P
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Q= YUNIBESITHI YA PRETORIA

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Department of Physics YUNIBESITHI YA PRETORIA

TITLE PAGE

Formation of thin film of AB compound layer

under irradiation
By
Samuel Oluwafemi Akintunde

Submitted in partial fulfilment of the requirements for the degree
Doctor of Philosophy (in Physics)

In the

Department of Physics
Faculty of Natural and Agricultural Sciences

University of Pretoria
Supervisor: Prof. P.A. Selyshchev

September 2016

© University of Pretoria



P
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Q= YUNIBESITHI YA PRETORIA

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Department of Physics YUNIBESITHI YA PRETORIA

DECLARATION PAGE

I, Samuel Oluwafemi Akintunde, declare that the thesis which | hereby submit for the
degree of Doctor of Philosophy (in Physics) at the University of Pretoria is my original
work which has not been previously submitted by me for a degree at this university or any

other tertiary institution.

Student number: 14008590

Supervisor’s name: Prof. P.A. Selyshchev

Prof. C. C. Theron

Copyright © 2016 University of Pretoria

2

© University of Pretoria



P
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Q= YUNIBESITHI YA PRETORIA

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Department of Physics YUNIBESITHI YA PRETORIA

ACKNOWLEDGMENTS

I would like to thank the following people and institutions for their immense contribution
towards the completion of my PhD study.

My academic supervisor, Prof. P.A Selyshchev for his continued support, incessant advice,
guidance and encouragement.

The South African National Research Foundation and UP postgraduate scholarship scheme
that gives me the opportunity of studying at no cost.

The head of the department, Prof. C.C. Theron for creating job opportunity on a part-time
basis for me and other students in the department.

My fellow research students and all those who happen to be the source of inspiration to
me.

My wife Mrs Akintunde, my daughters Ms Eniola Akintunde and Oluwashikemi
Akintunde, and my son Master Daniel Akintunde for their prayer, understanding, and
support that | received from them during the period of my studies.

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

QA YUNIBESITHI YA PRETORIA

N\

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Department of Physics YUNIBESITHI YA PRETORIA

_&_

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 Kkinetic 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 Kkinetic 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 Dbilayer 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 — 650° 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.

13
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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 technigue 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 (WSiz), 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:

14
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Table 1-1. Silicides growth parameters measured from experiment under non-irradiation

process
Silicide | Activation Formation |Pre-exponential| Growth kinetics | The cause of
energy (eV) | temperature factor growth of the
(°C) (P /) silicide
Pd2Si 1.50 [7] 200 - 275 | 7.90 x 104 [7] Parabolic Heating and
[7] [7] atomic
diffusion
Ni2Si 0.80 [8] 200 - 350 |2.50 x 10°° [8] Linear Heating and
[8] [8] atomic
diffusion
Ni2Si 1.50 [8] 200 - 350 | 1.67 x 104 [8] Parabolic Heating and
[8] [8] atomic
diffusion
CoaSi 1.50 [9] 350 - 500 - Parabolic Heating and
[9] [9] atomic
diffusion
WSi2 3.00[2, 3] 650 [2, 3] - Linear [2, 3] Heating and
atomic
diffusion
WSi 1.90 [2, 3] 650 [2, 3] - Parabolic [2, 3] Heating and
atomic
diffusion
VSiz 2.90[2, 3] 600 [2, 3] - Linear [2, 3] Heating and
atomic
diffusion
VSiz 1.80 [2, 3] 600 [2, 3] - Parabolic [2, 3] Heating and
atomic
diffusion
Pt2Si 1.49 [10] 200 - 500 [5.50 x 10-4[10]| Parabolic [10] Heating and
[10] atomic
diffusion

15
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Table 1-2. Silicides growth parameters measured from experiment under the influence of
irradiation
Silicide Fluence Formation | Type of ion lon energy The cause of Growth kinetics
(ions/cm?) | temperature used for (eV) growth
(°C) irradiation of the silicide
Pd2Si | 1.0-15x10%| 25[5] | Argon ion [5] | 78 x 10° [5] | lIsotropic cascade Parabolic [5]
[5] mixing and
radiation
enhanced
diffusion [9]
Ni2Si [4.7-8.9x10%7| 25[11] |[Argon ion [11]| 2-20x 103 Isotropic cascade Parabolic [11]
[11] [11] mixing and
thermal spike
[11]
Co2Si | 1.0-10x 10| 25[12] Gold ion 120 x 108 [12]| Thermal spike Parabolic [12]
[12] [12] [12]
WSi2 [1.0-100x 1012 25[13] | Gold ion [13] | 120 x 10° [13]| Thermal spike Parabolic [13]
[13] [13]
VSiz |2.0-2.7x10%| 25[14] |Argon ion [14]| 3x103%[14] | Isotropic cascade Parabolic [14]
[14] mixing and
radiation
enhanced
diffusion [14]
Pt2Si | 1.0-11x 108 25[15] | Argon ion[15] | 150 x 10% [15] | Isotropic cascade Parabolic [15]
[15] mixing [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.

16
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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).

17
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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 interstitiall 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.

18
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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.
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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 timet>0. Suppose that at time t=0 the A
layer occupies space X <0 and B layer occupies space X >0in the A-B bilayer system as

illustrated in Figure 2-1. At timet>0 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 X=—h,(t) to X=hg(t) as shown in Figure 2-2. The
thickness of the compound layer formed at interface A/AB is denoted by h,(t) and at
interface AB/B byhg(t). The total thickness of an AB compound layer formed between the A

and B layers is designated byh(t)=h,(t)+hg(t).

x<0 Xx=0 x>0

Figure 2-1: Schematic diagram of the A-B bilayer system attime t=0

before the commencement of heating.
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AB LAYER B LAYER
AB-molecule <= B-atom
Heating Heating

x<0 <€ > x>0

h(t)=h,(t)+hg(t)

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

an AB layer formation attime t>0 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:

vaA +vbB—)AVanb (21)

Where

vaand v, 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:

n y(ndf =const N (x=—h,())v, >nlv, 2.2
yndn (x=—h,(t)) N (x==h,))v, <nv,
and
n _ gy =const  nalx=hg()va =iy, 2.20)
N, (x=hg(t))  ny(x=hgt)) vy <ndv,

where
n,(x=hg(t))and N (X=-h,(t)) are the densities of A and B atoms which diffuse to

reaction interfaces AB/B and A/AB,

yis the reaction rate constant, and
R,and Ry 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:

dhet) _

dt Vab(Ra + Rb) (2-3)
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We give the details of egn. (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

dz(tt) =V, (13N, (x = =ha 1)+ 712N, (x = hg (1) (2:32)

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

dh(t) _
dt

Vab(y(nt? )2 +yngn, (x=—h,t ))) (2.3b)
If B atoms are in excess at interface A/AB, we obtain

dz(tt) V(2 -+ yning (x = hav) (2.30)

Where V,, is the volume of one molecule of AB compound.

The above consideration (in eqgns. (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,t. 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:

02N, py(X)
Da(b)%ﬂ (2.4)

With corresponding boundary conditions:

‘]a(hB(t)): _Da dna(X)

dx
dn,(x)

=vynen, (hg(t)),

Jp(=ha(t))=-D, =vpynin, (~hat)),

n,(x=-h,(t))=n2 and
n, (x=hg(t))=n?.
where

J a(hB(t))and Jb(— hA(t)) are fluxes of A and B atoms toward interfaces AB/B and A/AB

respectively,
D,and D, are diffusivities of A and B atoms.
Solving eqgn. (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:

0
na(x,t):—y(g—b)z(x+hA(t))+ nd (2.52)

and
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00
v, YN N
n(xt)=—2-2b __(x—hg(t))+n’ 2.5b
()= 5oy e} (25b)

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

described by:

00
VayNany

n,(x,t)= X+h,(t))+n? 2.6
a( ) Da+VaVn8h(t)( A(t)) a (2.6a)
and
t:_ﬂrﬁf( —hy )41
n,(x,t) D X—Mg(®)+ng (2.6b)
b

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

stage are:
D..n?
n,(h, )= aa 2.7a
a(g(0) D, +vaynoh(t) (2.72)
and
n,(—h,(t) = Dy (2.7b)
D, +vyynaht)

If there are excess A atoms at reaction interface AB/B at timet <t., 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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2 00,,2
t=_fhw Dy |n{ Harh ) +1} 282
yvab(nt()))z yzvgvab(nt()))3 Db(nava+nbvb)
2 0Rn0,,2
t=— 1V Dt In{ Mals V2 +1} (2.80)

WV V) [ Dalngva+ i)

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 atall time.

At critical timet,, h(t)=h.(t.):

Na (Mg (te)) va = NEvy or My (—h,(te)) v, =NEv,

where
D.n?
N, (hg(t.))= aa and
) D, +yvan’hy(te)
D,y

n,(—h =
b( A(tC)) Db"‘yvbnghc(tc)

Critical thickness, h.(t. )is obtained from eqn. (2.9) as follows:

Da (ngva B nt())vb )
VVaVp (nl? )Z

h.(t.)= or

(2.9)

(2.10a)
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D, (ng Vo~ ngVa)

(2.10b)
Ve (n2)

h.(t.)=

Eqn. (2.10a) holds at interface AB/B under reaction controlled process or egn. (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, substitutet =t,, and h(t)=h,(t.) in eqn. (2.8a) or (2.8b)

o felto) Dyva {Vﬁwﬁmw)+q (2.11a)
WS 7vVe) L Dslnava -+

- h(t) Davg In{ yngnSV§hc(tc) +1:| (2.11b)
VVab(ng )2 yvaV ab(nr’(i))3 D nave +ngv,)

Eqn. (2.11a) is the corresponding critical time of eqgn. (2.10a) and eqn. (2.11b) is the
corresponding critical time of egn. (2.10b)
The growth rate of an AB compound layer after critical time (second stage of growth) is

described by:

dhet) _

ot W, (20, (=, (1) +non, (hg (1)) (2.12)

Substitute eqgns. (2.7a) and (2.7b) into eqgn. (2.12) and integrate the resulting equation.

31

© University of Pretoria



P
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Q= YUNIBESITHI YA PRETORIA

_&'t’,_

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Department of Physics YUNIBESITHI YA PRETORIA

A connection between time and layer thickness is established:

2 (12 _ e+ | - 2.13
ph”(t)+p,N(t) (¢1hc "‘(ﬂzhc(tc)) ¢3In{¢4hc(tc)+l} (t-t)=0 (2.13)

Where
o= [2Vab (Dbnt? + Dang) TI :

0 = Ou02F +,00F | [ Varirg O, + DreF |

-1
3
¢, =D,D, (D,n? —D,n?f szabngng (Da n® + D, ngj } and

y(Da n’+D, ng]
§04 = Dan

2.4 Results and discussion on non-irradiation process

The Kinetics of the first stage of growth of an AB compound layer expressed in eqgns. (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 eqgns. (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). Eqgn. (2.8a)

transforms to a linear equation (whenD, =0)

hit)=V, .y (N0t (2.14a)
And eqn. (2.13) reduces to parabolic equation

N (h21)—hg))+ 2D, (1) —hy (1) 29V, D,ndnd (t —t, ) =0 (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.

