ionization process on the compound layer formation within 

this time frame is negligible due to a vast number of atoms that are diffusing almost at the 

same time in the irradiated layers. The influence of radiation-induced recombination process 

on the compound layer formation also may be ignored over this period of time due to the 

weak correlation (which arises from the spatial separation) between the vacancies and 

interstitial atoms in the irradiated systems. It takes much longer time for recombination 

process to takes place between the vacancy and the interstitial atom at a time greater than 10 

ns than the period between 100 fs and 10 ps (for displacement cascade phenomenon).  

Therefore, the radiation-induced heating and radiation-induced defects generation have a 

greater influence on the growth of the compound layer at a time >10-8 s. These two processes 

are associated with thermal relaxation and diffusion phenomena in the irradiated layer. The 

investigation of these processes is considered at a low temperature. The reason for a low-

temperature consideration in this study is because most of the silicides and other intermetallic 

compounds formation are observed empirically at low temperatures [11-15].  

The role of both processes on atomic diffusion is examined independently. The temperature 

associated with heating in each irradiated layer is investigated in this work. Likewise, the 

effectiveness of radiation-induced interstitial and vacancy as transport mechanisms is 

independently investigated within the framework of the theoretical approach presented in this 

study.   
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3.2 Physical process for an AB compound layer formation under the influence of 

radiation-induced heating 

Suppose that the A and B layers in the A-B bilayer system are irradiated with a low energetic 

particle beam. The energy transferred by the radiation particles to the target atoms A and B 

are assumed to be lower than the threshold displacement energies in their respective layers.  

In other words, this interaction does not result in defect generation in the A and B irradiated 

layers. A vast amount of energy of radiation particles is transformed into heat due to its 

interaction with both layers.  

However, the intensity of heat produced in each irradiated layer is not the same; since the 

energy deposited in the irradiated layers are different due to the difference in the particle 

penetration depth in both layers. The A and B layers are, therefore, heated up as a result of 

energy deposited by the radiation particles. Thermal vacancies are generated, and atomic 

bonds between target atoms are broken as a result of heating in the irradiated layers.  The A 

and B atoms diffuse from their respective layers via thermal vacancies to the reaction 

interface(s); at the interface(s), the A species react chemically with B atoms to formed an AB 

compound layer. The new bond formed in the sublattices of an AB compound layer is not the 

same as the bonds in the A and B target layers; this makes the AB compound layer different 

from the A and B layers.   

The AB layer is also heated by the energy deposited by radiation particles. The energy 

deposited in the AB layer is different from that of the A and B layers due to the particle 

penetration depth in the AB layer which is different in dimension from that of the A and B 

layers.  

The geometry of the A-B bilayer system during the radiation-induced heating is shown in 

Figure 3-1. The A, AB, and B layer thicknesses are denoted by )t(Ah , )t(ABh , and )t(Bh  

respectively.  
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where 

Ah , ABh  , and Bh are the function of time t.  

The temperature rise in the A, AB, and B layers due to radiation-induced heating are 

represented by ATΔ , ABTΔ  and BTΔ  respectively.  

eT  designates the environment temperature of the A-B bilayer system.  

T , T  , T  , and T  are temperatures at points x , x , x  , and x  respectively.  

The heat fluxes in A, AB, and B irradiated layer are AJ , ABJ , and BJ  respectively.  

The volumetric heat generation rate (i.e., heat energy produced per unit volume in unit time) 

in the A, AB, and B layers are represented by AQ , ABQ , and BQ respectively.  

              

                             

 
             Irradiated               Irradiated                         Irradiated          
                            

             A layer                  AB layer                          B layer                
             

eT                                                                                                           eT  

 
           
                                                                                               

           T   T                                T                          T    

               

                   )t(Ah                         )t(ABh                            )t(Bh                
               x    

         x                           x            x         x  

 
Figure 3-1: Schematic diagram of the A-B bilayer system during radiation heating process. 
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 3.2.1 Basic equations for an AB compound layer formation under the influence of 

radiation-induced heating 

 The equation for the stationary temperature distribution in the irradiated layers is described 

  as thus: 

 

Q
x

T
η

t

T
ρC 













                            (3.1) 

 

With the following boundary conditions:  

 eA TTξxJ )(   , 

)()( xJxJ ABA   ,  

)()( xJxJ BAB   ,  

 eB TTξxJ )(   , and 

dx

xdT
ηxJ

)(
)(   (For heat flux in each layer). 

Where  

ξ is the rate of heat transfer coefficient between the A layer and the environment,  

ξ is the rate of heat transfer coefficient between the B layer and the environment .  

C , ρ , and η  are the specific heat capacity, density, and thermal conductivity of the 

 irradiated layers respectively.  

We assume that ξξξ    (for a simple case).    
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The solution of eqn. (3.1) is written as follows under a steady state condition 















t

T
 for each of the irradiated layer: 
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The heat fluxes )( xJ A   and )( xJ A  in the A layer at points x and x  are:   

  

   
 




 







xx

TTη
xx

Q
TTξxJ AA

eA )(                                   (3.3.1) 

 

 
 




 







xx

TTη
xx

Q
xJ AA

A )(                                                                         (3.3.2)  

                                                                                                                                                                                                                       

The heat fluxes )( xJ AB   and )( xJ AB   in the AB layer at points x  and x  are expressed as: 
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The heat fluxes )( xJB   and )( xJB   in the B layer at points x  and x  are delineated as: 
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To solve for temperature rise ATΔ , ABTΔ  and BTΔ   we apply the boundary conditions 

The first boundary condition is employed in eqn. (3.3.1) and the fourth boundary condition is 

applied in eqn. (3.5.2).  

The second and third boundary conditions are employed, respectively, as follow: 
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Recall that 

)t(Ahxx   , 

)t(ABhxx   , 

)t(Bhxx   ,  

ATΔTT   , 

ABTΔTT   , and  

BTΔTT    

We rewrite eqns. (3.3.1), (3.5.2), (3.6.1), and (3.6.2) in terms of the symbols of the 

temperature rise and thickness of the irradiated layers: 
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We solve eqns. (3.7), (3.8), (3.9), and (3.10) simultaneously and the following results are 

obtained for ATΔ , ABTΔ , and BTΔ  
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where 
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The temperature associated with radiation induced heating process is described by: 

 

   irr
e

irr TΔTT                                                                                                            (3.14) 

 

where  

irrTΔ is the change in temperature in the irradiated layer due to radiation heating.  

Therefore, irrTΔ  in the A, AB, and B layers are ATΔ , ABTΔ  and BTΔ  respectively. 

    There are two important parameters for radiation heating calculation. These are the 

stopping power of the radiation particle and its depth of penetration in the target layer.  

These two parameters are estimated based on the expressions given in eqns. (3.15) and (3.16) 

for the light particle irradiation and eqns. (3.19) and (3.21) for the heavy particle irradiation. 

For a compound layer to form at the reaction interface during irradiation, the range of the 

radiation particle must be greater or equal to the thickness of the target layer [42]. Otherwise, 

no compound layer would form at the reaction site. 

The radiation particles considered in this study are electron and ion. 

The volumetric heat generation rate Q  in each irradiated layer is determined in the following 

way: 

At first, we estimate the stopping power for light particles radiation in each target layer in 

accordance with the model in [42]. The corresponding depth of penetration in each irradiated 

layer is estimated with the empirical data in [43].  
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The amount of light particle energy used during the collision process is calculated as the 

product of light particle radiation stopping power and thickness of the target layer.  

The quantityQ , in turn, is determined by the product of defect generation rate, the density of 

atoms in the target layer and light particle radiation energy expended during the collision 

process.  

The idea of incorporating defect generation rate into the equation that delineated Q  is to 

transform the defect formation energy into radiation heating.  

This notion would inhibit the chance of defect generation in each irradiated layer and 

circumscribe the formation of the compound layer exclusively to the contribution of heating 

under irradiation. 

    The light particle stopping power according to [42] is defined as follows: 
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where 
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 Z  is the atomic number of the target atom,  

ρ is the mass density of the target atom, 

 A  is the mass number of the target atom,  
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fR is the relativistic factor 


































E

E
R K

f
 when  EEK .  

KE is the light particle kinetic energy,  

E is the light particle rest energy,  

μ  is the ratio of light particle kinetic energy to its rest energy

















E

E
μ K , 

I  is the mean excitation energy,  

AN  is the Avogadro’s number,  

ω is the slowly variation function of Z and KE , and  

e  is the electronic charge.  

