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Reactions in thin film and diffusion barriers are important for applications such as protective coatings, electrical contact and interconnections. In this work the effect of a barrier on the kinetics of the formation for a single phase by reactive diffusion is investigated from both experimental and modeling point of view. Two types of diffusion barriers are studied: (i) a thin layer of W deposited between a Ni film and the Si substrate and (ii) Ni alloy films, Ni(1%W) and Ni(5%Pt), that form a diffusion barrier during the reaction with the Si substrate. The effect of the barriers on the kinetics of -Ni2Si formation is determined by in situ X ray diffraction and compared to models that explain the kinetics slowdown induced by both types of barrier. A linear parabolic growth is found for the deposited barrier with an increasing linear contribution for increasing barrier thickness. On the contrary, the growth is mainly parabolic for the barrier formed by reaction between an alloy film and the substrate. The permeability of the two types of barrier are determined and discussed. The developed models fit well with the dedicated model experiments, leading to a better understanding of the barrier effect on the reactive diffusion and allowing to predict the barrier behaviour in various applications.

Introduction

Thin film reactions and diffusion barriers are of interest in numerous applications of protective coatings in metallurgy, intermetallic control in aeronautics, interlayer in diffusion welding, and contact formation and interconnections in microelectronics.

In metallurgy, a diffusion barrier is a thin layer of metal usually placed between two other metals in order to protect either one of the metals from modifying the other [START_REF] Cahn | Physical Metallurgy[END_REF]. In aeronautics, the diffusion barrier may come from the segregation of a impurities contained in one of the materials and it could limit the growth of intermetallic [START_REF] Zhang | Effect of Ru on interdiffusion dynamics of β-NiAl/DD6 system: A combined experimental and first-principles studies[END_REF] [START_REF] Bai | Migration of sulphur in thermal barrier coatings during heat treatment[END_REF].

In microelectronics, barriers are usually introduced to chemically isolate semiconductors from metal interconnects, while maintaining an electrical connection between them. For instance, a layer of barrier metal must surround every copper interconnection in modern copper-based chips, to prevent diffusion of copper into surrounding materials [START_REF] Nicolet | Diffusion barriers in thin films[END_REF] [START_REF] Kaloyeros | Ultrathin Diffusion Barriers Liners for Gigascale Copper Metallization[END_REF].

In most of these cases, the growth of phases such as intermetallics occurs and reactive diffusion is involved. This is also the case in thin film reactions in which both diffusion and reaction are contributory.