= h(te)

= (2.14¢)
yvab (nl()) )2

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. Eqgn. (2.8b) also changes to a linear equation
(whenD, =0)

h(t)=V,y(nd)'t (2.15)

and eqgn. (2.13) reduces to parabolic equation
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e (M2t)—h2)+2D, (h(t)—he(t)) -2V, D,ndnd(t —t,)=0 (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 eqgn. (2.11b)

t, = hc(tcg (2.15c¢)
yvab<na)z

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. Eqgn. (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.

yvanph?(t)+2D,h(t)—2yV, D.nindt =0 (2.16a)
ywneh?(t)+2D,h(t)— 2V, D,nangt =0 (2.16b)

The growth Kinetics of four silicides (tungsten disilicide WSi2, vanadium disilicide VSiz,
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 WSiz, VSi2, C02Si, and Ni2Si

AB layer Diffusing Formation  |Growth Kinetics Growth Kinetics
(Silicide layer) |species under ftemperature |(from this study) (from experiment)
annealing T (K) used
condition in the [in this work
AB layer
(Silicide layer)
WSi2 Si[2, 3] 1033 [27] |Linear and parabolic. Linear and parabolic
[2,3]
VSiz Si[2, 3] 873 [28] |Linear and parabolic. |Linear and parabolic [3].
Co2Si Co[2, 3] 763 [9] | Linear and parabolic.|Parabolic [2, 3].
Ni2Si Ni [2, 3] 573 [8, 29] |Linear and parabolic. |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

Do and Ea in Table 2-4 at formation temperatures shown in Table 2-1.

-E
Dint = Nagn)Pab) = Nan)Po exp(K aj (2.17)

B

—

where

D, is the interdiffusion coefficient of AB layer,
Na(b)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,
E, is the activation energy,
Ky (8.617 x 10 eV) is the Boltzmann constant, and

T is the absolute temperature.

35

© University of Pretoria



Department of Physics

+
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

»

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

Table 2-2. Data used for WSi2, VSiz, Co2Si, and Ni2Si layer thickness estimation

AB layer |Interdiffusion Reaction rate Volume of AB Number density of A
(Silicide |coefficient, Dy, | constant, y compound per and B atoms
layer) of AB layer (1028 mméfs) Molecule, V, in the A and B layers,
(Silicide layer) (102° mp) NYp) (1028 atoms/n?)
(1017 mé/s)
WSi> 1.000 [27] 4.700 4.300 W (6.300), Si (5.000)
VSi 0.029 [28] 0.910 4,000 V (5.200), Si (5.000)
Co2Si 3.000 [9] 1.200 5.000 Co0(9.100), Si (5.000)
Ni2Si 1.100 0.620 3.300 Ni(9.140), Si (5.000)
(Estimated)

The layer thickness of WSi2 and VSiz 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 egn. (2.10b) and the corresponding critical time, t, (when

D, =0) is estimated with eqn. (2.11b).

In a similar vein, the thickness of Co2Si and Ni2Si is obtained from egn. (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 (whenD, =0). 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 WSiz2, VSiz2, C02Si, and Ni2Si layer.

AB layer h, (10° m) t. (5
(Silicide layer)
WSi2 0.990 0.124
VSiz 0.280 0.285
Co2Si 66.000 44.000
Ni2Si 47.000 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 VSiz layer
is due to the reaction rate dependence on tungsten density at W/WSiz interface and vanadium
density at V/VSi; 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,
VSiz, C0o2Si, and NizSi

AB layer E, (eV) D, (mP/s)
(Silicide layer)
WSiy 3.400 [27] 0.400 (Estimated)
VSiz 2.900 [28] 0.016 (Estimated)
Co2Si - -
Ni.Si 1.500 [8, 29] 1.670 x 104 [8, 29]
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Figure 2-3: The growth kinetics of tungsten disilicide (WSi2) at 1033 K under

Thickness

a non-irradiation process. The arrow shows the linear growth
regime of WSi> under a reaction controlled process. The estimated

time for the linear growth of WSizis 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 lnear growth

region of VSi> over an estimated period of 0.285 s.
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Figure 2-5: The growth kinetics of cobalt silicide (Co2S57) 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 (NVi2S7) 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 2-3to 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 egns. (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 PdSi 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

determmed through the application of Darken’s equation:
Dp 251 = DpgNsj + DsiNpg (2.18)

where

Dp4,5;is the chemical diffusion coefficient of palladium  silicide,
Dpgand N, are the diffusion coefficient and atomic fraction of palladium species,
Dg;and Ng; are the diffusion coefficient and atomic fraction of silicon species.

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

n0

_'pd(si)
NPd(Si) = 0 0 (2.19)
Npg + 1N
Where

ngd is the density of palladium species (6.8 x 1028 atoms/m?®) in the palladium layer,
ngi is the density of silicon species (5.0 x 1028 atoms/m?) in the silicon layer.
Npy=0.58, Ng;=0.42, and Vp g = 4.2 x 1029 m?,

Ve gosiis 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:

-E
D;405i= D, exp[ KB-? J (2.20)

E.= 1.5 eV/atom [33], D, = 7.9 x 10 m?/s [33], T = 473 K [33], andy = 6.8 x 1040 m’/s.
The estimated values of Dppq , Dpy and Dy; are 8.2 x 1020 mé/s, 14.4 x 10720 mé/s, and
3.7 x 1020 m?/s respectively using eqgns. (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:

h(t)=4Dp g, t (2.21)

OPO 50 | -
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Formation time t (s)
Figure 2-7: The growth kinetics of palladium silicide (Pd2Si) at473 K under the

concurrent diffusion of both palladium and silicon species in the
silicide layer. The arrow shows the linear growth regime of Pd>Si
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 m 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 dommates 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).
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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 Pd>Si 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.
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Figure 2-9: The growth kinetics of Palladium silicide (Pd.Si) 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.
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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 vanadiumysilicon system under argon
jon 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 108 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-% 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 byh,(t) h,g(t), andhg(t)

respectively.
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where

h,, h,g , and hgare the function of time t.

The temperature rise in the A, AB, and B layers due to radiation-induced heating are
represented by AT, , AT ,g and ATy respectively.

T, designates the environment temperature of the A-B bilayer system.

T,,T, , T, ,andT, are temperatures at points X;, X,, X; ,and X, respectively.

The heat fluxes in A, AB, and B irradiated layer are J ,, J 55, and Jg 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 byQ,, Q,g, and Qg respectively.

IRRADIATED IRRADIATED
AB LAYER B LAYER
‘] AB ‘] B
AB molecule <— B atom
AT AT
Te AB B Te
Qap Qs
T T T
>% > >
ha(t) Nag(t) hg(t)
é 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:

or _ o0°T
C'DE_”67+Q 3.1)

With the following boundary conditions:
I ) ==& (T, - Te),

Ja(X)=J xp(%y),

Jap(X3) =Jg(X3),

Ja(X)=&,(T, —T,), and

dT(x)

J(X)y=—n ix (For heat flux in each layer).

Where

¢, is the rate of heat transfer coefficient between the A layer and the environment,
¢, is the rate of heat transfer coefficient between the B layer and the environment .

C,p,and # are the specific heat capacity, density, and thermal conductivity of the
irradiated layers respectively.

We assume that & =&, =& (for asimple case).
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The solution of eqgn. (3.1) is written as follows under a steady state condition

(% = OJ for each of the irradiated layer:

TA(X):&(XZ—X(X2+XI)+ x1x2)+T2(X_X1)+T1(X2_X) (3.2.1)
2n, Xy — X4
Tas(X)= g <X2 = X(X; + %, )+ X2X3)+ L% 1T =x) (3.2.2)
2 X3 =X,
AB
Qs (2 T, (X=%;)+ T5(x, =)
TB(X)=—(X —x(x4+x3)+x3x4)+ (3.2.3)
21, Xy — Xy
The heat fluxes J ,(X;) and J,(X,)in the A layer at points X, and X, are:
T,-T
I ==& -T, )= %(Xz - Xl)—m (3.3.1)
X=X
__% _ _’7A(T2 _Tl)
Ja) === (X, —x,) o ox (3.3.2)

The heat fluxes J ,g(X,) and J ,g(X;) in the AB layer at points X, and X; are expressed as:

)_ ’7AB(T3 _Tz) (3.4.1)
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Q T,-T
Jps(Xs)=——28 (-, T2) (342)
X3 =X,

The heat fluxes Jg(X;) and Jg(X, ) in the B layer at pointsX, and X, are delineated as:

_ Qg _ _”B(T4 _Ts)
JB(X3)—7(X4 X;) X ox (3.5.1)
T,-T
Je(x,)=&(T, _Te):_%()% _Xs)_”BX(+X3) (3.5.2)
4%

To solve for temperature rise AT,, AT ,5 and AT we apply the boundary conditions

The first boundary condition is employed in egn. (3.3.1) and the fourth boundary condition is
applied in egn. (3.5.2).

