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ABSTRACT 

The effect of Co, Pd and Pt ultrathin films on the kinetics of the formation of Ni-silicide by 

reactive diffusion is investigated. 50nm Ni/1nm X/ 50nm Ni (X=Co, Pd, Pt) deposited on 

Si(100) substrates are studied using in-situ and ex-situ measurements by X-ray diffraction 

(XRD). The presence of Co, Pd or Pt thin films in between the Ni layers delays the formation 

of the metal rich phase compared to the pure Ni/Si system and thus these films act as diffusion 

barriers. A simultaneous silicide formation (δ-Ni2Si and NiSi phases) different from the classic 

sequential formation is found during the consumption of the top Ni layer for which Ni has to 

diffuse through the barrier. A model for the simultaneous growth in the presence of a barrier is 

developed and simulation of the kinetics measured by XRD are used to determine the 

permeability of the different barriers. Atom probe tomography (APT) of the Ni/Pd/Ni system 

shows that the Pd layer is located between the Ni top layer and δ-Ni2Si during the silicide 

growth, in accordance with a silicide formation controlled by Ni diffusion through the Pd layer. 

The effect of the barrier on the silicide formation and properties is discussed.   

Introduction 

With the downscaling of microelectronic devices, NiSi has become the preferred contact 

material in complementary-metal-oxide-semiconductor (CMOS) transistors [1,2]. Compared to 

the former metal silicides such as TiSi2 and CoSi2, the NiSi mono-silicide is seen as a more 

improved intermetallic compound due to its low resistivity and less Si consumption [3,4]. 

However, NiSi suffers from two degradation mechanisms. Indeed, NiSi start to agglomerate at 

an intermediate temperature (500°C-700°C). Furthermore, above 750°C, the high resistivity 

NiSi2 phase starts usually to grow. These two mechanisms present morphological and 
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thermodynamic challenges that lead to degradation of the contact resistivity. In this context, an 

extensive work has been done the last two decades in order to improve the Ni-silicide contact 

performance. Mangelinck et al. [5,6] have reported that the addition of a small amount of Pt 

alloying element in the Ni layer can delay the agglomeration and increase the NiSi2 formation 

temperature that usually occurs for pure Ni at relatively high temperature (above 600°C for 

agglomeration depending on the film thickness and around 800°C for NiSi2 formation). Lavoie 

et al. [7] have investigated the effect of 24 elements alloyed within the Ni film including Co, 

Pd and Pt. They reported that the Ni silicide stability could be improved, especially with 

alloying elements such Pd, Pt, W, Rh, Mo and Ta.  Other methods have been used to introduce 

the alloying element such as interlayer, capping layer or sandwich configuration [8–10]. 

However the alloying elements can also modify the formation of the Ni silicides depending on 

the methods used to introduce them [11].  Therefore, it is important to study the effect of Co, 

Pd and Pt thin films on the nickel silicide formation in the different configuration including the 

sandwich one.  

The growth of Ni silicides in thin films involves reactive diffusion in which both diffusion and 

reaction contribute [12,13].  The growth is characterized by a sequential formation and 

sometimes by the growth of transient phases and/or metastable phases [14–16]. It was shown 

that after the nucleation and lateral growth that result in a continuous film, the thickening of the 

film takes place following a linear-parabolic growth that can be described by the model of Deal 

and Grove [17]. Previous works show that adding alloy elements to a Ni film can alter the 

sequence formation of Ni silicide. For example, for Ni(10 to 13 at. % Pt), the metastable phase 

θ − Ni2Si was observed as the first silicide phase [18,19]. For 10 at. % Pd added to Ni film, a 

homogeneous Ni1−xPdxSi solid solution is formed [20]. In this context, the comparison of the 

two additive structures (alloy and sandwich) can provide a better understanding of the silicide 

properties from a structural point of view. 