Driven by the applications, a considerable amount of work has been done on reactive diffusion both from the experimental [START_REF] Heurle | Kinetics of formation of silicides: A review[END_REF][7] [START_REF] Colgan | A review of thin-film aluminide formation[END_REF] and theoretical aspect [START_REF] Kidson | Some aspects of the growth of diffusion layers in binary systems[END_REF] [10] [START_REF] Borgenstam | DICTRA, a tool for simulation of diffusional transformations in alloys[END_REF] [START_REF] Svoboda | Application of the thermodynamic extremal principle to the diffusional phase transformations[END_REF] [13] [START_REF] Erdelyi | Reactive diffusion and stresses in spherical geometry[END_REF]. In microelectronics, the formation of contact in devices is obtained by reaction between of a metal film and the Si substrate to form a silicide. The formation of these silicide films has been largely studied for thickness in the range of a few hundreds of nanometers [START_REF] Heurle | Kinetics of formation of silicides: A review[END_REF] [START_REF] Nicolet | Chapter 6 -Formation and Characterization of Transition-Metal Silicides[END_REF] and more recently for smaller thickness [START_REF] Mangelinck | Progress in the understanding of Ni silicide formation for advanced MOS structures[END_REF] [START_REF] Mangelinck | Chapter 9 -The Growth of Silicides and Germanides[END_REF]. These studies on silicide and other studies on different systems [START_REF] Barmak | Phase Formation Sequence for the Reaction of Multilayer Thin-Films of Nb/Al[END_REF] [START_REF] Emeric | Al-Co reactions in multilayer films: first stages and selective formation of new (metastable) phases[END_REF] have shown that the reactions in thin films (typically between 20 and 200 nm) [START_REF] Kaloyeros | Ultrathin Diffusion Barriers Liners for Gigascale Copper Metallization[END_REF] are usually characterized by a sequential growth, the absence of some equilibrium phases, and sometimes by the growth of metastable phases, while the simultaneous parabolic growth of all the equilibrium phases is usually observed in bulk interdiffusion couples. It was also shown that after the nucleation and the lateral growth that leads to a continuous layer, the thickening of the layer will occur by linear-parabolic growth [START_REF] Mangelinck | Chapter 9 -The Growth of Silicides and Germanides[END_REF]. This model of growth was first stated by Evans [START_REF] Evans | The corrosion caused by products of combustion of coal gas[END_REF] and then demonstrated by Deal and Grove [START_REF] Deal | General Relationship for the Thermal Oxidation of Silicon[END_REF] in the case of silicon oxidation. The growth of a single compound layer combine two types of process: (i) the rearrangement of the atoms at the interfaces required for the growth of the compound layer which may involve a reaction barrier and (ii) the diffusion of matter across the compound layer in which the diffusion flux slows down with increasing the layer thickness. If the interfacial reaction barriers control the kinetics, it is termed interface controlled (or reaction controlled) and the layer thickness increases linearly with time. If the diffusion process is rate limiting and controls the growth, the corresponding kinetics is termed diffusion controlled and the layer thickness increases proportional to the square root of time. Since the early works [19] [20], several studies deals with the linear parabolic growth as well as with its implication for the sequential growth both from experimental [START_REF] Nemouchi | Differential scanning calorimetry analysis of the linear parabolic growth of nanometric Ni silicide thin films on a Si substrate[END_REF] [22] [START_REF] Nemouchi | Simultaneous growth of Ni5Ge3 and NiGe by reaction of Ni film with Ge[END_REF] or theoretical [START_REF] Balogh | Interfacial Reaction and Phase Growth for Various Metal/Amorphous Silicon System[END_REF] [25] [START_REF] Gösele | Growth kinetics of planar binary diffusion couples: ''Thin-film case'' versus ''bulk cases[END_REF] point of view.

The Ni thin film reaction with silicon can be considered as a characteristic system for reactive diffusion and presents a large interest for application. Most of the studies on the reaction between a pure Ni thin film and the Si substrate have shown the following sequence of phases during the reaction [START_REF] Nicolet | Formation and Characterization of Transition-Metal Silicides[END_REF]: δ-Ni2Si appears as the first phase and grows at low temperature (from 250°C) until full consumption of the Ni metallic film. The NiSi phase then grows at the expense of the δ-Ni2Si phase and is stable in a temperature range up to 700-800°C. The third phase NiSi2 grows after NiSi at a temperature normally higher than 700°C since it has difficulty in nucleation [START_REF] Heurle | Nucleation of a new phase from the interaction of two adjacent phases: Some silicides[END_REF]. With the downscaling of microelectronic devices, NiSi is widely used as contacts in complementary-metal-oxide-semiconductor (CMOS) transistors because of its low resistivity, low Si consumption and Ni diffusion controlled reaction [START_REF] Lavoie | Towards implementation of a nickel silicide process for CMOS technologies[END_REF].

However, its application is limited by the agglomeration of NiSi and the formation of the high resistivity NiSi2 at intermediate temperature (500°C~800°C) that leads to a degradation of the contact resistance.