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

QA 77A(T2_T1)
Ja(X) = pg(Xy)=—"2(X, =X ) -2 —=——
ALV2 AB\ 2 2 (2 1) X, — X,
(3.6.1)
_Qns ”AB(T3 Tz)
- 2 (X3 X2) X3—X2
T,.-T
‘]AB(X3):‘]B(X3):‘]AB(X3):_%(X3_Xz)_ﬂAi(iX d
37X
(3.6.2)

:%(X4 _Xs)_ ”B(T4 _T3)
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Recall that

X; =X, =h,p(1),

X, — %3 =hg(1),
T,-T,=4T,,
T,-T,=4T,g, and
T,-T,=4Tg4

We rewrite egns. (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:

Q. ha(t)y 7, 4T
—_HT —T )= XA"A) Al 1A _
JA(X)) 5(1 e) ) ha() (3.7)
Qghg(t) #ngdTy
g% ) =T, ~T,)=— _ .
8(X)=C(T,—Te) 5 he() (3.8)

_QAhA(t) B NaATp

Ja(Xy)=Jpp(Xy)=

2 ha(t)
(3.9)
_ Qashas(t)  7ap4T a8
2 X3 — X,
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~ QueNas(t) 14T g
2 hAg(t)

Jas(X3)=Jp(X;)=

(3.10)

_ QBhB(t)_WBATB
2 hg(t)

We solve eqgns. (3.7), (3.8), (3.9), and (3.10) simultaneously and the following results are
obtained for AT ,, AT g, and ATy

AT, = (3.11)

Where

I, = 27,575 (0NAg(1) (2QaNA (1) + Qghg (1) = Qaghas(t)),

I, :ghAhAB(t)[(QABhiB(th —QBhé(t)nAB)—QAhA(t)[hAB(th + hB(thBH’ and

h2.(t h,(t
|y = 21| AN s (Vg +ENg (1)~ Engha(| ~2817a  TagTalt)
NagNa(t) Na
_M +M,

M, (3.12)

AT g
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where

M} =71 ashas (1) [2thAB(t) (Qh,()-Qgh )] -¢h, vh, (1) [QABhAB(t )+ QBhB(t)ﬂ :

Mz = hA(t)hiB(t)[ (”ABnB + 25’78hAB(t)XQAB7/AB +QA”A)_fzhAB(t)ﬂB(QABhAB(t)+ QAhA(t)j } ,

and M, :2’7ABhAB(t)[’7A(’7AB’75 +5’7ABhB(t)_fﬂshAB(t))_fﬂBﬂABhA(t) ]

AT, _V V, +V, (\\;4 +V;5 )+ V (3.13)
7

where

Vi =nahg ) hyg(),
v, = 2’7AB(’78 +¢hg (1) )(QABhAB(t) +Qaha(t) )’
V; =¢&h,g(1),

Vv, :2’78(3QAhA(t)+QBhB(t)_2QABhAB(t) )_th(t) (QABhAB(t) +Qghg (1) )

UIN:! N

Vs = (Qughas(®)+Qaha(t) [;75 +5(hAB(t)775 N ﬂBhA(t)J J
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| Qehe(t) e g 1+ 216 Quaflas(1)+2QuNa(0)]
_éQAhA(t)hB(t)

Ve = (éhA(t)”ABhB(t)hAB(t)

V, =250t (2’75 +5h5(t)) (’7AB’73 +éﬂABhB(t)_2§thAB(t))'

The temperature associated with radiation induced heating process is described by:
T =T, +AT™ (3.14)

where
AT ™is the change in temperature in the irradiated layer due to radiation heating.
Therefore, AT'™ in the A, AB, and B layers areAT,, AT ,g and AT 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 egns. (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:

1 _
2 o= +1)0.693 21N 2
0.1535Z p|In M +1-R2+-8 (2p+1) B 7rA A(E—zj L0
S==3r | | oL Py :
f EO
(3.15)
where
Q:5'8X10_28NA2260(EK+E0),0

A

Z is the atomic number of the target atom,

p is the mass density of the target atom,

A is the mass number of the target atom,
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R; is the relativistic factor Rf =

E is the light particle kinetic energy,

E,is the light particle rest energy,
W is the ratio of light particle kinetic energy to its rest energy(ﬂ :—J,

| is the mean excitation energy,

N , is the Avogadro’s number,
@ is the slowly variation function of Zand E, , and

€ is the electronic charge.
The light particle penetration depth in the irradiated layer can be estimated using [43]:

5
-11F 3
_ 6.7x10711ER .16)

d,
p

The volumetric heat generation rate in the target layers A and B is described by:
;(b) =35, hit) K ng(b) (3.17)
where

K'is the defect generation rate,

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

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

;b in the AB layer directly from the equation described above.
We, then look for an alternative way of obtaining an expression forQ;b. This expression is

described in terms ofQ},Q, . n , n?, n, ,v,and v, asshown in egn. (3.18).

| (N 1 N
o =VaQa ni(f’+vbe ni(? (3.18)
A b

where
N, 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:

7
_ 8.462X105N, Z, Z, A, O 3.83X1015N, Z§ Z, EYS

%= (A +A)(Z023+2023) " (Zg ) Z§]1.5 (3.19)
' A t

where

Z,and Z, are the atomic numbers of target atom and heavy particle respectively,
A, and A are the corresponding atomic masses of target atom and heavy particle.

0 is defined in [44] as:

6=¥ When 1 > 30 keV

and
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In[1+1.1383]

=
2 (z +0.013217°212264.0.19593 10'5)

When 1 <30 keV

where

32.53 A E,
22, A A 21 2)

1=

(3.20)

The heavy particle penetration depth [41] in each layer can be determined by:

E (A Az
8.462x1071°N, Z; Z,, A, 0 Ny

d, (3.21)

The volumetric heat generation rate in the A and B target layers is described by:
Q.:(b) =3, h()K ng(b) (3.22)

The volumetric heat generation rate in the AB layer is defined as:

h _ h Nap h Nap
ab = VaQa ~0 +%Qy 0 (3.23)
na nb

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 egns. (3.11) and (3.14).
While in silicon layer (B layer), the temperature rise is estimated with egns. (3.13) and (3.14).
The temperature rise in silicide layer (AB layer) is determined with egns. (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 egns. (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.

63

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

»
&

3

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Department of Physics YUNIBESITHI YA PRETORIA

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 &=100 W m?K™)

Irradiated| Mean Thermal | Density| Thickness| Thickness | Atomic | Atomic Lattice Estimated
layer | excitation|conductivity|  p h(t) h(t) number | mass A | constant density of
energy || 71 (WIMK)| (kg/m?d) (nm) (nm) Z (a.m.u) a ‘Species in the
(eV) under under (1010 m) | irradiated layer
light heavy (1028 mr3)
particle | particle
irradiation irradiation
Si 171.2 | 150.000 | 2330 5 9, 45, and 14 28.0 54 5.0
50
Ni 306.3 91.0 8910 5 45 28 58.7 35 9.1
Co 298.6 100.0 8900 5 50 27 58.9 2.5 9.1
W 704.0 170.0 |19250 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
WSiy - 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.

© University of Pretoria

Irradiated Light particle Light particle | Volumetric heat | Temperature
layer stopping penetration depth| 9eneration rate rise AT T
Power d, (um) Q' (1012 K)
S (1071 J/m) (107 J/mBs)
Si 2.2 4.2 0.6 6.9
Ni 6.8 1.1 3.1 43
Co 6.6 1.1 2.1 1.9
W 9.9 0.5 3.1 5.2
Ni2Si - - 26 70
Co2Si - - 20 23
WSiz2 - - 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 Heavy particle | Heavy particle | Volumetric Temperature
layer stopping penetration heat rise AT
Power depth generation (104 K)
S, (nim) d, (um) o
Q
(1012 J/nrPs)
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
WSiz - - 310 450

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

influence of radiation heating.

Atomic Vacancy [Vacancy |Activation Estimated Lattice Diffusion
species  |migration |formation | eénergy for irradiated | constant | coefficient
ineach |energy energy self-diffusion ter::pr)erature (100 ) D, (k)
iradiated [ED V) |E! vy | Fo0 €V T K)
layer Eqp =EM+E,/
Si | 1.06[45] | 2.32[45] | 3.40 298 543 1.74x 102
Ni | 1.04[46]| 1.55 [47] | 2.59 298 3.52 1.60 x 1023
Co | 1.60[47]| 1.34[47] | 2.94 298 251 274 x 103
W | 1.70[46] | 3.60 [46] | 5.30 298 3.16 8.85 x 103
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The results in Table 3-4 is estimated based on the Arrhenius equation of the form:

D, =a’f, exp(;i J (3.24)
B

where

f, (5x 103 s [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 pJ/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 - 10-2% m?/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 108 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 hA(t) and hB(t) respectively. The total thickness of the compound layer is
given by:h(t)=h,(t)+hg(t).

Suppose the X-axis is perpendicular to all the layers under consideration and h(t)=0 before
irradiation.

IRRADIATED IRRADIATED
AB LAYER B LAYER

AB molecule <— B atom
via
B vacancy
Mechanism

X<0 <€ > x>0

h(t)=h,(t)+hg(t)
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
DY'"and D' respectively and the equation relating the diffusivity under irradiation to

that of thermal diffusion is given by:
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- virrpyvth
DYir = Na nvl,cha (3.25a)
a
and
) r]v,ierv,th
Dt\)/,lrr _'b v,thb (3.25h)
n,
where

nY'"and nY'" are the A and B vacancy densities under irradiation,

Dy™and Dy'™Mare the diffusivities of A and B atoms via vacancy mechanisms due to thermal
vacancies.
nyMand nY™ 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,irr virr _ nvith
A" _ o _ (i — ) (3.262)

dt a 7y
and
dne)/,irr 0 (ne)/,irr_nt\)/,th)
where

tyand7, 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 wvacancy distribution is homogeneous and stationary

dng'i” dne)/,irr
dt ~ dt

Thus, for A and B vacancy densities we obtain:

=0

Ny =Kndz) +nyth (3.27a)
and
nv,irr _ KnOTv + nv,th (3 27b)
b~ RNty b :

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

inside the AB layer

82n;,irr(x)

Dy 2o =0 (3.28a)
and
) 2AVirr
v,|rr8 Ny (X):O (3.28b)

b aXZ

With corresponding boundary conditions:

33 (x=hg(t) =Ry =ygvan"""(x =hg (1))
3y (x==h,(0)) =R, =ppnam " (x = —h,(o)),
Ny (x =—h,(t))=n?, and

N/ (x = hg(1))=n?.
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Where
Jyand J} are the fluxes of A and B atoms that diffuse via A and B vacancy mechanisms

respectively,
Ra and R, represent the chemical reaction rate at A/AB and AB/B interfaces, and

yis 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:

% =V, NN (x = —h (1)) (3.29)

and at AB/B, the speed of growth is

dh 2
B =)V 15 (3.29b)

Therefore, the total speed of growth is

dhet) _ dhyact) | dhg(t)
dt — dt  dt (3.29c)
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Solving egn. (3.28a) and eqgn. (3.28b) with given boundary conditions, we obtain an

expression for the distribution of A and B atoms inside the AB compound layer:

. X+h 1
na"(x.t)= _ng (nt()))z y(Dv,irra(g )) (0 (3:302)
22 (ng)
and
ng,irr(x’t): n[()) [);S)f; hB(t))Vb +1 (3.30b)

rt;g +yyhet)

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:

R, = y(ngf =const " (x=—h,(t))v, =nv, @312
yndndiT(x =—h,(t)) e (x=—h,(0)v, <nv,

and

n y(ngf —const ng".r(x = hg(t))va >Ny, @31b)
ndm(x=hg(t)) Ny (x=hg(t) v, <ndv,
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where

NV (x =—h,(t))and NYi(x = hg(t)) are the densities of B atoms atX=—h,(t) and A
atoms at X =hg(t).