In a previous work by Mangelinck et al. [21], the effect of diffusion barrier on the Ni silicide 

formation was investigated by in-situ X-ray diffraction. Two types of diffusion barriers were 

studied: (i) a thin layer of W deposited between a Ni film and a 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 kinetics slowdown induced by the barrier were compared and simulated for both 

types of barrier. In the case of the deposited barrier, a linear parabolic growth is found for the 

formation of the silicide, with the linear growth contribution increasing with increasing barrier 

thickness. In contrast, the growth is mainly parabolic for the barrier formed by the reaction 
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between an alloy film and the substrate. The permeabilities of the two types of barrier were 

determined and discussed. The developed models fit well with the experiments, leading to a 

better understanding of the barrier effect on the reactive diffusion. More recently, the effect of 

a Ti diffusion barrier on the Co silicide formation was also investigated [22].  

The goal of this work is to investigate the effect of a diffusion barrier deposited between two 

Ni layers on the reactive diffusion and more precisely on the kinetics of formation. The kinetics 

of silicide formation has been measured by in-situ X-ray diffraction during steps and isothermal 

heat treatment of a pure Ni film, or sandwich layers, Ni/X/Ni with (X=Co, Pd, Pt). The use of 

the sandwich layers is of particular interest to study the barrier effect since they allow within 

the same sample to measure the kinetics of formation without barrier (first Ni layer directly in 

contact with Si) and with barrier (second Ni layer at the sample surface).  Simulation of the 

experimental XRD data is used to quantify the change in kinetics in the presence of a deposited 

barrier and to determine the permeability of the barrier. Atom probe tomography (APT) allows 

characterizing the distribution of the barrier element.  

Materials and Methods 

Four types of samples were deposited by magnetron sputtering on Si(100) at room temperature 

with a base pressure of 10−8 Torr by magnetron sputtering using Ni, Co, Pd and Pt targets. 

Prior to deposition, the Si(100) surface was immersed into a 5% dilute HF solution for 1 min 

to remove the native oxide. The first sample is a 100 nm thick pure Ni film deposited on the Si 

surface. The three other samples are two 50 nm thick Ni films deposited on Si and separated 

with a 1nm thick layer of X barrier where X = Co, Pt, or Pd. In order to prevent sample oxidation 

during the in-situ XRD experiment, a 20 nm thick 𝑆𝑖𝑂2 film was deposited at room temperature 

on top of all the studied samples. The in-situ XRD measurements were performed under a 

vacuum of  10−5 Torr using two heat treatment procedures. For step annealing, the temperature 

was first increased from room temperature to 150 °C at a rate of 35 °C/min. Then from 150 °C 

to 400 °C, the temperature was increased by steps of 5 °C, and a 4.3 min long XRD scan was 

then recorded at a constant temperature. The heating rate between two steps was 10 °C/min. 

For isothermal annealing, the temperature was increased from room temperature to a given 

temperature (290 or 300°C) at a rate of 35 °C/min, and 4.3 min-XRD scans were performed 

successively.  
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For the APT experiments, needle-shaped samples were prepared using focused ion beam (FIB) 

system equipped with a micromanipulator. Prior to FIB process, the studied samples were 

covered with a 100 nm Ni protection layer deposited by physical vapor deposition (PVD) to 

prevent Ga contamination during the preparation. Further detailed steps were given elsewhere 

[23] [17]. The APT analyses were performed in a LEAP 3000X HR instrument under the 

following conditions: voltage mode at 50K, 20% pulse fraction and 0.2% detection rate, and a 

pressure of 10−11 torr. The 3D volume reconstruction was performed with the IVAS software 

[24][18, 19]. Considering that the behavior of Pt and Pd is highly comparable and that the 

addition of Pt element in Ni silicide is relatively well understood and have been studied heavily 

in literature, the APT results presented in this work will focus on the additional Pd layer in the 

Ni silicide system. 