In order to solve these issues, Ni has been alloyed with different elements to increase the stability of NiSi. [START_REF] Mangelinck | Enhancement of thermal stability of NiSi films on (100)Si and (111)Si by Pt addition[END_REF] [31] [START_REF] Lavoie | Effects of additive elements on the phase formation and morphological stability of nickel monosilicide films[END_REF]. Mangelinck et al. [START_REF] Mangelinck | Enhancement of thermal stability of NiSi films on (100)Si and (111)Si by Pt addition[END_REF] [31] [START_REF] Deduytsche | Formation and morphological stability of NiSi in the presence of W, Ti, and Ta alloying elements[END_REF] have shown that the additive 5 at. % Pt in the Ni film can increase the temperature of NiSi2 nucleation and delay the agglomeration of NiSi by more than 100°C. Lavoie et al. [START_REF] Lavoie | Effects of additive elements on the phase formation and morphological stability of nickel monosilicide films[END_REF] have systematically investigated the role of alloy on the stability of NiSi: the additions of Pt, Pd and Rh are most efficient to delay the formation of NiSi2 while elements such as W, Mo, Re, and Ta are amongst the most efficient elements to delay the NiSi agglomeration. Adding alloying element of Pt or W to Ni film could also significantly modify the Ni silicides formation at low temperature [34] [35] [36] [START_REF] Deduytsche | Formation and morphological stability of NiSi in the presence of W, Ti, and Ta alloying elements[END_REF] . However a clear understanding of this effect is still not fully achieved [START_REF] Mangelinck | Progress in the understanding of Ni silicide formation for advanced MOS structures[END_REF]. A common way to introduce an alloy element is to place a thin metal layer (interlayer) between the Ni film and the Si substrate instead to deposit an alloy [START_REF] Wang | Comparison of the thermal stabilities of NiSi films in Ni/Si, Ni/Pd/Si and Ni/Pt/Si systems[END_REF] These models should allow to design a barrier or an interlayer in a variety of applications.

Experimental procedure

Three types of samples were deposited on Si(100) at room temperature by magnetron sputtering system using Ni, W, and Ni(5at.%Pt) targets. Note that, in the following, the atomic fraction are given in at.% but will be expressed as % to simplify the notation. The Si substrate was immersed into a 5% dilute HF solution for 1 min to remove the native oxide prior loading into the sputtering chamber. The deposition was performed with a base pressure of ~10 -8 Torr using 99.9999% pure Ar gas flow. The two first types of samples are 50nm thick pure Ni films deposited either directly on the Si substrate or on a W barrier with two thicknesses (0.5 or 1 nm). The third type of samples consists of 50nm thick Ni alloys, Ni(1%W) and Ni(5%Pt), on Si(100). The Ni(1%W) film was obtained by co sputtering of the Ni and W targets while the Ni(5%Pt) was deposited from the Ni(5%Pt) target. In order to avoid oxidation during the heat treatment, a 20nm thick SiO2 layer was deposited by low pressure chemical vapor deposition on top of all the samples. In-situ XRD measurements were performed using a Cu Kα source, a rapid detector (PANalytical PIXcel) and a chamber equipped with a heating stage under a vacuum of 10 -5 mbar. During the in situ XRD measurement, the temperature was increased from room temperature to 270 °C at a rate of 35 °C/min and 4.6 min long XRD scans were then recorded continuously during various time at this temperature.

The XRD peak were then fitted using a pseudo-Voigt function in order to extract the variation of the XRD peak intensity as a function of the time. In order to compare the kinetics of -Ni2Si, the intensity of the XRD peaks obtained by fitting with a pseudo Voight function are reported as a function of time in Fig. 2. As the XRD intensity is proportional to the volume of the phase and as the texture is not changing noticeably during the isothermal heat treatment (Fig. 1), the intensity can be used as an estimate of the thickness of -Ni2Si. The XRD peak intensity was thus converted into thickness by normalisation and multiplication by the thickness of -Ni2Si expected from the atomic volume change for 50nm of Ni (i.e. 75nm) [START_REF] Nicolet | Chapter 6 -Formation and Characterization of Transition-Metal Silicides[END_REF]. show a parabolic growth as indicated by the t 1/2 slope while the barrier samples have a more complex behaviour close to a linear variation.