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:

dhcy) _ dhat) | dig(t) _

dt - dt dt Vab(y(ng)z + Vngng’irr(x = hB (t ))) (332)

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

are:

_ 0
T hg (1)) = Na (3.333)
ol 1 yvahct)
b nt()) D;/,Il’r
and
. n
YT (=h, (1) = 1 t;)v - (3.33b)
nd| —+7b_
al:ng Dt\)/,lrr }
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If there is an excess of A atoms at reaction interface AB/B at timet <t., 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 eqgn. (3.32):

Dv,irrvz yn0n0V2h(t)
h(t)_yvab(nt()))zt_ b3 0a In Dv,irra (? ° 0
e Y (ndv, +nlv, )

+1[=0 (3.34)

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 timet, h(t)=h.(t,):

_ 0
n;"”(hB(tC )): Na = ngvb (3.35)

1 yvh }
n0 I - U o
b{nt()) Di\i/’lrr

Critical thickness, hyis obtained as:

he(te)= - (3.36)

and for the critical time, substitutet =t., andh(t)=h,(t.) in eqgn. (3.34)
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_ 1 D;/ Irr(nava - nbvb)_ DE)/ irr I D;/ IrrnaVb (naVa - nbe) 1
= 0 I S 2 b (337)

Growth rate of an AB compound layer at t >1., is described by:

v,irr(_ v,irr
dh(t) Y bnong[nb (nohA(t))+ Na rEEB(t))] (3.38)
b a

By inserting eqns. (3.33a) and (3.33b) into eqgn. (3.38) and integrate the resulting equation.
A growth Kinetics that describes the relation between time and layer thickness is obtained:

- 2(1)—h? —ho(t))—auln| Zah+as
t=to+ay[h*0)—hg ()] +ay(ht) —he(v)) a3|”{a4hc(t)+aj (3.39)
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where

. . _1
a, :[ WV, (D;"”ns + DZ"”ngj } ,

a a

-1
a, = [(D;"”ng)2 + (ng‘”ng)z} {yvabn;’ng ( D;'i”ng +D""n? )Z] ,

-1
) . . . 2 ) .
0, = D;,lert\)/,lrr( DV.irr n0 _ DVv.irr po ) V2 V nOnO (Dv,lrrnO + Dv,lrrnO )3 ’
a a b b ab a b b b a

a
_ v,irr,.0 v,irr,. 0
a,=y|D""'n"+D""'n" |, and
b b a a

_ Virrpyv,irr
as = D" Dy

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 Dt‘)’ fre =0, equation (3.34) changes to a linear equation in the same form as the one

expressed in egn. (2.14a).
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The eqn. (3.39) transform to parabolic under the same condition:
yn2(h2(t)— (1)) +2D2 " (h(t) = hy(te )= 2V, DY Il (t —t,)=0 (3.40)

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 DY'"" =0, linear growth would be absent only parabolic law would hold.

Eqn. (3.39), therefore, becomes:
yneh?(t)+2DY""het)—2pV,, DY ninft = 0 (3.41)

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:

nv,th
b

D;/(,ttl;l): 58( ) pva(b) (3.42a)
Nacb)

Taking into account that

1 a(b
(Ta(b)y = D" (pd), s, (3.42b)
and
Ng =vaNy; Np=wny, (3.42c)
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Where
D"?and DY are diffusivities of A and B vacancies, (pd), and (pd), 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:

0

Dv,il;r — Dv’tl? +
ab) — alb) (Pd)a(b)va(b) Nap

(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 exiremely 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.

D" (Pd) DpVirr (Si) dhA(t)/dt th(t)/dt Ra Rp K Y
(1020 n?/s) (1016 12/ |(10°°MS) [(107ris) |(10*9/Ps )| (1024/ms) (dpals) | (1036 mt/s)
0.047 0021 | 0290 | 0.120 | 0.690 0.275 1079 0.110
0.470 0.210 0.900 0.330 2.100 0.775 108 0.310
4.700 2100 | 3.200 | 1.200 | 7.600 2.750 107 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.

DoV (Ni)| Dyv.irr (Si) dhA(t)/dt th(t)/dt Ra Ry K 14
(1020 m?/s) (1016 /sy (10°° mis) | (102 i) (10%9/mPs )| (102%mis) | (dpals) | (1037 mf/s)
0.028 0.015 0.220 0.062 0.670 0.190 109 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 4.100 107 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.

© University of Pretoria

Davirr (Pt) | Dpviirr (Si) dhag/dt| dhgg/dt Ra Ry K y
(10720 m?/s) (1016 25 ) (10° mVs)| (107 mvs)| (1019/nés )| (10%/mps) (dpa/s) | (1036 mf/s)
0.014 0.022 0.290 0.028 0.675 0.065 10° 0.026
0.140 0.220 0.960 0.240 2.200 0.550 108 0.220
1.400 2.200 3.500 2.400 8.100 5.500 10/ 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.

D" (Co) Dy (Si) dhA(t)/dt th(t)/dt Ra Rp K Y
(1020 2/s) (1016 refs) (10°° mS) | (10-7pyys)| (L0 /s )| (1022 /imPs) (dpafs) | (10-36 mé/s)
0.175 0.019 | 0035 | 0.022 | 0323 0.036 100 0.017
1.750 0.192 | 0360 | 0200 | 2.059 0.376 108 0.200
17.500 1.92 3455 | 2125 | 7.611 4.250 107 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 WSi. layer.

D,V (w) DpVirr (Si) dhA(t)/dt th(t)/dt Ra Rp K Yy
(1020 ?/s) (1016 gy (L0°° MS)| (108 mis) | (102 /s ) | (10°°/rwPs) (dpals) | (1037 mifs)
0.090 0.017 0.400 0.108 0.900 0.351 109 0.110
0.910 0.165 | 0870 | 0538 3.678 0.751 108 0.500
9.100 1650 | 3.162 | 1.835 8.703 5.751 107 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 =109, 10-8, and 107 dpars.
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 egns. (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 10* times faster than that of palladium,

which makes silicon the dominant species in the PdSi 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 (-120° 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.

(N
-
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» « K=10" dpa/s
" " K=10" dpals
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Figure 3-3: The growth kinetics of palladium silicide PdSiat room temperature

Thickness h(t) (10° m)

under the influence of radiation-induced vacancy at defect generation
rates of K =10, 108 and 107 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/m?3)
Pd2Si 373 2.400
Ni2Si 473 3.300
Pt2Si 473 2.300
CoSi 648 2.600
WSi» 923 2.300
—_
S 100y, “K=10"dpass] ) .
) g
! = " K=10 dpa/s
E 80. K=10" dpa/s
N
= 60} '
—
-~ '
7 2] 3 .
2 40
ﬂd) !
-
2200
* p— r - i e = m m m o= o= mm
5 10 15 20

Formation time t (s)

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 =10,10%8and 1077 dpa’s.
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Figure 3-5: The growth kinetics of platinum silicide Pt2Siat room temperature under
the influence of radiation-induced vacancy at defect generation rates of
K =10%,10%and 107 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%,10%and 107 dpa’s.
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Figure 3-7: The growth Kinetics of tungsten disilicide WSiz at room temperature under
the influence of radiation-induced vacancy at defect generation rates of
K =109, 108 and 107 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. domant) 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 egn. (3.39) (when h,=0and t, =0) over a period of 20 seconds

at different defect generation rates in the Pd2Si, Ni2Si, Pt2Si, CoSi and WSiz 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 |Diffusing species |Diffusing Pre-exponential Activation energy E, (eV)
Compound [under non- species factor D, (m?/s) for ifor non- irradiation
E"g/er irradiation under non-irradiation condition for atomic species
(10-2° m3) |process iradiation  |-ondition for atomic
process species
PdSi, Pd, Si [4] Pd, Si[5] |Pd (1.500 x 10-8) [22](Pd (1.000) [22], Si (1.700)
(4.200) [22]
Si (6.240 x 10°) [22]
Ni.Si, Ni [3] Ni, Si Ni (1.820 x 10-3) [4] [Ni (1.710) [4], Si (1.900)
(3.200) present work [50]
Si (8.950 x 10-9) [50]
Pt2Si, Pt [2] Pt, Si Pt (5.500 x 10-4) [10] [Pt (1.485) [10], Si (2.100)
(4.300) present work [50]
Si (3.590 x 10-°) [50]
\WSi2, Si [3] W, Si W (1.400 x 10-3) W (2.780), Si (1.570)
(4.300) present work|(estimated from [51]) |(estimated from [51])
Si (3.100 x 1077)
(estimated from[51])
CoSi, Si [2] Co, Si Co (9.800 x 10-°) [49]|Co (2.930) [49], Si (2.140)
(4.300) present work [50]
Si (3.200 x 10-%) [50]
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Table 3-12. Useful parameters for estimation of diffusivity via vacancy mechanism at
temperature of 298 K. (Where Kg = 8.617 x 10°eV and fi=5 x 1012 s1 [5]).

Reactant Dislocation density Vacancy formation
Species (pd )a(b) (10° m2)| 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 <0 and B layer occupies space X >0 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=0. Att>0,
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

X=—h,(t) toX=hg(t). The AB layer thickness formed at interfaces A/AB and AB/B are

denoted byh,(t) andhg(t) respectively.

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

h(t)=h,(t)+hg(t). Whereh,,hg and h are the function of time t.

IRRADIATED IRRADIATED
AB LAYER B LAYER
AB-molecule B Interstitial
= Atom
via
B Interstitial
Mechanism
X<0 < > x>0

h(t)=h,(t)+hg(t)

ﬁ 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 D' and D'"".