The light particle penetration depth in the irradiated layer can be estimated using [43]: 
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                                                                                                            (3.16) 

                                                                                                           

The volumetric heat generation rate in the target layers A and B is described by: 

 

  )b(al
l

)b(a nhSQ K)t(                                                                                                   (3.17) 

 

where  

K is the defect generation rate,  


an and


bn  are the atomic densities of lattice atoms in the A and B layers, and  

 )t(h  is the thickness of the irradiated layer. 
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Parameters like I  and Z  do not apply to AB layer. It is, therefore, difficult to estimate for

l
abQ  in the AB layer directly from the equation described above.   

We, then look for an alternative way of obtaining an expression for l
abQ . This expression is 

described in terms of l
aQ , l

bQ  , 

an  , 

bn  , abn  , aν and bν  as shown in eqn. (3.18). 
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where  

abn is the density of AB molecule in the AB layer. 

    On the other hand, the heavy particle stopping power and its penetration depth can be 

determined in the following way.  

The stopping power of heavy particle in each irradiated layer according to [41] is described 

by:  
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where  

tZ  and hZ are the atomic numbers of target atom and heavy particle respectively,  

hA  and tA are the corresponding atomic masses of target atom and heavy particle. 

θ  is defined in [44] as: 
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The heavy particle penetration depth [41] in each layer can be determined by:  
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The volumetric heat generation rate in the A and B target layers is described by: 

 

   )b(ah
h

)b(a nhSQ K)t(                                                                                                 (3.22) 

 

The volumetric heat generation rate in the AB layer is defined as: 
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3.2.2 Results and discussion on radiation-induced heating 

The volumetric heat generation rate and the corresponding temperature rise in each irradiated 

layers of three bilayer systems are estimated under light and heavy particle irradiation. The 

bilayer systems under consideration are cobalt-silicon, nickel-silicon, and tungsten-silicon.  
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These bilayer systems produced the same kinds of silicides as the one described under non-

irradiation process in the previous chapter.  

The temperature rise in the metal layer (A layer) is estimated with eqns. (3.11) and (3.14). 

While in silicon layer (B layer), the temperature rise is estimated with eqns. (3.13) and (3.14). 

The temperature rise in silicide layer (AB layer) is determined with eqns. (3.12) and (3.14). 

These estimations are done under both light and heavy particle irradiation. 

The volumetric heat generation rates in metal and silicon layers are calculated with eqn. 

(3.17) under light particle irradiation and with eqn. (3.22) under heavy particle irradiation.  

The volumetric heat generation rate in silicide layer under light and heavy particle irradiation 

is estimated with eqns. (3.18) and (3.23) respectively.   

The light particles beam of 20 keV is used in our estimation for the irradiation of the three 

bilayer systems considered in this study. Electron is considered as light particle. The electron 

energy used in this work is the same as the one reported in [21]. The thickness of the 

irradiated layer is taken as 5 nm for each metal and silicon in the bilayer system. The 

thickness of silicide formed at the interface of each bilayer system is taken as 10 nm.  

On the other hand, the heavy particles beam of 110 keV and 120 MeV energy is considered in 

this work. These energies are of the same magnitude as the one used in the experiments 

described in [12-14, 39]. Argon and gold ions are the heavy particles used for the irradiation 

of the metal-silicon bilayer systems in these experiments.  

The thickness of the metal layer, silicon layer, and silicide layer in each bilayer system used 

under heavy particle irradiation (considered in this study) are as thus: 

In cobalt-silicon system, a 120 MeV gold ion beam is used. The thickness of cobalt and 

silicon layer in this system is 50 nm each. The cobalt silicide layer formed from this 

irradiation has a thickness of 100 nm.  

In tungsten-silicon system, a 120 MeV gold ion beam is used for irradiation. The thickness of 

tungsten and silicon layers in this bilayer system is 50 nm each. The tungsten disilicide layer 

formed from this irradiation has a thickness of 100 nm.   
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In nickel-silicon system, an 110 keV argon ion beam is used for irradiation. The thickness of 

nickel and silicon layers in this system is 45 nm each. The nickel silicide layer formed from 

this irradiation has a thickness of 90 nm.   

The thickness of metal and silicon layers in each bilayer system is the same as the one 

reported in the experimental works [12-14, 39].  

Atomic numbers of gold and argon ions are 79 and 18 respectively, and their mass numbers 

are 197 and 40 a.m.u. 

The data for temperature rise estimation in each layer is depicted in Table 3-1 for both light 

and heavy particle irradiation. The estimated values of light particle stopping power, light 

particle penetration depth, volumetric heat generation rate, and temperature rise in each 

irradiated layer are presented in Table 3-2. Table 3-3 shows the estimated values of heavy 

particle stopping power, heavy particle penetration depth, volumetric heat generation rate and 

temperature rise in each target layer under irradiation.  

Table 3-1. Useful parameters for estimation of temperature rise in the irradiated layers  

                 (where 12KmW ξ ) 

Irradiated 

layer 

Mean 

excitation 

energy I  

(eV) 

Thermal 
conductivity  
η  (W/mK) 

Density 

 ρ  

(kg/m3) 

Thickness 

)t(h  

(nm) 

under 
light 

particle 

irradiation 

Thickness  

)t(h  

(nm) 

under 
heavy 

particle 
irradiation 

Atomic 
number 

Z   

Atomic 

mass A  

(a.m.u) 

Lattice 
constant 

a  

(10-10 m) 

Estimated 
density of 

species in the 

irradiated layer 

(1028 m-3) 

Si 171.2 150.000 2330 5 9, 45, and 
50 

14 28.0 5.4 5.0 

Ni 306.3 91.0 8910 5 45 28 58.7 3.5 9.1 

Co 298.6 100.0 8900 5 50 27 58.9 2.5 9.1 

W 704.0 170.0 19250 5 50 74 183.8 3.2 6.3 

Ni2Si - 18.2 7890 10 90 - 145.5 - 3.3 

Co2Si - 34.0 4900 10 100 - 146.0 - 2.6 

WSi2 - 47.0 9300 10 100 - 240.0 - 2.3 
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Table 3-2 Estimated values for light particle stopping power, light particle penetration depth, 

                  volumetric heat generation rate, and temperature rise in metal-silicon bilayer  

                   system at a given energy of 20 keV. 

Irradiated 

layer 

Light particle 
stopping 

Power 

lS  (10-11 J/m) 

Light particle 

penetration depth 

ld  (μm) 

Volumetric heat 
generation rate 

lQ  

(107 J/m3s) 

Temperature 

rise irrTΔ   

(10-12 K) 
 

Si 2.2 4.2 0.6 6.9 

Ni 6.8 1.1 3.1 4.3 

Co 6.6 1.1 2.1 1.9 

W 9.9 0.5 3.1 5.2 

Ni2Si - - 2.6 70 

Co2Si - - 2.0 23 

WSi2 - - 1.6 27 
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Table 3-3. Estimated values for heavy particle stopping power, heavy particle penetration 

                  depth, volumetric heat generation rate, and temperature rise in metal- silicon  

                  bilayer system at a given energy of 110 keV and120 MeV.  

Irradiated 

layer 

Heavy particle 
stopping 

Power 

hS  (μJ/m) 

Heavy particle 

penetration   
depth 

hd  (μm) 

Volumetric 
heat 

generation 
rate 

hQ  

 
(1012 J/m3s) 

Temperature 

rise  irrTΔ  

(10-4 K) 
 

Si 0.25 - 46 0.04 - 220000 0.11 - 120 0.0013 - 350 

Ni 3.7 8.4 150 1.50 

Co 134 690000 600 125 

W 170 44000 540 85 

Ni2Si - - 130 26 

Co2Si - - 410 710 

WSi2 - - 310 450 

 

Table 3-4. Estimated values for the diffusion coefficients of reactant species under the  

                   influence of radiation heating.  