Results

Modelling of the barrier effect on reactive diffusion for a single phase

In order to better understand the experimental results, two models for the kinetics of formation in the presence of a barrier are now developed.

We will consider the following situation illustrated in Fig. 3: an intermetallic compounds,

q p B A   , is
growing by diffusion between two ends phases,  and  , in the presence of a barrier ,  , located between  and  . The  phase is either a pure element or an alloy

x x B A  1
. Moreover we will consider that atom A is the main diffusing specie and that the diffusion of B is negligible in all the phases. We will further assume that the diffusion of A in the ends phases is negligible. These assumptions allow to Since the reaction at the   / interface is:

q p B A p B p q A 1 ) (  
 the volume of  formed by atom of the mobile species is:

          A A c x p q p p 1 1 /          ,   ,  A
x ,and  A c are, respectively, the volume occupied by a formula unit, the atomic volume, the atomic fraction and the concentration of the diffusing species.

       A A A J c J dt dL 1 /    Eq. 2
As many intermetallic compounds exist only within very narrow limits of composition, and, when this is not precisely true, within poorly known limits of composition, growth kinetics cannot be properly interpreted in terms of Fick's law. It is thus more appropriated to consider diffusion in terms of the modified Nernst-Einstein equation:

z RT D c J A A A A                  Eq. 3
where the flux of A atoms, JA, is expressed as the product of the concentration of A atoms (

 A c ), their mobility, RT D A 
, and the gradient of chemical potential (i.e. the force on these atoms),

z A     . Furthermore, z A     , the gradient of chemical potential is taken equal to    L A  with   A
 , the chemical potential change per moving A atom [START_REF] Barge | Analysis of the diffusion controlled growth of cobalt silicides in bulk and thin film couples[END_REF]:
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Moreover, the use of the gradient of chemical potential would require complete knowledge of the free energies versus composition for the whole A/B system, and would become meaningful only if it was possible to determine the varying value of DA as a function of the chemical potential of A within the compound.

Similarly the flux trough the barrier is expressed as :
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Assuming a steady state of the diffusion flux (

  A A J J 
) and equilibrium at the interfaces (equality of the chemical potential), one obtains the following expression:
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where
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If the ends phases are the pure elements, the variation of the chemical potential can be related to the Gibbs energy of formation of the phase per mole of atoms,
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Fixed thickness and fixed concentration for the barrier

The barrier may have a fixed thickness and a fixed concentration in several cases: for examples, when a layer is deposited between A and B or when a thin oxide layer is present at the A/B interface. In this case,  L ,  A c , and  A D are independent of time and Eq. 7 can be simplified to
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Equation 8 is formally equivalent to the Deal and Groove law [START_REF] Deal | General Relationship for the Thermal Oxidation of Silicon[END_REF]. For isothermal heat treatment, Eq. 8 can be integrated to obtain a linear parabolic equation for the growth of the  phase.

The parameter K depends mainly on two factors: the thickness of the barrier and its permeability defined as the product of the concentration and diffusion coefficient of A in the barrier:

   A A A D x P  .
In order to reduce the number of parameters, the permeability will be used in the following instead of the concentration and diffusion coefficient of A in the barrier. 
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Figure 4.a shows that the more the barrier is efficient to delay the diffusion, the more the growth kinetics is slowed down and the more it becomes linear. This is further more illustrated in Fig. 4.b where the K factor (Eq. 8) is plotted as a function of the barrier thickness. Note that the permeability and barrier thickness have an inverse role on the kinetics (Eq. 8): decreasing permeability leads thus to a very similar behavior than increasing barrier thickness.