Interstitial diffusivity is described by Arrhenius equation in the following way in agreement

with the model proposed in [59]:

. —Em
irr 2
Db, =0.1a* f; exp( KB'II' j (3.44)
where

a is the lattice constant,

f;is the jump frequency factor for interstitial atom,

E™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:

dnacb) na(b)
—dt =Kngpy ———=0 (3.45)
Tia(b)
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Thus, A and B interstitial densities can be obtained in the A and B layers as follow:

_ Ky,
01200 = (o), DifE)

b) _ 0
n&®) = Kn? (3.46)

ijirr
where
nfrand nﬁirr are the interstitial densities in the A and B layers produced during irradiation,

Tj,and 7; 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:

2 n2Bo

Dis)y % =0 (3.47)

With respect to the following boundary conditions:
J3(hg(t))=Ry =pvanind (g (1)),

IP(=ha)=Ry =ywnand (—h,v)),
Kn?
nia,‘irr(_ hA(t)): nt = W
Kn?

nib,irr(hB(t)): ny = W :
b
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where

J2and J ib are the fluxes of A and B interstitial atoms,

nﬁirr(hB(t))and NP (—ha(t)) 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:

a0
yni nbva

i (Xt)=— S t)(X+ ha(t)+n? (3.48a)
and
b _ ynanev, b
NP (X)) = ng‘”+yvbngh(t)(X_hB“))+ n} (3.48)
where

N2 (X,t)and N (Xt) are the distribution densities of A and B interstitial atoms inside

iirr
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].

dht)
dt

at the interfaces AB/B and A/AB and also by interstitial diffusivity of A and B atoms inside the

The rate of grovvth( jof an AB layer is described in terms of the chemical reaction rate

AB compound layer:

dh dh,(t) dhg(t
w = Al )+ st = yvab(ngnib,irr(_ hA(t))+ ngnﬁirr(hB(t))) (3.49)
dt dt dt
where
dh,(t)
dAt yvabn nl |rr( hA(t))’
dh ()
CT'[ = PVoolpN ||rr(h (1),
Di,irrn_a
nie,lirr( hB(t)) = D;,irr f)’va;]gh(t) and
||rrnb
—h,(t))= !
ll’l’( ( )) D”rr+yvb Oh(t)
dh,(t) . .
—at is the speed of growth of an AB layer at the interface A/AB and
dhg(t) . .
dt is the speed of growth of an AB layer at the interface AB/B

Substitute N3, ( hg (t))and NP, (—h,(t)) 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:

h(t)+
t=y,h*)+ x,ht)— x, In{%} (3.50)

where

-1
_ i,irr.a i,irr.b
Xl_[zvab (Da ni +Db ni )J '

.'. -'- 0.b 0 )
- Délertl,lrr<nani +nianb) + l:zyv nono(Di,irrn.a+Di,irrnp)2:| ’
) aba bl a i b

X —
>~ |2 (Dur g + (o
o Dy (nang + (ngnf f - 203”8nia”ibj—
DirpirT +2nianP((D;vi”)2(n2)2+(Dé‘i")2(”8 y )
X3 = N

B - -~ 3
2y2Vab(ng )Z(ng)z[D;"”nf‘ + Dk')"”nib}
Xa =2yngng| DY + DY"nP and

Xs = D;"”Dt‘;‘”{nPng+neng]
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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 Kkinetics 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 eqgn. (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 D' = 0. Equation (3.50) transform to parabolic:

yneh?(t)+2DL " h(t) —2pV, . Di " n?nt =0 (3.51)
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In a similar manner, if only B interstitial atoms diffuse via B interstitial mechanism in the AB

layer when D} =0, eqn. (3.50) also changes to parabolic:
yneh?(t)+2DH " h(t)—2pV,, DI ninPt = 0. (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 WSi> 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 egn. (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 Kg =8.617x10%eVand f; =5 x 10251 [5]).

Atomic | Interstitial migration | Estimated value for Density of atomic Lattice constant
species energy for atomic |density of 4B molecule|species (1023 atoms/m?) a (1010 m)
species E™  (eV) | (10°® molecule/m’) ng(b)
r]ab

Pd 0.148 [60] Pd>Si, (2.400) Pd, (6.800) 3.890

Ni 0.150 [46] NizSi, (3.300) Ni, (9.140) 3.520

Pt 0.063 [46] Pt:Si, (2.300) P1,(6.500) 3.920

Si 0.180 [61] Si, (5.000) 5.430

w 0.054 [46] WSiz, (2.300) W,(6.300) 3.160

Co 0.100 [60] CoSi, (2.600) Co, (9.100) 2.510

98

© University of Pretoria




Department of Physics

3

YUNIBESI

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
THI YA PRETORIA

»

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

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 10-1°m?/s and 1.33 x 1019 /s

respectively using eqn. (3.44))

dhA(t)/dt th(t)/dt Ra Rp K Y n@ (Pd) nP (Si)

(10-°mis)| (10-2 mys) |(202° /mPs )| (10 16/m?s) | (AP/S) | (10230 mffs) | (10%8atoms/m®) | (1022atoms/im?)
0.267 0.578 0.636 1.375 10° 11.000 0.095 0.039
0.601 1.310 1.430 3.115 108 6.430 0.952 0.390
1.736 3.780 4.133 9.000 107 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 101 n?/s and

1.33 x 1019 mP/s respectively using eqgn. (3.44))

dhap/dt| dhgdt Ra Rb K Y nia (Ni) ni® (Si)
(10-1°nVs) (10-13 ) |(1018/nPs )| (10%S/mPs) | (dpals) | (1030 méfs) | (10%%atoms/m?) | (1022 atoms/mE)
0326 | 1.023 | 0.989 0.310 1079 18.850 0.010 0.039
0.832 | 2650 | 2.520 0.802 10°® 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 n?/s and 1.33 x 10-10m?/s respectively using eqn. (3.44))

dhA(t)/dt th(t)/dt Ra Rp K 14 n;& (Pt) n;° (Si)

(10-° mVs)|(10-22 mys)|(102° /Ps)| (10%6/mPs) | (AP&/s) | (10-30m/s) | (108atoms/m®) | (1022atoms/m?)
0.323 | 0993 | 0918 1.739 10°° 15.93 0.098 0.039
0.866 | 1.715 | 1.862 5.678 108 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 1019 m?/s and 1.33 x 1019 m?/s respectively using

eqgn. (3.44))
dhap/dt| dhgp/dt| Ra Ro K y ni2 (Co) nid (Si)
(100 mVs)| (10-22rvvs) ((1019/m?s )| (1028/m?s) | (dpals) | (10-30n/s) | (108 atoms/m?) | (1022atoms/m?)
0.260 0.734 0.850 1.468 109 12.000 0.076 0.039
0.670 1.547 1.677 3.793 108 5.900 0.760 0.390
1.800 3.890 4.290 9.342 107 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° m?/s and 1.33 x 10-19 /s respectively using eqn. (3.44))

dhA(t)/dt th(t)/dt Ra Rp K Y n;@ (W) ni® (Si)

(10-1° m/s)|(10-23mys)| (10%8/m2s )| (10%5/mes) | (APa/s) | (1030 m/s) | (108 atoms/m®) | (1022 atoms/n¥)
0538 | 1248 | 1.127 0.646 10-° 86.900 0.021 0.039
1.030 | 2894 | 2.769 1.108 108 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.

101

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

5

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Department of Physics YUNIBESITHI YA PRETORIA
~~
= 200 T R .
= "= =K =10" dpals '
S 150 k=107 s _
S
~~ i A
= ™
= 100} - .
o -
7 9] i - .
L -~
g S50 -~ .
Q W =
* = ) - =
O =570 15 20

Formation time t (s)

Figure 3-9: The growth kinetics of palladium silicide Pd>Siat room temperature
under the influence of radiation-induced interstitial at defect generation
rates of K =10, 10-8 and 107 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 =107, 108 and 107 dpars.
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Figure 3-11: The growth kinetics of platinum silicide Pt2Siat room temperature
under the influence of radiation-induced interstitial at defect
generation rates of K =10, 108 and 107 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 =107, 108 and 107 dpals.
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Figure 3-13: The growth kinetics of tungsten disilicide WSi> at room temperature

under the influence of radiation-induced interstitial at defect generation

rates of K =10, 108 and 107 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 egn. (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 1017 m?/s at 773 K [9] and tungsten
disilicide has interdiffusion coefficient of 5.0 x 10-17 m?/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
gualitatively 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 Kkinetics 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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A theoretical approach is developod which describes the growth kinetios of thin films of near noble metal
slicide (especially of cobak sllicide (Cou™) and nickel silicide (NLSH) and refractory metal siboide
(panticulaty of tungsten disilcde (WS,) and vanad lum disllicide (VSL) ) at the interfaces of metal - sficon
systom, In this approach, metal species am presented & Aatoms, slicon as Boatome, and silicide as
A compound The Al-compound Is formed as a4 result of chemical mamformation between A- and
Batoms at the reaction intedaces AAR and AR/ I The growth of Al-compound at the intorfaces ocoun
in two stages. The At growth stage s reaction contmolled stage which takes place at the inteface with
excess A or Batoms and the second stage is diffusion tmited stage which occurs at both interfaces. The
eritical thickness of Albcompound and the cormsponding time Is determined at the tansition pont
between the two growth stages. The result that follows from this approach shows thas the growth kinet -
1ex of any growing sllicides depends on the number of kinds of dominant diffusing species in the sibade
Layer and also on thelr number densithes at the reaction interface. This result shows 4 Iinecar-pambolic

Keywomds:
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Crivkead thicknens
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growth kineties for WL VS, CopSl, and NS and ik s in good agreement with experiment,
© 2016 The Authors. Pudlished by Eleevier BV, This s an open acoess anticle under the CC BY -NCND

Noense (her g (e wati ves oemrson orgy losmmes /by - ne -ndid V)

Introduction

The thin film of pear noble and relt actory metal silicides galned
wide attention in solid state reaction because of their applicability
an low resistance contacts, gate electrodes, and |nterconnect mate -
rlals in integrated clrcult technology [1-1]

A number of works in the lterature repoct the formation and
growth Kinetes of these sihades [4-7] Sihade formation can be
explamed from two approwches: diffusion approach (which 18 con -
sidered ax the conventional approach) and physicochem ical
approach (alternative approach to the former), From diffusion
approach siliddes are formed as a result of intermixing of silicon
with metal species after the diffusion of either silicon atoms Into
the metal layer or metal atoms ioto the silicon layer, This internmix-
Ing is initlated by heat treatment process. Diffusion approach usu -
ally leads to loss of reaction controlled stage [#] due 1o lack of
consideration for chemical reaction between metal and silicon
species

Unlikoe diffusion approsch, physicochemical approadh incorpo-
rates two processes: diffusion and chemical reaction. It describes

* Coneparnding sethen
Emall addrasex sl abintundod i o 2o (S0 AKNTUMIE) W by il
s lomn (PA Selyshitey)

Ittt Lol 1O i JO1A0 1
20T )0 2016 The Autlions. Pubibshed tiy Ehovier BV,

metal and sihicon layers as two immiscible layers with inedface
(%) separ ating them. Chemical reaction takes place between silicon
and metal atoms af the interface(s). The metal atoms o silicon
atoms o both are brought 1o the interface 1) by means of diffusion.
Thix appeoach creates room for the possibility of accounting for
chemical reaction contributions to the silicide growth durl ng reac-
tion controlied stage.