Atomic 

species  

in each  

irradiated  

layer 

    

  Vacancy   

migration  

energy  
m
vE  (eV) 

 

Vacancy   

formation  

energy  
f

vE  (eV)     

 Activation  

 energy for 
 self-diffusion  

 SDE  (eV) 

f
v

m
vSD EEE   

Estimated 

irradiated    
temperature   

irrT  (K) 

 

 Lattice  

constant  

(10-10 m) 

     

 Diffusion  

coefficient  

thD  (m2/s) 

 

Si 1.06 [45]    2.32 [45]    3.40  298   5.43   1.74 x 10-23 

Ni   1.04 [46]   1.55 [47]    2.59  298   3.52   1.60 x 10-23 

Co   1.60 [47]   1.34 [47]    2.94  298   2.51   2.74 x 10-33 

W 1.70 [46]   3.60 [46]    5.30  298   3.16  8.85 x 10-35 
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The results in Table 3-4 is estimated based on the Arrhenius equation of the form: 

 

 













 

TK

E
expfaD

B

m
v

vth
                                                                                                 (3.24) 

 

where  

vf  (5 x 1013 s-1 [5]) is the jump frequency factor for vacancy. 

The temperature rise in each irradiated layer at room temperature under light particle 

irradiation is extremely small as depicted in Table 3-2. This temperature is too low to activate 

the diffusion of atoms in the target layers. Therefore, it cannot make any significant 

contribution towards the layer growth during the irradiation process. Thus, the growth of the 

silicide must have taken place through other radiation induced processes. 

The heavy particle stopping power in the silicon layer in Table 3-3 has estimated values that 

range from 0.25 – 46 μJ/m, this is due to different ion energies considered in different bilayer 

systems. For example, argon ion energy in the nickel-silicon system is 110 keV while in the 

cobalt-silicon system its energy is 120 MeV. Whereas under electron irradiation, a 20 keV 

electron energy is considered in all the bilayer systems. The same explanation holds for other 

parameters considered in silicon layer under heavy particle irradiation as shown in Table 3-3. 

The temperature rise in each layer under heavy particle irradiation is depicted in Table 3-3. It 

shows that irradiation at low energy cannot account for silicide growth under the influence of 

radiation-induced heating. The same conclusion is deduced from the results obtained for the 

ion irradiation at high energy. However if we compared the results in Table 3-2 and Table 3-3 

on the basis of temperature rise induced by the irradiation of light and heavy particles beams. 

We can see a wide gap between these two results; this shows that heavy particle deposited a 

greater amount of energy in the irradiated layers than light particles. 
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The results presented in Table 3-4 shows that the irradiation temperature expressed in eqn. 

(3.14) cannot account for the diffusion coefficients of atomic species that are in the order of 

magnitude of 10-16 - 10-20 m2/s reported in [2, 3].  

This range of diffusion coefficients is the required interdiffusion coefficients for the silicide 

layer growth at the interfaces of metal-silicon systems.    

This study shows that the influence of radiation heating has no significant impact on the layer 

growth of the thin film of the compound layer under both heavy and light particles 

irradiation. The reason for this may be ascribed to the nature of thickness of the irradiated 

layers. The amount of heat energy generated in each irradiated layer depends on the thickness 

of the layer. For example, the thicker the irradiated layer, the higher the chance for the 

radiation particle to penetrate to a greater depth in the layer and the more plausible it become 

to produce a greater amount of heat energy in the layer. The results obtained from this study 

is in good agreement with that of the experiment. In the experiment, it is observed that the 

temperature of the irradiated layers at a time greater than 10-8 s is approximately the same as 

that of the immediate surrounding [15, 48].   

3.3 The influence of radiation-induced vacancies on the formation of an AB compound 

layer 

Suppose the irradiation of A and B layers leads to the creation of vacancy and interstitial 

atoms. Let us not consider a very high rate of defect generation. For example, let us restrict 

our consideration exclusively to defect rates which correspond to reactor irradiation. In this 

case, the density of interstitial atoms is small, the correlation between fluxes of vacancy and 

interstitial atoms is weak, and contributions of vacancy and interstitial mechanisms of 

diffusion can be considered separately. 

    The number of vacancies in the AB layer increases as the radiation-induced vacancy add up 

to the thermally generated ones.  
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We assume that A and B atoms diffuse via a vacancy mechanism from the AB layer to 

reaction interface A/AB and AB/B to formed an AB compound layer as shown in Figure 2-2.  

The thickness of the AB layer formed owing to chemical reaction at interfaces A/AB and AB/B 

are designated by )t(Ah  and )t(Bh  respectively. The total thickness of the compound layer is 

given by: )t()t()t( BA hhh  .  

Suppose the x -axis is perpendicular to all the layers under consideration and )t(h  before 

irradiation.  

 
   

                                               Irradiated   Irradiated         Irradiated 

                                                 A layer      AB layer           B layer 

                                                 A atom               AB molecule                   B atom 

                                                 via A vacancy                                         via B vacancy                

                                     x                                                             x   

                                                                              )t()t()t( BA hhh                                                    

                                                                                                                                               x  
                                          Figure 3-2: Schematic diagram showing the formation of an AB  

                                                              layer under a radiation-induced vacancy mechanism. 

3.3.1 Basic equations for an AB compound layer formation due to radiation-induced 

vacancy mechanism 

The diffusivity of A and B atoms through the vacancy mechanisms under irradiation are 

irr,v
aD and 

irr,v
bD  respectively and the equation relating the diffusivity under irradiation to 

that of thermal diffusion is given by: 
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a n

Dn
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and 

 
th,v

b

th,v
b
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birr,v

b n

Dn
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where 

irr,v
an and

irr,v
bn are the A and B vacancy densities under irradiation,  

th,v
aD and 

th,v
bD are the diffusivities of A and B atoms via vacancy mechanisms due to thermal 

vacancies.  

th,v
an and 

th,v
bn  are the thermal vacancy densities for A and B atom sites inside the AB layer. 

Neglecting the recombination between vacancy and interstitial atoms, we can consider the 

change of densities of vacancy and interstitial atoms separately and obtain equations for two 

kinds of vacancy densities in the AB layer 

 

 
 

v
a

th,v
a

irr,v
a

a

irr,v
a

τ
nn

n
dt

dn
K


 

                                                                                       (3.26a) 

and 
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where  

v
aτ and

v
bτ   are the lifetimes for A and B vacancy.  
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Because the relaxation of vacancy distribution occurs more quickly than the growth of the AB 

layer, we assume that the vacancy distribution is homogeneous and stationary 


dt

dn

dt
dn irr,v

b
irr,v

a      

Thus, for A and B vacancy densities we obtain:  

 

 th,v
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v
aa

irr,v
a nτnn K                                                                                                       (3.27a)  

and 

 
th,v

b
v
bb

irr,v
b nτnn K  

                                                                                                    (3.27b) 

  

Neglecting transient diffusion, we obtain equations for stationary density of A and B atoms 

inside the AB layer  
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With corresponding boundary conditions: 
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where  

v
aJ and 

v
bJ  are the fluxes of A and B atoms that diffuse via A and B vacancy mechanisms 

respectively,  

aR   and bR  represent the chemical reaction rate at A/AB and AB/B interfaces, and  

γ is the reaction rate constant.  

The fluxes of A and B atoms is assumed to occur at the same rate as the chemical reaction in 

order to ensure that the reaction only occurs at the interface and not inside either the A or B 

layer. 

The speed of growth of an AB layer by virtue of chemical reaction at A/AB interface is:  

 

  )t(
)t(

A
irr,v

baab
A hxnnVγ
dt

dh
                                                                                (3.29a) 

 

and at AB/B, the speed of growth is 
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dh )t(
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Therefore, the total speed of growth is  
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Solving eqn. (3.28a) and eqn. (3.28b) with given boundary conditions, we obtain an 

expression for the distribution of A and B atoms inside the AB compound layer:   
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The rate of chemical reaction at interfaces of solid layers depends on density of A and B 

atoms in a complex manner. However if there exist an excess of the A (or B) atoms, then the 

rate of reaction remain the same with a change of the density of the A (or B) atoms [26].  

On the other hand, if densities of the A and B atoms are approximately equal.  Then the rate 

of the AB compound formation can be represented in the first approximation as a product of A 

and B atom densities.  

Thus, the rate of chemical reaction between the A and B atoms, at reaction interfaces A/AB 

and AB/B can be approximately expressed in two stages in the following ways:  
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where  

 )t(A
irr,v

b hxn  and  )t(B
irr,v

a hxn   are the densities of B atoms at )t(Ahx   and A 

atoms at )t(Bhx  . 

Owing to this, approximating the growth of the AB layer can have two stages. The first stage 

is when there is an excess of one kind of diffusing atoms. For example, an excess of A atoms 

near interface AB/B or an excess of B atoms near interface A/AB.  