Results 

XRD results 

Fig. 1 shows the 2θ diffraction angle for four types of sample deposited on Si(100) as a function 

of temperature (in-situ step annealing from 150 to 400°C) : (a) pure 100nm Ni, (b) 50nm 

Ni/1nm Co/50nm Ni, (c) 50nm Ni/1nm Pd/50nm Ni, and (d) 50nm Ni/1nm Pt/50nm Ni 

deposited on Si(100) during in-situ step annealing from 150 to 400°C. These XRD experiments 

were performed in order to identify and compare the formation sequences of the Ni silicide for 

the four samples. For the pure Ni (reference sample), the classic phase formation sequence is 

confirmed, in which, only the Ni(111) peak is found at the beginning (from 150°C) at around 

44.5°. From 200°C, two peaks start to appear at 45.3° and 48.5°, these peaks correspond to the 

δ − Ni2Si phase with the (211) and (020) planes, respectively. The δ phase represented by these 

two XRD peaks remains until 365°C but the intensity of these peaks decreases due to the 

transient formation of the θ − Ni2Si phase between 230 and 280°C. Finally, following the total 

consumption of Ni at 315°C, the NiSi phase starts to nucleate and grows by consuming the δ −

Ni2Si  phase.  At 400°C, only the NiSi phase exists. This formation sequence will now be 

compared to the ones of the other samples. The beginning of the phase formation is the same 

for all the samples with the appearance of the  δ − Ni2Si at 200°C and the transient formation 

of the θ − Ni2Si between 230 and 280°C. This similarity can be readily understood since the 

first 50nm Ni layer is in direct contact with the Si substrate and should thus behave as a pure 

Ni layer. However, in Fig. 1, three main differences can be observed: i) for the three sandwich 
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samples, the NiSi phase (peak NiSi (020) and NiSi(102)) starts to grow before the total 

consumption of Ni (peak Ni(111)). ii) The insertion of a thin layer with another element does 

increase the temperature needed to fully consume the 100nm of Ni. The required temperature 

for the Ni2Si phase complete formation is also increased. In details, the total consumption of Ni 

is found to occur around 335°C, 370°C, and 360°C for the Ni/X/Ni samples with X = Co, Pd, 

and Pt, respectively, compared to 315°C for pure Ni. iii) The formation of NiSi is also delayed 

and the Ni2Si phase is fully consumed at around 375°C, 395°C, and 385°C for the Ni/X/Ni 

samples with X = Co, Pd, and Pt, respectively, compared to 365°C for pure Ni. These three 

differences reveal a diffusion barrier effect for the three studied metal layers, especially for the 

case of Pd and Pt. Apart from these differences, no major changes such as a shift in the 

diffraction angle has been observed. However, all the samples show a small peak shift for the 

peaks located at 45.3° and 48.5° related to the stress relaxation of the δ − Ni2Si  phase [25,26] 

[20, 21]. 

 

Figure 1 XRD measurements from 150 to 400°C for (a) 100 Ni, (b) 50nm Ni/1nm Co/50nm 

Ni, (c) 50nm Ni/1nm Pd/50nm Ni, and (d) 50nm Ni/1nm Pt/50nm Ni deposited on Si(100) 

during in-situ step annealing. 
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Fig. 2 and Fig. 3 show in-situ XRD measurements performed during isothermal annealing at 

290 and 300°C for a) pure 100nm Ni, (b) 50nm Ni/1nm Co/50nm Ni, (c) 50nm Ni/1nm Pd/50nm 

Ni, and (d) 50nm Ni/1nm Pt/50nm Ni deposited on Si(100). These XRD data are in accordance 

with the results described above showing that the insertion of a thin layer of Co, Pd or Pt does 

delay the consumption of Ni. The XRD data show that in order to consume the deposited 100nm 

of Ni during heat treatment at 290°C the following durations are required: 200 min, 770 min, 

and 620 min for the Ni/X/Ni samples with X = Co, Pd, and Pt, respectively, compared to 100 

min for pure Ni. For the 300°C isotherm heat treatment, these durations are : 150 min, 400 min, 

and 375 min for Co, Pd, and Pt layers, respectively, compared to 75 min for pure Ni.   In 

addition, the presence of these layers does modify the Ni silicide phase sequence by leading to 

the growth of the NiSi phase (e.g., the NiSi peak at 56°) before the total consumption of metal 

film.  