It is shown that the growth kinetics of silicides of near noble
metals (for example, palladium, platinum, and cobalt) obey para-
Bolic law [4-0] and the dominant atomdc species o the st slicide
phase (such as NiZSKL S and CopSi) are unanimously identified
as mwtal [ 2.7] Metal species are repocted as dominant speaes
because the stlicide is & metal rich sithicide. However, there are dif-
ferent viewpoints on domd nant species in the PdSi phase [0 13

In refractory metal sliades (such as molybdenum disilicide
(MaSiy), titanium disiliade (TISh), tungsten disthade (WSH;), and
vanadium distlicide (VSi3)) the dominant diffusing species (s
reported s silicon [2- 7L This 18 due to the richness of this silicide
phase in shicon, There are different growth Kinetics exhibited by
silicide in this phase [2.6- 7], Por instance, in VS and WSI; growth
Knetles are described as linear and parabolic, In TiSL ifs
delineated as parabolic, and in MoSiy and CrSig it is shown 1o be
Hnwar,

Thin is an open access article nder the CC BY-NC-ND Bomnse (101)0 7k re stive comimioms syt ominees Ty s a4 ()
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In this paper, we present 4 model that describes the growth
kinetics of the AB compound Leyer based on the first appronims.
von of readion rate as product of reactant number densities. This
Approximation 15 iIn accord with mass action law, The speed of
powth s proportional to resction rate during the
trolled and diffusion  limited
gowth kinetics that follow I
powth tehavior of the growing layer can be explaoed froe the
viewpoint of the number of kinds of stomic species actively diffus.
g inte the Al -layer during their formation process

H

i

:

|

if

Suppose that the Alayer cccuples space x <0 and the B layer
ocougees space x> 0 in A-B systemn.

Al time (>0 heat roatment prooess commences in A- and
Blayers. The interfaces AAR and ARE spatially A and
B layers. A-atoams di luse from the Alayer via AR-layer o inter-
face AB and Batoms diffuse from the B-layer via Al-Layer into
interface AJAB. Al interface AD/K dilfuse A-atoms cChemscal by react
with surface B-atom to form AR compound. Likewise, at interface
AJAR, dehase Batoms interact chemically with surface A-stomm to
form addinonal A-compound. The All-layer occupies space from
X= By 0 x=hy The thickness of the compound layer formed at
interface AJAR s denoted by K1) and at interface AB/E by hat).
The total thickness of the Al compound layer formed betwesn
A- and Blayers is designated by ez M) =hJo) s hlr) where b,
By and b are function of time ¢

The rate of chemical tramformation at interfaces of solid Layers
depends on number denuties of A and B atoms. If there are excews
A or Batoms at the intedface, the rate of reaction remaing the
samve with dhange of number density of Aor Bators [14]. On
the other hand if number densities of A. and F-atome are approx -
imately equal (1w = nm® or sy = 1aL”), then the rate of AB
compound formation can be represented in the first approsimation
2 product of A- and B-atomic number densities. Where 1" and n"
are pumber densdties of A- and B atoms in A- and B-layers respec-
tively, n, and o, are number densities of A- and B-aoms inude the
Ab-layer, u, and 1y, are stoschiomet ic efficients of A- and B
atown,

Thus the rate of chemical reaction between A- and B-atms, at
reaction lnterfaces AJAB and AN B can be approcimately expressed
n two stages as follows:

R o 700 = const o R0) > v

TR ~ha(t))  mm(-hif)) & pnf ay
A {m&x' —const AN > wd
M) R < e

where md - A1) and nhyl 1)) are the number densitios of §- and A-
atoms wiich diffuse into reaction interfaces AAI and AR, 7 &s the
eaction rate constant, R, and K, are the reaction rates af intecfaces
AJAB and ABR.

Dwe to this spproximation, the growth of the AN Liyer can be
described I two stages. The flest growth stage occurs when there
are excens of one Knd of diffusing stoma, for example, exes A
atoms # interface AR/B or excess B-atorms ot interface AJAR and
the second growth stage takes place when there are 0o excesses
of any kind of atoms st the comresponding interfaces.

The growth rate of the AB-layer is determined by both diffusion
of A and Batoms intide the AR Layer and rate of reaction at

%- %‘--%-Vo(n:u-um +703)") 2a)

1. (2 holds only if A-atoms are i excew at interface AB/B o
] -%.%.- Va(7(0)" < 7manyinn)). )

Fgg. (20) bolds only If B-atoms are in excess at interface AJAS,
where Vo, is the volume of one maobeosle of AB-compound.

Suppose that Al A-atoms st ANE intecface and all B-stoms o
AAB interface reacted ot once. Therefore the growth of the
AB-compound Layer is determined by fux of Aatom toward the
Blayer and fux of Batom toward the Alayer. Thus we consider
the dilfusion of A- and B-atoms insde the AB-compound layer.

Duffusion of A- and B atoms inside the AR layer is desaibed by

N

Lha(0)) = <DV ix) = pGnihy(n)) L (~Ri0) = ~DVngix)
-y e~ Ry (6))

N (=RI0)) = 1 my(hy(0)) = 1.

where [, and }, ave Muxes of A- and B-atoms, D, and Dy, are diffasiv.
es of A and B-atoms

Soving BEg (3 with boundary conditions for the first stage of
layer growth (before critical time), we obtain an expresion for
the distribution of A and §-atoms inude the A compound Leyer
when A.atom is in excoss at AR/ interface:

: ]
() = -!E’—uomo-n: and
-w.n-r%u-mo‘ 42

And for excess B-amms ot AJAB imterface, the distribution of A.
and B-atoms in the All-layer is descrited by

Pe
2
um--%’—a—mﬂc (4b)

Number demsities of A-atoms at interface ABE and B-atwims at inter
face A/AR during the second growth stage are:

L = iy

(R, (1 .ﬁﬁ.r_“ o i5)

I there are exces A-atoms o reaction interface AlB at time
<t (8, is the critical time), the AN -Layer at this inter lace grows
under eaction controlied process and a AJAB interface the growth
s diffusion hmited and vice versa for exors B-at0ms ot intes face A)
AR, thevefore, the relationship between time and layer thickness
can be found by solving either Eg (24 or (2b)

s o o B
o

o O . N
I Valr  FRVald =l -
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Corvesponding solutions to Egs. (2a) and (1) me exprened in
g (fu) and (6b) respectively.

However, il there are no oxem A or Batoms at the reaction
interfaces no reaction controlled growth would ocour M either
ABIB or AJAB-interface and growth at bath iterfaces would be pre-
dommantly diffusion limeted at ol time.

Atcitical time L. B0 =&, 0 R (N(L)) = n of
vyl ~hy(t)) = v o

where nuh L)) = o 2E o and mi-hat ) = g5

Cratical thicknew, b, s obtaioed s follows:
Dy (n 0 ~ )
.,-_S_‘ﬁ_ 8a)
T ()
or
Sl >

g () holds at imterface ARB under reaction controlied pro-
cessor B (Ah) at AJAB under the same process, It is worth neting
thee critical thickness cannot takes place at two interfaces at the
same time. [ can ondy oocur at the interface that has exoess atommic

For crincal tme, substimuie £=6 and h=Rh, i g (Ga) o (0b)

h, Dyt
- - ~ .l -
S Ve PVl l’?ﬁvahi 'I £
o

A o, ",
- - n - 1]
Ve Vel El’ﬁv:?»l l o

B (90 is the corvesponding crithcal tieme of Bige. (Ma) scxd (Ob) ks

comesponding critical sme of K (Bh1

The growth rate of the AB.compound layer after critical tine
(second stage of growth) is described by:

D Wl -Ay(0)) + G (y(D))) (10)

Substitute g, (5 into Eq. (10) and integrate the resulting egqua -
tion: a connection between tine and Layer thickness is established:

Fo b+ 00 W)+ (000 - ) — oyt (SR 20y

where

# = [V}« D]
#o = (0" + (00" | [Warrtin 00t + D))

#2 = 0.0, 05 - D) [PVt R10UG - DT |
#0=7(0G + DAL & = DD

The Moetcs of the first stage of the growth of the AB-com pound
Layer expremed o g (Ga) and (6b) shows time a3 bath partly lin-
oar and partly natural loganthemse functions of layer thickness and
g (1)) depicts time as partly parabolic and partly nanral logs-
ithunic functions of thickness. The natural logarithmic funcaon
nEge (el (6b) and (11 s attmibuted 1o the simultaneous diffu.
won of A and B atomic species in the AB-compound Layer.

1t is important 0 mention that the Layer growth kinetic would
be linesr under reaction controlied process and parabolic under
dilfusion lmited process, f only ane kind of atomsc specses diffuses
o the Al-compound layer. I for example, only A-atoms diffu s
o the AB-layer when thete are excess of A-ateen ot ABD interlace
dunng the first stage of growth (reaction controlied growth).

Equation (Ga) wansforms 10 & linear equation when Dy « 0

M) - Vaynd)'e (12a)
And g (1) reduces 1o parabolic equation
ol (W 0) — ) < 20uME) ~ W) - 2 V2Dl — L) =0

(12b)

Likewise if anly B.atom diffuses into the AB-layer when there
are excess of Batoms st AJAR imterface during the same stage of
powth, Eg (0b) also changes to knear equation when D, = 0

WD) = V)t (13a)

And Bg (1)) reduces o parabolic equastion

Tou (K7 0) < ) « 2D4R(E) - R) ~ 2yVLDRSRIE - £) = O
(130

However, I there are no excess A- o Batomns at either AD/S o
AAR ioterface, the first growth stage would be absent. In other

TR (0 « 200(8) ~ 2V DGt = 0,

Fonh’ (1) « 20WME) ~ 2V DGl - 0 (14b)
The growth Moetics of four sliodes (WS, Vi CoSL and

143

The results of ioter-diffusion efficsents for four silicides are
depicted in Table 2 and they are obtained from Asrhenius equation

T
Darfal wbsrmatom e grnath b metn s of s b ide comabornd = O ®udy
B cangoad by ODFbimg sponwn weleor Fom mastiom trenpes st Crmatd Mowts s (T thie audy Commut® Moo tics (T s go it )
wrreddy cwdevm e AD Wy () el - s arh
W, sSpn | S LR Lemar and pacaodi Lnwar sl pamsbok (27
Ve, snpn ;e pa—— Liwwas amd pasabods |7
[T Ca v b F AR Limrar and padob PNorbta (28 7]
N L T ER L T lwess and paramoh. Limmar anel pamabente | 11|
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Tl 2
Dats waot e WBAD b pwr e binew rumsnn

AR < aegundie e L L i Brwtrm twe Velumw of AR Nugriber demury f A and B sonw
AR Laywr (107" ") cmmatans (0™ s ) o mobeoule (10°°% ™) A and B lagers (0™ stamw i’
we, Lo0D [19) 40 4300 WA} 5 (%)
e, QO | owmo 400 Vs .o
Ot 2060 |17} 20 w000 O (W13 54 (30)
s L 100 (it ) LY ) 100 N N sy
Table 3
- 1 the active dfMusion of cobalt s the only moviag atoms during
et diffusion limited stage n the CoSi layer. The same explanation
AB Laget A0 w0 &0 holds for lrear-parabobic growth in the NS Layer where nicked
wu, 0.0 a1 Is the anly active diffusing species.
v, C w0 i Due 1o the small magitude of layer thickness formed over &
::‘ ::: :: very short period of time during reaction controlled growth as
shown in Table 3, the inear section of this curve it correspondingly
T 4 i 200
A Vs e emergy and pov on mo et ol Lt
AR Lagw s (W) 0, (w'h) %
WL, AN 040 (& wiw—— i {
e, P 0016 (emtamand)
Coe . .
e (ST COOOIET (1019 l

described In Eqg, (150 based on the data available on Do and £, in
Table 4 at formation temperatures shown i Table 1

Dee = NoaDias = NeaDe&5p i:'; ! (1%)

where D, I8 the inter-diffusion asefficdent of the AB- layer, N, s
the stomic fraction of A- or B-atoms (which is ogqual to unity in case
of one kind of diffusing species) in the AR layer, Dy is the pre.
mponential  facwe, £, is  the xtivation energy, K
(B617 « 107" V) is the Boltzmann constant, and T is the abnolute
testiperature.