The second stage is when there is no excess of any kind of atoms near the corresponding 

interfaces. The second stage can take place independently of the first stage. However, if there 

is a first stage the second stage must follow suit. 

Thus, for the first stage, the growth rate of the AB layer is determined by both the diffusion of 

A and B atoms inside the AB layer and also by the rate of reaction at the interfaces: 

  

    )t(
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dh
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                                          (3.32) 

                                                                                                                                                                                                                                                                                                                                                                             

The density of A atoms near interface AB/B and B atoms near interface A/AB at second stage 

are: 
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If there is an excess of A atoms at reaction interface AB/B at time ctt  , the AB layer at this 

interface grows under interfacial reaction controlled process. And at A/AB interface, the 

growth is controlled by diffusion. Therefore, the relationship between time and layer 

thickness is found by solving eqn. (3.32): 
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However, if there is no excess of A atoms at reaction interface, no interfacial reaction 

controlled growth would occur at AB/B interface. And growth at both interfaces A/AB and 

AB/B would be mainly diffusion controlled.  

At critical time ct , )t()t( cchh  :  
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 Critical thickness, ch is obtained as: 
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and for the critical time, substitute ctt  , and )t()t( cchh   in eqn. (3.34) 
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Growth rate of an AB compound layer at ctt  , is described by: 
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By inserting eqns. (3.33a) and (3.33b) into eqn. (3.38) and integrate the resulting equation.  

A growth kinetics that describes the relation between time and layer thickness is obtained: 
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3.3.2 Results and discussion on radiation-induced vacancy mechanism 

The model presented here gives a description of diffusion of two kinds of reactant species A 

and B by means of A and B vacancies during the compound layer formation process. The 

results that follow from this theoretical approach show a complex dependence of growth of 

the AB compound layer on layer thickness similar to layer growth kinetics under a non-

irradiation process.  

Suppose that only one kind of reactant species diffuse during irradiation by one sort of 

vacancy mechanism. If, for instance, only A atoms diffuse in the AB layer via A vacancies 

when irr,v
bD , equation (3.34) changes to a linear equation in the same form as the one 

expressed in eqn. (2.14a).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

© University of Pretoria 



Department of Physics                        

78 

 

 

The eqn. (3.39) transform to parabolic under the same condition: 
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A linear-parabolic growth kinetics relationship is obtained similarly to the one described 

under the result and discussion in chapter two. However, if only B atoms diffuse via B 

vacancies when irr,v
aD , linear growth would be absent only parabolic law would hold.  

Eqn. (3.39), therefore, becomes:  
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Equation (3.41) is expressed in a similar form as eqn. (2.16b) but note that the diffusivity in 

both cases are not the same and, therefore, they are determined differently.    

    Irradiation influences the growth of the AB layer via a change of diffusivity due to the 

production of vacancy at defect rate K  . Let us assume that the A atoms diffuse only via 

vacancies of A sublattice of the AB compound and B atoms via the B sublattice, accordingly.  

It means that we consider the diffusion of A and B atoms separately and diffusivity of A and B 

atoms via A and B vacancy mechanisms become: 
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Taking into account that  
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where  

a,vD and b,vD  are diffusivities of A and B vacancies,  adρ   and  bdρ   are dislocation 

densities of A and B crystals. 

Substitute eqns. (3.42a), (3.42b) and (3.42c) into eqns. (3.25a) and (3.25b), we obtain: 
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                                                                               (3.43) 

 

    Equation (3.43) shows that the diffusivities of the atomic species A and B are both directly 

proportional to the defect generation rate in both irradiated A and B layers. The defect 

generation rate enhances diffusion of reactant species from their respective layers to the 

reaction interfaces; this, in turn, enhances the growth of the compound layer at the interfaces.   

    The diffusivity of the reactant species, in this case, depends on both temperature and defect 

generation rate.  

However, at extremely low-temperature irradiation where the influence of temperature on 

layer growth kinetics can be ignored. The defect generation rate plays a dominant role on the 

layer growth rate.  

The rates of growth of the compound layer at the reaction interfaces are enhanced by the 

number of atomic species that are able to diffuse via the vacancy mechanism from the 

reactant layers to the reaction sites. 

In as much as the densities of species transported to the reaction interfaces, are not the same, 

the growth of the compound layer would proceed at different speeds at the interfaces.   
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Table 3-5. Estimation of diffusivity of palladium and silicon species via vacancy mechanism 

                  in the Pd2Si layer together with the speed of growth and reaction rate of the layer. 

Da
v,irr (Pd) 

(10-20 m2/s) 

Db
v,irr  (Si) 

 

(10-16 m2/s) 

dhA(t)/dt 
 

(10-9m/s) 

dhB(t)/dt 
 

(10-7m/s) 

Ra 

 
(1019/m2s ) 

Rb 
 

(1021/m2s) 

K 

 
(dpa/s) 

γ 
 

(10-36 m4/s) 

0.047 0.021 0.290 0.120 0.690 0.275 10-9 0.110 

0.470 0.210 0.900 0.330 2.100 0.775 10-8 0.310 

4.700 2.100 3.200 1.200 7.600 2.750 10-7 1.100 

 

Table 3-6. Estimation of speed of growth and reaction rate of Ni2Si layer with the diffusivity 

                  of nickel and silicon species via vacancy mechanism in the Ni2Si layer. 

Da
v,irr (Ni) 

(10-20 m2/s) 

Db
v,irr  (Si) 

 

(10-16 m2/s) 

dhA(t)/dt 

 

(10-9 m/s) 

dhB(t)/dt 
 

(10-8 m/s) 

Ra 

 
(1019/m2s ) 

Rb 
 

(1020/m2s) 

K 
 

(dpa/s) 

γ 
 

(10-37 m4/s) 

0.028 0.015 0.220 0.062 0.670 0.190 10-9 0.075 

0.280 0.150 0.770 0.190 2.300 0.575 10-8 0.230 

2.800 1.500 2.500 1.400 7.500 4.100 10-7 1.640 

 

Table 3-7. Estimation of reaction rate, growth speed, and diffusivity of platinum and silicon 

                  species via vacancy mechanism in the Pt2Si layer. 

Da
v,irr (Pt) 

 

(10-20 m2/s) 

Db
v,irr  (Si) 

 

(10-16 m2/s ) 

dhA(t)/dt 
 

(10-9 m/s) 

dhB(t)/dt 
 

(10-7 m/s) 

Ra 
 

(1019/m2s ) 

Rb 

 

(1021/m2s) 

K 
 

(dpa/s) 

γ 
 

(10-36 m4/s) 

0.014 0.022 0.290 0.028 0.675 0.065 10-9 0.026 

0.140 0.220 0.960 0.240 2.200 0.550 10-8 0.220 

1.400 2.200 3.500 2.400 8.100 5.500 10-7 2.200 
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Table 3-8. Estimation of diffusivity of cobalt and silicon species via vacancy mechanism in 

                  the CoSi layer together with the speed of growth and reaction rate of the layer. 

Da
v,irr (Co) 

 
(10-20 m2/s) 

Db
v,irr  (Si) 

 

(10-16 m2/s) 

dhA(t)/dt 
 

(10-9 m/s) 

dhB(t)/dt 

 

(10-7m/s) 

Ra 
 

(1019 /m2s ) 

Rb 
 

(1021 /m2s) 

K 

 
(dpa/s) 

γ 
 

(10-36 m4/s) 

0.175 0.019 0.035 0.022 0.323 0.036 10-9 0.017 

1.750 0.192 0.360 0.200 2.059 0.376 10-8 0.200 

17.500 1.92 3.455 2.125 7.611 4.250 10-7 1.700 

 

Table 3-9. Estimation of the speed of growth, reaction rate, the diffusivity of tungsten and 

                  silicon species via vacancy mechanism in the WSi2 layer. 

Da
v,irr (W) 

(10-20 m2/s) 

Db
v,irr  (Si) 

 

(10-16 m2/s) 

dhA(t)/dt 
 

(10-9 m/s) 

dhB(t)/dt 
 

(10-8 m/s) 

Ra 
 

(1019 /m2s ) 

Rb 

 

(1020/m2s) 

K 
 

(dpa/s) 

γ 
 

(10-37 m4/s) 

0.090 0.017 0.400 0.108 0.900 0.351 10-9 0.110 

0.910 0.165 0.870 0.538 3.678 0.751 10-8 0.500 

9.100 1.650 3.162 1.835 8.703 5.751 10-7 1.100 

 

    Based on the proposed model for radiation-induced vacancy mechanism, we estimate the 

speed of growth, reaction rate and layer thickness of five silicides at room temperature at 

defect generation rates of K = 10-9, 10-8, and 10-7 dpa/s.  