Formation of one phase for a barrier built by consumption of an alloy

When the phase is formed from an alloy,

0 0 1 x x C A   
, the C element can be not incorporated in the forming phase and accumulates at the   / interface. As a first approximation, this case can be modelled as a barrier with a fixed concentration,

 x , i.e.    x x C A   1
, and a thickness that increases when the thickness of the  phase increases. If the amount of C in the  phase is negligible, the thickness of the barrier is then given by the conservation of matter:
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Eq. 9

Taking Eq. 7 and 9, the growth rate is given by
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Since all the parameter in the parenthesis of Eq. 10 do not depend on time, one obtains:
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Eq. 11 shows that in the case of barrier coming from an alloy, the growth inversely proportional to the thickness of the growing phase and is proportional to an effective coefficient, eff D :
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For isothermal heat treatment, the kinetics of formation will thus be parabolic. Figure 5.a shows the kinetics of formation for the same parameter than the one used in Fig. 4. For an atomic fraction of 0.1 in the alloy and for different values of the barrier permeability: the kinetics is always parabolic but decreased with decreasing permeability. Figure 5.b shows also that the effective diffusion depends strongly on the atomic fraction of C in the alloy.

Discussion

In order to compare these models to experiments, the XRD in situ measurements have been fitted by Eq. 8 for the Ni film with or without W barrier and by Eq. 11 for the Ni alloy film, Ni(1 at.% W) and Ni(5 at.% Pt). Figure 6 shows that the simulation reproduce well the experimental variation of -Ni2Si thickness for the different sample. In the fitting procedure, the kinetics for the Ni film without W barrier was first used to determine the diffusion coefficient of Ni in -Ni2Si (

s nm D A / 04 . 0 2  
). The permeability of the barrier was then adjusted to fit the variation of -Ni2Si thickness for the samples with W barrier (Eq. 8) and the NiPt sample (Eq. 11). The permeability for each sample are reported in table I and the following values were used:

C T   270 , . / 01 . 0 3 at nm       , gram at kJ G . / 45     .
Table 1 shows that the value of the permeability are relatively close to each other for the three samples.

The similar value for the two samples with W barrier validates that the linear term, K, in Eq. 8 is indeed inversely proportional to the barrier thickness. It appears that the permeability (i.e. the "weakness") of the barrier is similar for W and Pt which is coherent with former results concerning the formation of Ni silicide from Ni(Pt) and Ni(W) alloy where the growth behaviour of this phase were similar.

Samples

  s nm D x P A A A 2     50nm Ni / 0.5 nm W 1.3 10 -2
50nm Ni / 1 nm W 1.0 10 -2 50 nm Ni1%W 0.8 10 -2 50 nm Ni5%Pt 0.9 10 -2

Table 1: Permeability obtained from the fit of the experimental kinetics. The following parameters were taken for the fit:  

15 / 3 1   RT   , . / 01 . 0 3 at nm       , 3 / 2   A c
, and becomes large in the case of the Ni(Pt) film. This is certainly an indication of the limitation of the model for the alloy film. Indeed the assumption of a constant concentration and a constant diffusion coefficient is quite restrictive since the real situation may be more a gradient in the Pt concentration as indicated by APT measurement [START_REF] Cojocaru-Mirédin | Snowplow effect and reactive diffusion in the Pt doped Ni-Si system[END_REF].

s nm D A / 1 2   .
Note that Eq. 8 and 11 do not take into account the usual reaction barrier in the linear parabolic growth that account for the rearrangement of the atoms at the interfaces required for the growth of the compound layer [START_REF] Deal | General Relationship for the Thermal Oxidation of Silicon[END_REF]. This term can easily be included in these equations but should have a much lower impact on the kinetics that the barrier. The alloy element or the barrier element may also change the diffusion in the growing phase by segregating at the grain boundaries [START_REF] Mangelinck | Three-dimensional composition mapping of NiSi phase distribution and Pt diffusion via grain boundaries in Ni2Si[END_REF] and further work may be needed to separate the two effects. Grain growth in the barrier might also induce a change in the effective diffusion coefficient taking into account both inter and intra grain diffusion in the barrier.