The layer thickne s of WSi; and VS, s estimated with Eq. (104
{lor peaction controlied growth ) and Eg. 100 (for di Musson Nevited
Srowth) The critical thickness betwoen the two growth stages s
obtained with g (%) and the coarvesponding cnitical time, L
(when D,=0) is estimated with Eq. (901 In & similar vein, the
thickne s of Co, St and Ni St (s obtained from By, [ 124) (for resction
controlled growth) and Eq. (12b) (for dilffuson limited growth)
The cntical thickness and time are estimated with Fgs. (%) and
(94 respectively when Dy« 0 The results of critical thicknes
and time of the silicide layers are shown in Table 3, The results
show that critical hackness is stron gly dependent on the diffus vty
of the active moving species in the silickde Liyer. The higher the dif-
fusiog rate of the active spedes the thicker the thicknes becomes
a the wansition polest.

The growth kinetics of four siliodes consdered in this dudy
revesls a linear-parabolic relationship between layer thicknes
and time. The hoear growth in bath WS, and VSi; layers s due
to the reaction rate dependence on tungsten atnmic densty at
WIWSE; interface and vanadium number density at VIVSe, inter-
face during reaction controlled stage, while parabolic growth on
the other hand is due to reaction rate dependence on both number
dernities of tungsten and silicon atoms 4t both interfaces o tung-
sten-ubcon sydem. The same eaplanation spplies 10 vanadium -
silicon system. Linesr growth in the CosS layer occurs & & result
of excess cobalt atoms at Co,S/S interface during reaction con-
trolled stage and parabolic growth arses in the CoyS layer due

i | Formation time t (5)

Mg L. The growth ket of senpoes Subolde (Wi ) & 011K The dond
v Ay (e Lmra gr e th on ghene of W wendor o o veen comtn il bl pescmma
m—u-—n-a—-.—-dva.ncms‘-m“
owe the lmnst e tiw of e urve

it (10"m)

Formation time 1 s

Mg 2. The growth Limeticos of vamadions Sololte (V) & 573 K The dotind srrow
hows e bewwr Powth swghon of Vi, ot s sstenated peviat of 2 20% 4 The
wnaried gt sho Bunn e lese s ttan of (hr curve whel aper an pasabel b
e Hrw sam Bar ta At Hime Bvedvald Junng (he grveth pes ew

Thickness 1) (10 "m)

Farmation thwe 1 («)

Mg 2 Thw growth Moetas of cmalt wbolbe (Crghi) o TRIE The thinamvow derws
The Limmar goonth segine of Cop S swr & pevind of 44 & The maened graph e wel?
ey the Lewnar wntion of the curve aler & mac e comerling guoress
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Thickness b1 (10 °m)

Formation time t (s)

TR 4 The prowth metics of nichel sllosle (NyS) & ITIE e dotied arvrw
Al e e biw s grmeth o NS v o g od of D20 s 4 e i Bed
pracen. The mnerted @agh dw 1haws Qo lwsr soctios of The Curvwe

small that the gowth knetics appear (o be predominantly para -
Bolic in Figs ) -4 The silicide growth is consdered over 2 period
of 3600 » in all the layers.

Conclusons

The thooretical approach presented here shaws that the growth
Kinetics of any growing silicides can be described in terms of
Eacton rate Detween silicon and metal species at the reaction
nterfaces, This study shows that chemical resction rate can esther
depend on sl kkon denuty or metal species denuty or both during
the mactive dfusion prooess. This dependence dotormines the
numbet of possible growth stages and also responuble for the cor -
relation that anses between time and leyer thicknes dunng the
growth stages For example, reaction controlled growth occurs
when the reaction rate depends on esther slicon or metal species
density and the refationship betweon tine and layer thickness dur -
g this stage can eithey be linesr o more comples than koosr
depending on the number of Mods of dilffudng species in the wl)-
oide layer, bowever, in diffudon loited growth stage chemical
reaction rate relies on both metad and thicon densities at the mac.
von interface and the link betwoen time and thidkness can esther

be parabalic or more complex than parabolic which sl depends
on the number of kinds of active moving species in the slicude
wowing layer.
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The influence of radiation-induced vacancy on the formation of
thin-film of compound layer during a reactive diffusion process
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S.0. Akintunde *, PA. Selyshchev
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ARTICLE INTFO

ABSTRACT

Aty e oy A theoratk 4 approach it developed that dewrdes the formation of 2 thin flm of AR composnd layer
Becveent 16 Octuten 2013 wnder the influence of radiastion indwed acancy. The AB-compount layer I femed 2y 3 resukt of 2
Recevvd @ srviend fure hemical waction Betworn (he #10mMic species of A and # immiodle Layers. The two Laers are irmdated
’"’""‘:”“ — with 3 beam of Partiies and this process leads 15 severd vacare LREe 1Re <rrasion i both
m..,’ "' v 008 yen dur @ the dispharcment of Latticr stom s by sFratuting panty bes A- and §.atoms dffuw via thew
W e sites by moans of 2 vacancy mechanium in consdenbie amount 1 eact on il arfaces AAN nd AN
_“V_'-'"_A oA £ The raaction interfaces incroase in thickness as & sl of chemical wanformation Sotwern the dff
Rasing spocies and saxface stoms ( fear both biyens | The compound Lager formation ocours i two stages
WII“ The first stage Deging a1 an nterfacial reamon controllnd process. and the second 31 3 diffusion con
P S — wolled prcrss. The aricad thickness and Sme am determened At 2 rnion point between the wo
LT T —— sagre. The influrnce of ratison - nduced vacancy on Laper thickaes, spord of powth and rex ton rae
& investigated nder rrad anon withi the famovork of e modd presented e The rowll oblamed
showns that the layw thickness, ipond of growth, and reaction cte iIncmacwe strongly 31 the defact gon
canon rate tiwes In e rradiated Lapers B sl shows the feaidiiny of producng 4 compound liyer
(ewpecally i near aotle metal silicide considernd in this stiady) a1 & temperaturs below thelr noomal

formason temperatiere under the influence of radison
© 20% Ubevier L. All rights reserved
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1. Introduction many new chanseb sre aested for stomic diffusion i the Grget

material Ammic diffusion s very important for Lyer formation n

1t b & well established fact that irvadiation crostes defects in
wlid matevials [1]. These defocts are called radiation induced
defects and the simplest of them is termmed 2 Frookel palr (v
cancy-interstigal pair) By meam of radiation indeced defects

© Com e guanting &b
T ol altyrwes  wvnit s bt ot cpw 10 (A0 Ab mmande |
b b s ad aeen (PA T b ey

Rty e dodony 0 MW pes 0 MM D0
AT AT e 2016 Chuevian Lad AB s ghts mmvavved

solud - state reaction. The growth of & compound layer ot the resc-
son interface requires bath diffusion and & chemical reaction. This
proces s teymed resctive difksion.

The phenomenon of reactive diffusion is observed expermen-
iy under both nos-trradiaton | 2-5] and rcadiation |69 con-
ditions. The compound layer growth is shown (o cbey parabolic
Lew (thickness bs proportiona] to square root of thime) in both s

In this paper the influence of radiation induced vaGncy
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conudered on the growth of the compound layer during a reactive
diffesdion process. Although both vecancy and intersttial defeas
are created At the sune tine duning rvadiaton, we ke into
consdderation the stuation whereby the conmibution of intentitial
defect s separated Brom that of vacancy. With this approadh, we
are able to determine the contribution of vecancy defects to the
growth of a4 compound layre We begin by considening the che.
mical reaction rate as the approumation of proaduct of reactants’
atom number densities and asvume that the growth rate of the
compound Lyer is proportional I the maction rate during both
interfacial ceaction- and diffusion-contraied stages. Different de-
fodt grneration rates are ken into account in each irradiated layer
in order to determmune how it influsnces the spoed of growth, re.
action rate, and thickness of a compound Layer 4t & lemperanae
below the compound layer formation under normal beat treat-
ment processes such & comventionsd famace snd rapld thermal
Processng.

2. Modd and bask cquat ons

Suppose the ey adiation of A- and B Layers loads (o the aeation
of vacancy and interstitial stoms Let us not consider a very high
rate of defect genevation: for example. which arresponds © re-
actor radiation. In this case, the concentation of interstitial
atoes 1 small, the correlation betwemm fluxes of vacancy and in-
terstitials s weak, and contributions of vacancy and iterntitial

The munber of wacancies in the AB-Liyer increses & the ra-
diation-induced vacancy adds up o the thermally generated anes
We staurmw that A and B atoms diffuse via 2 vacancy mechanism
through the All-compound layer 10 reaction interfaces AVAE and
Al 1© form AB-compound layer. The thickoess of the AB-layer
formed owang to chemical reaction at inter laces AAR and AIVE are
designated by £.01) and g t) respectively. The total thickness of the
compound layer s given by i)« g0+ gt Let the xaxis be
perpendicular to Al the layers under consideration and gt)« 0
before rvad iation.

The diffesivity of A- and B-atoms theough the vacancy me-
chanism under lrradiation are D™ and D)™ respectively, and
the equation refating the diffismity under rradiation to that of
tharmal diffusion s given by

v'{s‘q"ﬁﬂ.g“i )

where n." and 5, are vacancy ncen i ations under irradiation,
D and D" are dffsties of Aand B-atoms via vacancy
mechantum due o thermal vacancies, and 1, and 0" ae
thermual vacancy concerntrations for A and §-atom sites nsde the
All Layer.

Neglecting the recombination between vacancy and interstitial
atoms, we can consider the chunge of demities of vacancy and
Interstiial atoms separately and obtain egquations for two kinds of
VaCAnCy concentrations in the AN layer

: o - (og - n3
e e e 2

where K is the defct genoration rate, 0" and n,* ae the number
denuties of A- and B Lattice Moow n their respective Layers, and
6" and " are We-times for A and Bvacsncy. Because the re-
laxation of vacancy duswrilution ocun more quicky than the
growth of the AB-layer, we aswume that the vacancy distribution s
homogeneous and sationary: " M0 and dny’ Mt 0.