This study shows that the speed of growth and reaction rates at the metal/silicide and 

silicide/silicon interfaces are not the same as shown in Tables 3-5 to 3-9. 

    The diffusivity of atomic species via vacancy mechanism is estimated for metal and silicon 

species in palladium silicide, nickel silicide, platinum silicide, cobalt silicide and tungsten 

disilicide using eqns. (3.25a) and (3.25b). The result obtained from the diffusivity of both Pd 

and Si atoms as diffusing species is shown in Table 3-5.  

The diffusivity of silicon is estimated to be about 104 times faster than that of palladium, 

which makes silicon the dominant species in the Pd2Si layer.   
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Similar results are shown in Tables 3-6, 3-7, 3-8, and 3-9 for nickel silicide Ni2Si, platinum 

silicide Pt2Si, cobalt silicide CoSi, and tungsten disilicide WSi2. This result is contrary to the 

report in [29-30] where palladium, nickel, cobalt in (Co2Si) and platinum were reported as the 

dominant species under thermal diffusion. The same view holds for the other near noble 

metal silicides where the metals were seen as the main diffusing species during the silicide 

growth [29-30] in the first compound phase as mentioned in the previous chapter.  

However, in tungsten disilicide WSi2 and cobalt monosilicide CoSi silicon is found as the 

dominant diffusing species in both layers under thermal diffusion [2, 49].    

Table 3-11 contains useful data for the estimation of thermal self-diffusivity of Pd, Si, Ni, Pt, 

Co, and W in their respective silicide layers.  

The estimated values of diffusivity of silicon in the five silicide layers at different defect 

generation rates at room temperature yielded results that lie within the range of integrated 

interdiffusion coefficients of these silicides at their formation temperatures.  This strongly 

corroborates silicon as the active diffusing species in the silicide layer under irradiation. The 

formation temperatures of these silicides are shown in Table 3-10.  

    The results depicted in Tables 3-5, 3-6, 3-7, 3-8, and 3-9 show that the speed of growth and 

reaction rate increase as the defect generation rate rises in the irradiated layer.  

This is as a result of the opening of several channels (i.e. creation of vacant sites) in the 

irradiated layers for a considerable amount of atoms to diffuse to the reaction interface.  

The results also show that the reaction in each layer proceeds at a different rate, likewise the 

layer growth speed. The difference in layer growth speed and reaction rate can be attributed 

to the number of surface atoms present at the reaction interface during the layer formation 

process. The interface that has more surface atoms has a greater chance of producing the 

compound layer faster than one with fewer atoms.  

The layer thickness depicted in Figure 3-3 to 3-7 show that the growth of the compound layer 

depends strongly on the defect generation rate. For instance, the temperature considered in 

this study is too low for silicide formation to take place in the absence of irradiation.  
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In literature, it has been reported that silicide formation can occur at a temperature much 

lower than room temperature (-1200 C) under irradiation [48].  

The tendency of producing silicides at a temperature as low as room temperature is highly 

feasible since radiation enhanced diffusion depends strongly on a defect generation rate at 

such a low-temperature irradiation.  

 

            Figure 3-3: The growth kinetics of palladium silicide Pd2Si at room temperature 

                                  under the influence of radiation- induced vacancy at defect generation 

                                  rates of K = 10-9, 10-8 and 10-7 dpa/s. 
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     Table 3-10.  Estimated density of silicide layers and their formation temperatures  

                           (Culled from [3]) under non-irradiation process.  

 Silicide layer Formation temperature (K) Estimated density of silicide 

layer 

(1028 molecules/m3) 

Pd2Si 373 2.400 

Ni2Si 473 3.300 

Pt2Si 473 2.300 

CoSi 648 2.600 

WSi2 923 2.300 

 

 

          Figure 3-4: The growth kinetics of nickel silicide Ni2Si at room temperature under 

                               the influence of radiation-induced vacancy at defect generation rates of  

                               K = 10-9, 10-8 and 10-7 dpa/s.  
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          Figure 3-5: The growth kinetics of platinum silicide Pt2Si at room temperature under 

                               the influence of radiation-induced vacancy at defect generation rates of 

                               K = 10-9, 10-8 and 10-7 dpa/s.  
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          Figure 3-6: The growth kinetics of cobalt silicide CoSi at room temperature under the 

                               influence of radiation- induced vacancy at defect generation rates of  

                               K = 10-9, 10-8 and 10-7 dpa/s.  
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          Figure 3-7: The growth kinetics of tungsten disilicide WSi2 at room temperature under 

                                the influence of radiation-induced vacancy at defect generation rates of  

                                K = 10-9, 10-8 and 10-7 dpa/s  

    The growth kinetics shown in Figures 3-3 to 3-7 depicts a parabolic dependence of layer 

thickness on time. This result can be explained in light of the first phase of silicide formed 

during the process of irradiation.  

According to the model presented here, if ‘majority atoms’ are active (i.e. dominant) during 

the layer growth, a reaction controlled process would occur for a certain period of time and 

change to diffusion limited process after the growth kinetics has transformed to a parabolic 

growth. However, if the dominant atoms are the minority species, then the layer growth 

would begin and end as a diffusion limited process. Since minority species are the dominant 

atoms in the five silicide layers considered in this study.  
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Therefore, only one stage of growth is plausible (i.e. the parabolic growth). The silicide 

thickness is estimated with eqn. (3.39) (when  ch and ct ) over a period of 20 seconds 

at different defect generation rates in the Pd2Si, Ni2Si,  Pt2Si, CoSi and WSi2 silicide layers. 

Table 3-11. Parameters used for estimation of thermal self-diffusion coefficients of Pd, Si,  

                    Ni, Pt, Co and W in their respective silicides. 

Volume of 
Compound 

layer 
 (10-29 m3) 

Diffusing species 
under non-

irradiation  
process 

Diffusing 
species  

under 
irradiation 
process 

Pre-exponential  

factor D   (m2/s) for 

non-irradiation 

condition for atomic 
species       

Activation energy aE  (eV) 

for non- irradiation 
condition for atomic species        

Pd2Si, 

(4.200) 

  Pd, Si [4]  Pd, Si [5] Pd (1.500 x 10-8) [22] 

 
Si (6.240 x 10-5) [22] 

Pd (1.000) [22], Si (1.700) 

[22] 

Ni2Si, 
(3.200) 

  Ni [3]  Ni, Si  
present work 

Ni (1.820 x 10-3) [4] 

 
Si (8.950 x 10-9) [50]       

Ni ( 1.710) [4], Si (1.900) 
[50] 

Pt2Si, 
(4.300) 

  Pt [2]  Pt, Si  
present work 

Pt (5.500 x 10-4) [10] 

 
Si (3.590 x 10-5) [50] 

Pt (1.485)  [10], Si (2.100) 
[50] 

WSi2, 
(4.300) 

  Si [3]  W, Si  
present work 

W (1.400 x 10-3) 
(estimated from [51]) 

 
Si (3.100 x 10-7) 
 (estimated from[51]) 

W ( 2.780), Si (1.570) 
(estimated from [51] ) 

CoSi, 

(4.300) 

  Si [2]  Co, Si  

present work 

Co (9.800 x 10-5) [49] 

 
Si (3.200 x 10-6) [50] 

Co (2.930)  [49], Si (2.140) 

[50] 
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Table 3-12. Useful parameters for estimation of diffusivity via vacancy mechanism at  

                     temperature of 298 K. (Where KB = 8.617 x 10-5 eV and fi = 5 x 1012 s-1 [5]). 

Reactant 

Species 

Dislocation density 

  )b(adρ  (109 m-2) 

Vacancy formation 

energy for reactant species (eV) 

Pd 
 

3000 [52] 1.700 [58] 

Ni 

 

5000 [53] 1.550 [47] 

Pt 
 

< 1000 [54] 1.350 [46] 

Si 

 

1.000 [55] 2.320 [45] 

W 
 

3000 [56] 3.560 [46] 

Co 
 

2000 [57] 1.340 [47] 

 

3.4 The role of radiation-induced interstitial mechanism on the formation of an AB 

compound layer 

Suppose that interstitial and vacancy pairs are created in both the A and B layers as a result of 

irradiation of the A-B bilayer system at low defect generation rates. The low rates of defect 

generation weaken the correlation between the interstitial and the vacancy fluxes such that 

the contribution of interstitial can be separated from that of the vacancy in both irradiated 

layers.  