The relatively small change in P for the two W barriers (30% difference) may be attributed to the intermixing that is usually observed when a metal film is deposited on Si. This intermixing has been observed to occur over on 1 or 2 nanometers for Ni. For a refractory metal such as W, the intermixing may be more limited but could explain the 30% difference. Moreover a common assumption is that the grain size scales with the thickness of the layer. One could thus expect a difference in the grain size of the barrier layer. As diffusion is expected to occur via grain boundaries in the barrier, this change in grain size would also contribute to the measured 30% change in P.

The models used in the simulation are based on the assumption of one-dimensional growth. However, nucleation at the interface and/or at the triple junction, as well as the lateral growth along interface play an important role in the formation of silicide. This is particularly true for very thin films [START_REF] Kousseifi | Direct observation of NiSi lateral growth at the epitaxial θ-Ni2Si/Si(1 0 0) interface[END_REF] and may lead to much more complex microstructures. Anyway, for thickness larger than about 10 nm, the nucleation and lateral growth end to a continuous layer which grows then essentially in a one-dimensional manner.

Nevertheless, even if the two models are simple, they allow to reproduce the experimental behaviour and in particular the difference in kinetics regime: linear-parabolic for a deposited barrier and parabolic for a barrier resulting from an alloy consumption. Furthermore the similarity between the permeability allows to validate the models. Further investigations are in progress to compare the permeability value for other alloy elements.

These models are the basis for a simulation method to interpret the barrier effect and they match well with our dedicated model experiments that can be much more difficult to analyze for more complex systems. They should enable to better understand and to predict the barrier behaviour both in fundamental studies and in some applications. They also allow to characterize the efficiency of a barrier by simple parameters such as the barrier permeability. Even if these parameters may depend on the barrier microstructure (for example grain size, grain structure, texture…), our first experiment shows that, for a given process (sputtering in our case), these parameters could be materials constants and our models may thus help to design and to process barriers or interlayers for applications in metallurgy, microelectronics, aeronautics…

Conclusion

The effect of a barrier on the kinetics of the formation for a single phase by reactive diffusion has been investigated from the experimental and modeling point of view. Two types of diffusion barrier have been studied: barrier deposited as a thin layer of W between a Ni film and the Si substrate or barrier built during the reaction between Ni alloy films, Ni(1%W) or Ni(5%Pt), and Si. The kinetics of -Ni2Si formation have been measured by in situ XRD measurement for the two type of barrier and compared to the one of pure Ni. Models have been developed for the two cases and fitted to experiments. The main conclusion are: (i) the two types of barrier decreases the rate of the -Ni2Si phase formation (ii) the linear contribution in the linear parabolic growth becomes more important for increasing deposited barrier thickness while the growth is mainly parabolic for a barrier coming from an alloy (iii) the two model fit well the experiments (iv) the measured permeability are similar for different thickness of the barrier and for the two types of barrier. The developed models make it possible to design barriers or interlayers in a variety of applications. 

Figure captions

  [START_REF] Huang | Effect of a thin W, Pt, Mo, and Zr interlayer on the thermal stability and electrical characteristics of NiSi[END_REF] [40][START_REF] Zhang | Impact of an ultra-thin Ti interlayer on the formation of NiSiGe/SiGe[END_REF]: this was shown to change the stability of the Ni silicide as well as their formation. The presence of a thin SiO2 layer can also modify greatly the reactive diffusion and in particular the kinetics of formation or the phase sequence of the Ni silicide [42] [43]. The goal of this work is to investigate the effect of a diffusion barrier or an interlayer on the reactive diffusion and more precisely on the kinetics of formation of a single phase by reactive diffusion. The kinetics of the δ-Ni2Si phase formation has been measured by in situ X ray diffraction during isothermal annealing of pure Ni film, Ni film with a W barrier, and Ni(5%Pt) films. Two models are developed to explain the change in kinetics in the presence of a deposited barrier or of a diffusion barrier that is built during the consumption of an alloy. A comparison between the model and the experimental result allows to validate the two models and to obtain experiment values for the permeability of the barrier which is the product of the diffusion coefficient and the atomic fraction of the diffusing species in the barrier.