Thus, for A- and B-vacancy concentrations we obtain:
ng = Knde + 03" andng « Knfe + . o

Neglectng tramsient diffusion, we obtain equations for sta-
tonary concentration of A and B atoms insde the AN Layer:

™, o,
B = 0and 57 0 w0 -

with axresponding boundary conditson:

P e e I R e S T = ey

el e T . G
and J, are the Duses of A- and B-astomw, K, and R, represent the
chemical reaction rate st AVAD and AN inter faces and they are not
exactly the same, v, and v, are the stoichiometne coefficents of A
and Batoms, and y is the reaction rate omstant. The Muses of A-
and B-astoms are asumed 1o 0cour #t the same tate 4 the chemical
reaction in order 1o enmsure that the reaction only ocours ot the
interface and not iide etther the A- or B-Layer bulk,

The speed of growth of the Al-layer by vinue of chemscal re-
aron st AVAD iterface s

A e Vil Vaa Y " (1 =) a0 28 AN b5 oyt = Vaalts
wVay ("), thorefore the total spoed s dgide. dp/d « dp i,
and Vg & the wolume of one molecule of the AB-layec

By wiving (4 with the given boundary conditions, we obtain
an expression foe the distiibution of the A and B-atoms ixside the
Al -compound layer:

00 - -Lgf.‘..‘). nf and n o 0
ﬂ‘*.
B T m

3. The growth of the Allayer

The rate of chemical resction ot interfaces of solid layers de-
pencds o the tumnmber densutios of the A and § stams in & aenplex
o nex. However, if there exists an excess of A- (or B-) stomy, then
the rate of reaction reenain the same with 4 change of the number
density of A (or B) atoms (0], On the other hand, if number
demsities of e A- and B-atoms approcmately equal v, . wan”,
then the 1 ate of the AB-compound famation can be represented in
the first approximation as & product of A and B atam number
demites

Thus the rate of chemucal reaction between the A- and B stoma,
& rexcrion interfaces VA and ARN, can be spproximately ox-
pressed in two stages in the falowing ways:

.._{v(-.']'-«-l R AT
PSR = — L) WMk = — &) % wnd

'._{r(lﬂ'-a- WX = g2 o)
PP B K = B % Vyn) ©

Where n, (v — g0 and a, (xo —g) are number densities of the 8-
Ao ot xe ~ g, and he A Jtoms o X« — g,

Owing to this, spproximating the growth of the Al Layer can
have two stages. The flest stage is when there is an excess of one
fand of difusing sto for example. an excess of the A-stoms nes
intevface AR/B or an excess of the B atoms near iterface AVAB The
second stage s when there is no excess of any Mnd of atoms nesr
the corresponding surface. the second stage can tabe place

© University of Pretoria
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independently of the fiest stage. However, if there s 4 st stge,
the second stage muast follow st

Thus for the fiet sage, the gowth rate of the AE-Wyer is de-
termvined by both the diffusion of the A- and Batoos insde the
AB-layer and also by the rate of reaction at the interface:
X VR k) = Va () ¢ i = ) o

The number density of the A-atom near interface All/R and the
B-atom near interface AAD ot second stage are:

..
m»-u,%dw-m»
'D:"ong._un )

W there is an excess of Astom o the resction interface AND &
e 1< 1, (6 s the ontical time ) the AR-Layer ot this interface
grows under the intefacial-reaction-controlied procew, and at the
ANAR interface, the gowth is conwrolied by diffusion; the refore the
relationship between ime and layer thackness i found by solving

i7x
l-;ﬁ-x‘?&%ﬁ%”} 20

Howewer, f there is 10 oxcess of A-atoms at the reaction in-
terface, no Interfacial-ceaction-controfied growth would ocur ot
the AN interface, and the growth at both interfaces AAB and AN/B
wold be predaming ntly diffusion controlled at all tiene.

At critical time LE = K5 A (R01,)) = vnln,: where n,

o= e 4o

Cnnical thackness, £, s ottained as follows:

And for aribcal Bme substitute ¢ w1t and g =g, o (9]

3 - ': m -
» MVal ) ViVa(nl) Iﬂo"lﬂa%’t) '] 1y

The growth rate of the compound Layer at 1 > £ s descnibed by:
KL . Va(nine(-£,m) + alnalg,n) a®

By inserting (5 to 12 and integrating the resulting equation,
4 wonecton between tme and layer thickness s exstablished:

t-uo«c‘cn-tuwo-p--:*-‘iﬂ:ﬂ

ek, + oy an
where

o= [ Maf oy« pmug]] Loy :
« [ (mmnay’ « (g’ | Mamtsg[ mng + com ] e
- mrope | amad - g [ Veategf o3 + et ] o
o {0508 « a7

4 Rowlts and dbhomsion

The growth kinetics of the thinfiln of AB-compound Layer
expresmed 0 (9] shows thne o 4 Nocar and natural loganithere
function of thickness, and in (17) as a parabolic and natural logs-
rithimie function of compound Liyer thickness. The natural logs-
titheic funcion in both (9) and (17) is sscribed to the simults.
meous diffusion of both the A and B-atomic species via vacancy
mechantsms during the aunpound Leyer gromth

If, for instance, only A-atoms diffuse in A-layer when D" .0
g (V) becomes a linear squation:

£ = Var (8] (v et e
and (10 reduces to parabolic equation:
D - g« 25700 - &) - AN Tt - k)~ 0 s

and if only B-atoms dilfuse when D, .. 0, lincar growth will be
atment, ooly the parabolic lew will hold g (17, therefore, be-
wmer

O 4 2 - 2V LD nnt - O (16

Irradiation influences the growth of the AB-layer v change of
diffiivity due to the production of the vacancy at rate K Let s
avurme that the A-atoms diffuse only via vacancies of the A-sb-
lattice of the AR compound and B-atoms via the Bsub-lattice.
accordingly. This means that we conslder diffcton of the A- and B-
stoms swparately and Des)” = s T *MYne o aling into ac-
wunt hat

(T ) (S0 a0d 0 va e " v na Where
(pd)s and (pd )y are the dinlocation denuties of A- and B-aystak,
O™ and D™ are diffusivities of A-and Bvacancies, n, and o are
number densitien of A and D-atwms insde the AR layer. D" and
0, are diffusivities of the A- and B-atoms v vacancy-mediated
proces; from (1) we dbtasn:

X
05 =02 an

Based oo the model dexcribed above,
gowih, reaction rate, and layer thidkness of theee near.ooble
metal siliodes &t room lemperature under iy adiation with 4 de-
fect generation rate of K 10~ 10™%, and 107" dpa/s. The reason

Sunilar re-
sty are shown in Tables 2 and 3 for meched siboide, NiSL and
platinum siliode, PSS Thes result is contrary to the report in | 13-
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T & different rate; hkewise the liyer growth speed. This difference can
Nesr aotbe mveal whoidy bemamn undor be stributed to the number of sseface soms present ot the e

D R L N

acton interface duning the Layer formation. The interface that has
moee surface storms has & prester dance of praducng the com-

s pemanad. Tomper (L))

o — pound layer (aater than one with fewer atoms.
"y m The layer thickness depicted in Figs |- show that the growth
3 : of the mmpound layer depends strongly on the defect gener stion

their respective siliddes. Howewer, the growth of slicides under
rradiation from our theoreticl study indeate 4 view different
fram theomal diffusion o termas of the prodominant difusing
species during the slicide formution, especially for the three sl
oxdes comidered in this work. The estimated values of diffusivity
of slicon in the throe silicide Layers under different defec gen
eration rates at om lemperature ywelded resadts that e within
the range of integratod nter-diffusion coefficents of these wlicides
at thew formation temperatures [2-515%] and this also srongly
corroborates dlicon s the active diffusing spedes in the slicde
Layer under iy adiation. The formution temmperature of these sild-
odes are shown in Tuble 4,

The results depicted in Tables 1.0 show that the speed of
growth and reaction rate iIncrease as the defea aeation rate rses
in the irvadiated layer. This s as 2 result of opening of several
channels (Lo creaton of vacant utes) in the irnadisted Layers for &
considerable amount of st to diffuse 1 the reaction interface.
The result also shows that the reaction n each liyer proceeds at a

rate For imtance, the temperature comidered in this study i too
tow for shode formation © take place in the absence of tadiation
In the leerature it has been reparted that silicide formation can
oxur M & wmperature much lower than room temperature
(=120°C) 6L The tendenxy of praducing slcides at 4 tem-
pevature as low & room temperature is highly feasible sinee te-
diatson -enhanced diffuson depends strongly on a defoct groers-
ton rate at sich 2 low iy adiation temmperature.

The growth kinetics shown in Figs 123 depict & parabolic de-
pendence of layer thicknes on time. This resalt can be explaned
0 light of the rt phuse of neur-soble metal ulicde.

I metal-nich slicide, metal s the majonty species while silicon
W the minority stama According to the madel presented heve, f
Tagority stoms’ (metal 0 this cesve) are active (Le domsnant)
duning the layer growth, 2 reaction-controlled proces would oc-
cur for & certain persod of teme and change (o diffusion controlled
procews after which the growth kanetics has trandformed 1o pars-
bedic. However if the dominast stons are the minonity species,
then the Lipwry growth would begin and end a3 a parsbolic growth
under a diffuson-controlied procew. 10 4 similar manner, sicon s
presented as the minority and dominant species in the first
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compound phase of these slicides. Therefore, only one stage of
growth s plassible (Le. the parabolic growth), The silicide thick-
ness i estienated with (1) (when £« 0and - 0) over 4 period of
20 s &t differont defect generation rates in the theoe silicide layers

5. Conchmion

The resuits that follow froem this study indicate that 2 thin- film of
All-commpound Layer 1 fesable under adution-enhanond dffuskan

aeates & number of vacant Lattice stes in the A and B ol byers
wia which & sulmtantial amount of A- and B stoms are tranpored
10 the reaction interfaces, where they chemically react with surface
Aomic spocies that are Close 10 the interfaces, thereby onming an
Al compound. The influence of room lemperature an stomic dif-
Tusivity via vacancy & sssignificant and cannat possitly enhance any
growth at the reaction nterfaces.

The results of this study also indicate that me dependence of
Layer thicknes, Le. growth kinetics, has both linesr and natursd
loganthmic functions dunng the interfacial. reaction- controlled
age and paratolic and natural loganthemic functions dunng the
diffusion-controlled sage The reason for the resdt s ascribed to
two forms of vacancy mechaninms in the Al canpound layer: one
5 an A vacancy mechanism for the transport of A atams, and the
other s the B-vacancy mechaniun for transport of B-stoms Lastly,
we are able to show that defoct generation rate enhunces speed of
growih, reaction rate and thickness of compound Layer at low -
radiation temperature.
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