Let us assume that the A layer occupies space x  and B layer occupies space x   in the 

A-B bilayer system. Before irradiation, AB layer is absent between the A and B layers due to 

the absence of chemical interaction at the reaction interface at a time, t .  At >t , 

irradiation begins in the A and B layers. The A and B interstitial atoms produced as a result of 

irradiation diffuse via interstitial mechanisms in the A-B bilayer system as depicted in Figure 

3-8. The A interstitial atom diffuses via an A interstitial mechanism to reaction interface AB/B 

where it chemically interacts with B surface lattice atoms to formed an AB compound.  
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In a similar fashion, the B interstitial atom traverse via a B interstitial mechanism to reaction 

interface A/AB where it also reacts with A surface lattice atom to formed an additional AB 

compound.  The AB layer formed from this chemical transformation occupies the space from 

)t(Ahx   to )t(Bhx  . The AB layer thickness formed at interfaces A/AB and AB/B are 

denoted by )t(Ah  and )t(Bh  respectively.  

The total AB compound layer thickness is, therefore, represented by )t(h ; 

)t()t()t( BA hhh  . Where Ah , Bh  and h  are the function of time t . 

 

 
 
 

  

                                               Irradiated   Irradiated         Irradiated 

                                                 A layer      AB layer           B layer 

                                          A interstitial atom    AB molecule               B interstitial atom 

                                                 x                                                                     x  

                                                                            )t()t()t( BA hhh                                            

                                                                                                                                               x  

                                      Figure 3-8: Schematic diagram showing the formation of an AB layer 

                                                           under a radiation-induced interstitial mechanism. 
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3.4.1 Basic equations for an AB compound layer formation due to radiation-induced 

interstitial mechanism 

The diffusivity of A and B interstitial atoms through the interstitial mechanisms via the AB 

layer under irradiation are irr,i
aD and

irr,i
bD . 

Interstitial diffusivity is described by Arrhenius equation in the following way in agreement 

with the model proposed in [59]: 
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where  

a  is the lattice constant,  

if is the jump frequency factor for interstitial atom,  

m
iE is the interstitial migration energy,  

Neglecting the recombination between interstitial atoms and vacancy, change of density of 

interstitial atoms and vacancy can be considered separately under both stationary and 

homogeneous distribution condition. The reason behind this condition is associated with the 

fact that relaxation of interstitial distribution occurs faster than the growth of an AB layer.  

For a stationary condition: 
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Thus, A and B interstitial densities can be obtained in the A and B layers as follow: 

 

 
  irr,i

)b(a)b(a

)b(a

)b(a,i)b(a
)b(a

irr,i Ddρ

n
τnn
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K


                                                                           (3.46) 

 

where  

a
irr,in and 

b
irr,in  are the interstitial densities in the A and B layers produced during irradiation,  

a,iτ and
b,iτ  are the lifetimes of A and B interstitial atoms,  

Neglecting transient diffusion, the Fick’s equation for diffusion of A and B interstitial atoms 

inside the AB layer is given by: 
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where  

a
iJ and b

iJ are the fluxes of A and B interstitial atoms,  

 )t(B
a
irr,i hn and  )t(A

b
irr,i hn   are the densities of A and B interstitial atoms which diffuse to 

interfaces AB/B and A/AB through the A and B interstitial mechanisms respectively. 

The fluxes of A and B interstitial atoms are assumed to occur at the same rate as the chemical 

reaction rates at reaction interfaces.  

This assumption is taken as a measure to ensure that reaction only takes place at reaction 

interfaces and not inside the reactant layers.  

The rate of chemical reaction at the reaction interfaces of the A-B bilayer system is 

determined by the density of interstitial atoms and surface lattice species within the proximity 

of the interfaces.  

The solution of eqn. (3.47) with respect to the boundary conditions stated above are 

expressed as follows: 
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                                                            (3.48b) 

where  

)t,x(na
irr,i and )t,x(nb

irr,i  are the distribution densities of A and B interstitial atoms inside 

the AB compound layer respectively.  

    The growth rate of the AB compound layer occurs under diffusion controlled process. This 

is because the number of A and B atoms that diffuse from the interstitial sites as a result of 

irradiation are small compared to the number of surface lattice atoms at both interfaces AB/B 

and A/AB.  
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Therefore, the reaction rate depends on both atomic densities of interstitial atoms and surface 

lattice atoms at the reaction interfaces [26]. 

The rate of growth 








dt

dh )t(
of an AB layer is described in terms of the chemical reaction rate 

at the interfaces AB/B and A/AB and also by interstitial diffusivity of A and B atoms inside the 

AB compound layer: 
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dh )t(A  is the speed of growth of an AB layer at the interface A/AB and 

dt

dh )t(B  is the speed of growth of an AB layer at the interface AB/B 

Substitute )h(n )t(B
a
irr,i and )h(n )t(A

b
irr,i   into eqn. (3.49) and solve the resulting equation.  
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An expression relating time to thickness is obtained which has both parabolic and natural 

logarithmic functions: 
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3.4.2 Results and discussion on radiation-induced interstitial mechanism 

This study shows a detailed illustration of diffusion of two forms of atomic species A and B 

under radiation-induced interstitial mechanisms by means of two sorts of interstitial mediated 

processes.  

The growth of an AB compound layer occurs under irradiation by means of contributions of 

the A and B interstitial species via the A and B interstitial mechanisms through the AB layer to 

the reaction interfaces. At the reaction interfaces, the A and B interstitial atoms react 

chemically with the A and B surface lattice atoms which result in the AB layer formation.  

The growth kinetics of the compound layer under this consideration shows a complex 

dependence on layer thickness similar to those discussed previously. 

The complex kinetics of the growth of an AB compound layer under radiation-induced 

interstitial mechanism can be attributed to two forms of interstitial mechanisms taking place 

simultaneously in the AB compound layer.  

These are the A and B interstitial mechanisms which transport the A and B interstitial atoms 

from their respective layers to the reaction interfaces.    

If a similar approach like the one used in the previous section is applied to eqn. (3.50). The 

complex layer growth kinetic reduces to parabolic under diffusion limited process.  

For example, if only the A interstitial atoms diffuse via the A interstitial mechanism in the AB 

layer when irr,i
bD . Equation (3.50) transform to parabolic: 
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In a similar manner, if only B interstitial atoms diffuse via B interstitial mechanism in the AB 

layer when irr,i
aD , eqn. (3.50) also changes to parabolic: 

 

  tnnDVγhDhnγ b
ia

irr,i
bab

irr,i
ba )t()t( .                                                               (3.52) 

 

    Equation (3.46) shows the importance of defect generation rate in the irradiated layer 

during radiation-induced interstitial mediated process. It is shown that the density of the A 

and B interstitial species generated by irradiation depend on the defect generation rates. In 

other words, the defect generation rates enhance the layer growth at the reaction interfaces 

via the number of interstitial species produced in the target layers. The interstitial diffusivity 

in this case only depends on irradiation temperature, but interstitial species are generally 

more mobile at lower temperatures than atoms diffusing via vacancy mechanism.  

The rate of growth at the two interfaces, therefore, depends on the densities of interstitial 

atoms and interstitial diffusivities. 

    The formation of Pd2Si, Ni2Si, Pt2Si, CoSi, and WSi2 under radiation-induced interstitial 

mechanism are explained in terms of the results obtained in this study. 

The estimated values of interstitial diffusivity of palladium, nickel, platinum, cobalt, 

tungsten, and silicon in their respective layers are depicted in the headings of Tables 3-14 to 

3-18. These values are obtained with eqn. (3.44) using the data shown in Table 3-13; the 

results of the interstitial diffusivity show that both metal and silicon species actively 

contribute to the growth process of the silicide layer. This fact is supported by high 

diffusivity values of both silicon and metal species estimated in each metal-silicon system.  