Figure 1

 1 Figure 1 shows the XRD intensity as a function of the 2 theta angle and the time for (a) 50 nm Ni, (b) 50nm Ni / 0.5 nm W, (c) 50nm Ni / 1 nm W, and (d) Ni(5%)Pt films on Si(100) during the in situ annealing at 270°C. The in situ XRD measurement for the Ni(1%W) samples is not presented here but they are intermediate between the one of pure Ni and the one of Ni(10%Pt). In all cases, the -Ni2Si phase is growing at the extent of the metal film (Ni, Ni(1%W), or Ni(5%Pt)). When the metal film has been consumed, NiSi grows (this can only be seen in Fig. 1.b but it has been also observed for the other cases in other in situ XRD experiments not shown here). Note that the time scale is not the same for all the measurements and that the time to complete the formation of -Ni2Si is largely increased in the case of the presence of a barrier or the alloy metal film. The difference in texture for the samples without deposited barrier (50 nm Ni, 50 nm Ni(1%W) and Ni(5%Pt) films) and with deposited barrier (50nm Ni / 0.5 nm W, 50nm Ni / 1 nm W) may be due to difference in alloying element concentration, intermixed layer…

  Figure 2.a shows the -Ni2Si thickness as a function of time and confirms that the W barrier or the presence of Pt in the Ni film delays to a large extent the formation of -Ni2Si. Moreover the log-log plot in Fig. 2.b indicates that the variation of the thickness with time show a different behaviour for the samples with W barrier than for the pure Ni, Ni(1%W), and Ni(5%Pt) samples. Indeed the pure Ni, Ni(1%W), and Ni(5%Pt) samples

J

  simplify greatly the equations. The first assumption is valid for -Ni2Si in which Ni diffuses much faster that Si. The diffusion of Ni in Si is fast but its solubility is very low in Si. The flux of Ni in Si can thus be consider as negligible compared to the ones in the barrier and in -Ni2Si validating the second assumption.In these conditions, the growth rate of the  phase is related to the flux of A atoms in the  phase, are the thickness of  and the flux of A through  .    /  is the volume of  formed by atom of the mobile species (A in this case) at the growing interface.

Figure 4 .

 4 Figure 4.a show the variation of the thickness as a function of time for different thickness. The following typical values were taken for this figure and will be used also in the next paragraph:   15 / 3 1

Figure 6 .

 6 Figure 6.d also shows that the simulation fits less well the experiment when the thickness of -Ni2Si

Figure 1 :

 1 Figure 1 : in situ XRD measurement at 270°C for (a) 50 nm Ni, (b) 50nm Ni / 0.5 nm W, (c) 50nm Ni / 1 nm W, and (d) Ni(5%)Pt films on Si(100).

Figure 2 :

 2 Figure 2 : Kinetics of -Ni 2 Si growth for the different samples (a) thickness as a function of time (b) log(thickness) as a function of log(time) : only the part corresponding to the growth of -Ni 2 Si is shown and the linear (green line) and parabolic (yellow line) behavior are indicated at the origin to interpret the kinetics law. Note that the decrease in the -Ni 2 Si thickness observed in (a) is due to the consumption of -Ni 2 Si by NiSi.

Figure 3 :

 3 Figure 3: Scheme of the growth of the  phase in the presence of a barrier layer,  ,

Figure 5 :

 5 Figure 5: Kinetics of formation with a barrier resulting from an alloy (a) Variation of the thickness with time for different barrier permeability (b) Effective coefficient of diffusion as a function of atomic fraction of C in the alloy for a barrier permeability equal to 10 -2 nm 2 /s). The following parameters were taken :   15 / 3 1   RT   ,

Figure 6 :.

 6 Figure 6: Comparison between experience and simulation for (a) 50 nm Ni, (b) 50nm Ni / 0.5 nm W, (c) 50nm Ni / 1 nm W, and (d) Ni(5%)Pt films on Si(100). The following parameters were taken :   15 / 3 1   RT  
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