On the other hand, the interstitial densities are very different for these species in their 

respective layers. The interstitial densities of silicon and metal species are also shown in 

Tables 3-14 to 3-18.The result obtained from this study shows that the interstitial density of 

silicon species is higher than that of the metal atoms (palladium, nickel, platinum, cobalt, and 

tungsten) in their respective silicides.  
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    The defect generation rate is proportional to the density of interstitial species produced in 

both metal and silicon layers. The higher the defect generation rate, the greater the number of 

silicon or metal species that diffuse from their respective interstices to the reaction interfaces.  

The reaction rate at interfaces metal/silicide and silicide/silicon depends on the density of 

interstitial species and surface lattice atom at the proximity of these interfaces. The rate 

limiting step at the interfaces is diffusion. The interfacial controlled growth is totally absent 

due to the limited number of interstitial atoms (in comparison with surface lattice atoms) at 

both reaction interfaces.  

The silicide grows faster at metal/silicide interface than at the silicide/silicon interface. This 

is due to the high density of interstitial silicon species at the metal/silicide interface compared 

to the density of the interstitial metal species at silicide/silicon interface. This deduction is 

based on the result presented in Tables 3-14 to 3-18.  

Table 3-13. Parameters used for estimation of interstitial diffusivity at a temperature of  

                    298 K together with the density of atomic species and AB molecule.  

                    (Where BK  = 8.617 x 10-5 eV and if  = 5 x 1012 s-1 [5]). 

Atomic 
species 

Interstitial migration 
energy for atomic 

species m
iE     (eV) 

Estimated value for 
density of AB molecule 

(1028 molecule/m3) 

abn  

Density of atomic 
species (1028 atoms/m3) 

              
)b(an  

Lattice constant 

a  (10-10 m) 

 

Pd 
 

0.148 [60] Pd2Si, (2.400) Pd, (6.800) 3.890 

Ni 

 

0.150 [46] Ni2Si, (3.300) Ni, (9.140) 3.520 

Pt 
 

0.063 [46] Pt2Si, (2.300) 
 

Pt,(6.500) 3.920 

Si 

 

0.180 [61]  Si, (5.000) 5.430 

W 
 

0.054 [46] WSi2, (2.300) 
 

W,(6.300) 3.160 

Co 
 

0.100 [60] CoSi, (2.600) Co, (9.100) 2.510 
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Table 3-14. Estimation of speed of growth, the rate of reaction, and interstitial density of  

                     palladium and silicon species in their respective layers. (Interstitial diffusivities 

                     of palladium and silicon are estimated as 2.38 x 10-10 m2/s and 1.33 x 10-10 m2/s 

                      respectively using eqn. (3.44)) 

dhA(t)/dt 
 

(10- 9m/s) 

dhB(t)/dt 
 

(10-12 m/s) 

Ra 
 

(1019 /m2s ) 

Rb 
 

(10 16/m2s) 

K 
 

(dpa/s) 

γ 
 

(10-30 m4/s) 

ni
a (Pd) 

 

(1018atoms/m3) 

ni
b (Si) 

 

(1022atoms/m3) 

0.267 0.578 0.636 1.375 10-9 11.000 0.095 0.039 

0.601 1.310 1.430 3.115 10-8 6.430 0.952 0.390 

1.736 3.780 4.133 9.000 10-7 2.543 9.524 3.900 

 

Table 3-15. Estimation of speed of growth and reaction rate of Ni2Si layer with the interstitial 

                    density of nickel and silicon species in their respective layers.  

                    (Interstitial diffusivities of nickel and silicon are estimated as 1.8 x 10-10 m2/s and 

                     1.33 x 10-10 m2/s respectively using eqn. (3.44)) 

dhA(t)/dt 
 

(10- 10m/s) 

dhB(t)/dt 
 

(10-13 m/s) 

Ra  
 

(10 18/m2s ) 

Rb 
 

(1015/m2s) 

K 
 

(dpa/s) 

γ 
 

(10-30 m4/s) 

ni
a (Ni) 

 

(1019atoms/m3) 

ni
b (Si) 

 

(1022 atoms/m3) 

0.326 1.023 0.989 0.310 10-9 18.850 0.010 0.039 

0.832 2.650 2.520 0.802 10-8 5.450 0.101 0.390 

1.944 6.211 5.890 1.882 10-7 2.278 1.011 3.900 
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Table 3-16. Estimation of interstitial density of platinum and silicon species in their  

                    respective layers together with the speed of growth and reaction rate of the Pt2Si  

                    layer. (Interstitial diffusivities of platinum and silicon are estimated as  

                    6.61 x 10-9 m2/s and 1.33 x 10-10 m2/s respectively using eqn. (3.44)) 

dhA(t)/dt 
 

(10-9 m/s) 

dhB(t)/dt 
 

(10-12 m/s) 

Ra 
 

(1019 /m2s) 

Rb 

 

(1016/m2s) 

K 
 

(dpa/s) 

γ 
 

(10-30m4/s) 

ni
a (Pt) 

 

(1018atoms/m3) 

ni
b (Si) 

 

(1022atoms/m3) 

0.323 0.993 0.918 1.739 10-9 15.93 0.098 0.039 

0.866 1.715 1.862 5.678 10-8 8.315 0.983 0.390 

1.910 4.133 4.476 9.524 10-7 2.832 9.834 3.900 

 

Table 3-17. Estimation of interstitial density of cobalt and silicon species, the speed of  

                    growth and reaction rate of CoSi layer. (Interstitial diffusivities of cobalt and 

                    silicon are estimated as 6.41 x 10-10 m2/s and 1.33 x 10-10 m2/s respectively using 

                    eqn. (3.44)) 

dhA(t)/dt 
 

(10-9 m/s) 

dhB(t)/dt 
 

(10-12m/s) 

Ra 
 

(1019/m2s ) 

Rb 
 

(1016/m2s) 

K 
 

(dpa/s) 

γ 
 

(10-30m4/s) 

ni
a (Co) 

 

(1018 atoms/m3) 

ni
b (Si) 

 
(1022atoms/m3) 

0.260 0.734 0.850 1.468 10-9 12.000 0.076 0.039 

0.670 1.547 1.677 3.793 10-8 5.900 0.760 0.390 

1.800 3.890 4.290 9.342 10-7 1.400 7.600 3.900 
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Table 3-18. Estimation of interstitial density of tungsten and silicon species in their 

                    respective layers together with the speed of growth and reaction rate of the WSi2  

                    layer.  (Interstitial diffusivities of tungsten and silicon are estimated as  

                   6.10 x 10-9 m2/s and 1.33 x 10-10 m2/s respectively using eqn. (3.44)) 

dhA(t)/dt 
 

(10-10 m/s) 

dhB(t)/dt 
 

(10-13m/s) 

Ra 
 

(1018/m2s ) 

Rb 

 

(1015/m2s) 

K 
 

(dpa/s) 

γ 
 

(10-30 m4/s) 

ni
a (W) 

 

(1018 atoms/m3) 

ni
b (Si) 

 

(1022 atoms/m3) 

0.538 1.248 1.127 0.646 10-9 86.900 0.021 0.039 

1.030 2.894 2.769 1.108 10-8 36.000 0.210 0.390 

2.211 6.583 7.816 2.153 10-7 15.000 2.100 3.900 

 

    Reaction rate depends on defect generation rate. If the defect generation rate is high, more 

interstitial atoms leave their interstices and diffuse via the interstitial mechanism to the 

reaction interface. The defect generation rate, from this viewpoint, enhances the rate of 

silicide formation at both metal/silicide and silicide/silicon interfaces by increasing the 

chances of silicide formation at the two interfaces.  

This theoretical study shows that interstitial diffusivity of metal and silicon species remain 

invariant at different defect generation rates in contrast to vacancy diffusivity. However, the 

density of interstitial species changes significantly as the defect generation rate rises in the 

irradiated layers.  
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        Figure 3-9: The growth kinetics of palladium silicide Pd2Si at room temperature  

                             under the influence of radiation- induced interstitial at defect generation 

                             rates of K = 10-9, 10-8 and 10-7 dpa/s. 
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         Figure 3-10: The growth kinetics of nickel silicide Ni2Si at room temperature under 

                                the influence of radiation-induced interstitial at defect generation rates  

                                 of K = 10-9, 10-8 and 10-7 dpa/s.  
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          Figure 3-11: The growth kinetics of platinum silicide Pt2Si at room temperature  

                                 under the influence of radiation- induced interstitial at defect  

                                 generation rates of K = 10-9, 10-8 and 10-7 dpa/s. 
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         Figure 3-12: The growth kinetics of cobalt silicide CoSi at room temperature under  

                                the influence of radiation-induced interstitial at defect generation rates 

                                 of K = 10-9, 10-8 and 10-7 dpa/s. 
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          Figure 3-13: The growth kinetics of tungsten disilicide WSi2 at room temperature 

                                 under the influence of radiation- induced interstitial at defect generation 

                                 rates of K = 10-9, 10-8 and 10-7 dpa/s. 

The results that are shown in Figures 3-9 to 3-13 depict the dependence of silicide layer 

thickness on the defect generation rates. As we can clearly see that the higher the defect 

generation rate, the thicker the silicide layer become at constant temperature and at invariant 

interstitial diffusivity. The layer thickness is estimated with eqn. (3.50) together with the 

results presented in Tables 3-14 to 3-18.  A parabolic growth relationship is shown between 

time and layer thickness and this is because the growth process is predominantly controlled 

by diffusion.  

    The room temperature considered in this work can neither provide sufficient thermal 

energy that can overcome the metallic bond in metal nor covalent bond in silicon for the 

silicide formation process to get started in the metal-silicon system.  
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In other words, this process would not have taken place in the absence of irradiation at such a 

low temperature as room temperature. 

There are experimental reports that confirm the feasibility of silicide formation at such low- 

temperature irradiation for both near noble and refractory metal silicides [12, 15, 39, and 62].  

It is experimentally confirmed in [14] that the dominant mechanism for the silicide formation 

under irradiation is radiation enhanced diffusion; this experimental fact corroborates the 

results presented in this work.  

However, the actual type of radiation enhanced diffusion responsible for the silicide 

formation process was not identified in the report.  

In this study, it is shown that radiation-induced interstitial is the dominant mechanism for the 

compound layer formation at a low-temperature under irradiation. The results in Tables 3-19 

to 3-23 confirm this claim.  We can see that the estimated interstitial diffusivity of palladium, 

nickel, platinum, cobalt, tungsten and silicon at room temperature is far greater than the 

interdiffusion coefficient of these silicides under a non-irradiation process. For example, 

interdiffusion coefficient for cobalt silicide is 2.3 x 10-17 m2/s at 773 K [9] and tungsten 

disilicide has interdiffusion coefficient of 5.0 x 10-17 m2/s at 1223 K [63].  

With a beam of radiation particles overcoming the covalent bond in silicon and metallic bond 

in metal, metal and silicon species have a greater chance of diffusing fast under interstitial 

mechanisms to the reaction interfaces. At the reaction interfaces, these species can chemically 

interact with each other to formed silicide at low temperature.  

3.5 Conclusion 

The results of this theoretical study show that the influence of heating under irradiation 

cannot accelerate the growth of the compound layer in a bilayer system. The estimated 

temperatures associated with the heating process are extremely low to activate the diffusion 

of atoms inside the reactant layers. The diffusion coefficient of reactant species remains 

practically the same as diffusivity at immediate surrounding temperature, such as room 

temperature.  
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If radiation heating cannot activate diffusion process in the irradiated layers, therefore, atoms 

remain in their respective layers. The chance of the compound layer formation at the reaction 

interfaces becomes zero. This study shows that radiation induced heating in the irradiated 

materials under consideration is not a viable process for the formation of thin film of the 

compound layer.  

However, the radiation-induced defect generation is shown to be an effective mechanism for 

the compound layer formation under the thin film consideration. The results of this study 

show that the diffusivity of atoms is directly proportional to the defect generation rate in each 

irradiated layer under a vacancy induced mechanism.  

The established relation between diffusivity and defect generation rate give room for a 

substantial number of atoms to diffuse via the vacant sites created by irradiation in the 

reactant lattices. The diffusion of atoms to the reaction interfaces via vacancy mechanism 

increases the chance of chemical transformation between the reactant species at the reaction 

sites; this evidently shows the feasibility of the compound layer growth at the interfaces of 

the bilayer system. It is shown in this work that the growth kinetics of the compound layer 

due to the radiation-induced vacancy mechanism at low temperature is practically the same as 

that of the non-irradiation process at high temperature.  

The interstitial induced mechanism also shows the effectiveness of radiation-induced defect 

as a viable process for the formation of the thin film of the compound layer. The formation 

process is equally enhanced under extremely low-temperature condition by defect generation 

rate. 
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CHAPTER 4  

SUMMARY, CONCLUSION, AND RECOMMENDATION 

In this research study, we conduct a theoretical study on the formation of an AB compound 

layer at the interface(s) of two immiscible solid materials under irradiation and non-

irradiation process. The influence of irradiation is being examined under the most important 

aspects of irradiation process, such as radiation heating and defects production (vacancies and 

interstitial atoms). 

To describe the formation of an AB compound layer under irradiation, a new theoretical 

model is developed via kinetics of diffusion and chemical reaction. Unlike previous models, 

this one gives a unified approach to the phenomenon discussed in this study. Our approach 

allows us to examine the growth of AB layer as under and without irradiation.  

It has been shown that irradiation accelerates the growth of an AB layer by enhancing all the 

thermo-activated processes and creates new diffusion mechanisms via defect production. 

It has been determined that there are joint properties of the kinetics of an AB layer growth 

under and without irradiation. Namely, the growth of AB compound layer can occur in 

qualitatively different ways (regimes) each of them consist of different stages. This is a 

consequence of dependence of chemical transformation rate on reactant densities. The 

number of growth stages and sort of each of them depends on the ratio between reactant 

densities at interfaces and on the number of kind of diffusing atoms.  

It has been shown that if there are mobile atoms of one kind, there can be two different 

regimes of AB layer growth. The necessary condition for the first regime of the growth stages 

is the presence of an excess of diffusing atoms at the respective interfaces.  
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The first growth regime always starts as a linear function of time and continues as long as 

there is an excess of diffusing atoms at the interface. After that, the linear stage is changed to 

parabolic. The second growth regime has only a parabolic stage.  

We have obtained explicit expressions for the distribution of A and B atoms, the rate of AB 

compound growth, and for the dependence of the thickness of AB layer on time. The time, at 

which the linear stage is changed to parabolic, as well as the corresponding thickness of this 

time has been found. For example, the thickness of cobalt silicide layer (Co2Si) is found to be 

66 nm at the moment the growth stage changes from linear to parabolic at a time of 44 s. 

Depending on conditions (parameters of the model), the duration of the linear stage is in the 

range of few tens of seconds. The thickness of AB layer obtained within this time interval 

ranges within several tens of nanometers during the linear stage.  

It has been shown that contribution of two kinds of mobile atoms does not change the number 

of growth regimes and the number of stages in each regime. However, the functions that 

describe the change of the AB layer thickness with time, become more complex. These 

functions have been obtained as implicit ones for each stage. They turn into linear or 

parabolic as limiting cases. Duration of the first stage decreases. The thickness of AB layer 

reaches hundreds of nanometers at the end of this stage. 

The influence of radiation heating accelerates all thermo-activated processes and change of 

diffusion fluxes because heating of different materials under irradiation are different. The 

influence of radiation heating on the growth of the AB layer is significant when the irradiated 

sample size is in the order of several thousand of nanometers. In few tens of nanometers, its 

contribution is negligible. 

Irradiation gives growth new mechanisms of diffusion due to the production of different kind 

of mobile defects. This results in an increase of the rate of AB layer growth. Influence of 

defect production is especially important under low temperature when thermal diffusivity is 

“frozen”. 
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The obtained theoretical results are compared with the experimentally observed dependence 

of the AB layer growth on time. Theoretical and experimental results are in good agreement.  

Thus the obtained results show that qualitative diversity (changes) of growth kinetics of AB 

layer is determined by the dependence of chemical transformation rate on reactant densities.  

At the same time, the diffusion of A and (or) B atoms through the AB layer is a necessary 

condition for its growth. Irradiation accelerates growth and makes its kinetics more complex 

due to the generation of new mechanisms of diffusion due to radiation-induced defects. 

In future, we plan to include the simultaneous formation of two or more compound layers at 

the interfaces of two immiscible solid layers under both irradiation and non-irradiation 

process into our study. The influence of complex radiation-induced process, such as the 

interstitial and vacancy cluster generation process on the formation of thin film of the 

compound layer will also be investigated. The growth kinetics of the compound layers 

formed from these processes will be compared with that of the experiment in order to 

establish a concrete agreement between the theoretical approach and empirical evidence. 
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