 

Figure 2 In-situ XRD measurements at 290°C for (a) 100 Ni, (b) 50nm Ni/1nm Co/50nm Ni, 

(c) 50nm Ni/1nm Pd/50nm Ni, and (d) 50nm Ni/1nm Pt/50nm Ni deposited on Si(100). Note 

that the time scale is not the same for all the measurements. 
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Figure 3 In-situ XRD measurements at 300°C for (a) 100 Ni, (b) 50nm Ni/1nm Co/50nm Ni, 

(c) 50nm Ni/1nm Pd/50nm Ni, and (d) 50nm Ni/1nm Pt/50nm Ni deposited on Si(100). Note 

that the time scale is not the same for all the measurements. 

 

APT Results 

Fig. 4 shows APT reconstructions of the Ni/Pd/Ni sample in the as deposited state and after 

annealing up to 340 °C. For each APT reconstruction, each dot represents an atom and different 

colors are used to recognize different elements: Ni in green, Pd in blue and Si in red. The 

corresponding one-dimensional (1-D) concentration profiles are taken along the z direction 

perpendicular to the silicide/substrate interface by integrating the number of atoms that exists 

in a considered volume inside a cylinder (with the same diameter for all the studied volumes). 

Due to the relatively large thickness of the layers in these two samples and the difficulty to 

analyze large volume by APT (FIB preparation, tip fracture…), only part of the layers within a 

given sample are present in Fig. 4. For the as deposited sample, the two Ni layers and the barrier 

can be seen in Fig. 4.a while only the bottom Ni layer and the Si substrate are present in Fig. 

4.b. Similarly, only the top, medium and bottom parts of the layers for the annealed sample are 
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present in Fig. 4.c, 4.d, and 4.e respectively. For better visibility, Fig. 5.a and Fig. 5.b show a 

superposition of these APT volumes.   The corresponding ex-situ XRD is presented in Fig. 5.e 

and it shows for the as deposited sample a single peak at 44.5° corresponding to the Ni(111) 

peak. From the APT results in Fig. 4 5.a and Fig. 5.c, the sandwich structure is verified, showing 

the Pd film in between two layers of Ni.  After annealing the sample at 340°C, the ex-situ XRD 

measurement reveals that the initial Ni peak has been reduced up to 85%, which means that 

only a small amount of the metal remains on the surface. The most intense peak at 45.3° 

corresponds to the  δ − Ni2Si and the less intense peak at 56° presents the NiSi phase. The APT 

volume in Fig. 5.b validates the XRD showing two kinds of silicide. The one-dimensional 

concentration profile shows that the thicker silicide with a content of Ni (~67%) two times 

higher than Si (~33%) corresponds to the δ − Ni2Si phase, while, the second silicide with equal 

content of Ni and Si corresponds to the NiSi phase. In addition, both experiments (XRD and 

APT) confirm the absence of the meta-stable phase θ − Ni2Si. For the annealed sample (Fig. 

5.b), the main part of Pd atoms is found as a Pd rich layer between the unreacted Ni and the  

δ − Ni2Si phase. This means that the deposited layer is still present and can act as a barrier for 

the diffusion of Ni atoms. Fig. 5.d shows the corresponding concentration profile, Pd is also 

present at the grain boundary (GB) of δ-Ni2Si and a small Pd accumulation is observed close to 

the δ-Ni2Si/NiSi interface. Very low concentration of Pd is found in the NiSi phase (<1%). It is 

important to note that, in the Pd-rich region, the full width at half maximum (FWHM) of the Pd 

peak has changed during the growth of the δ-Ni2Si phase from the initial state. Indeed, at 340°C 

a widening of the Pd-rich region is observed, the FWHM of the Pd peak increased from 2 to 4 

nm and the maximum Pd concentration decreased from 38% to 18%. This could suggest that a 

Pd diffusion has occurred during the growth of δ-Ni2Si. The diffusion of an impurity in a 

polycrystalline film such as Pd in δ-Ni2Si layer depends on the diffusion coefficients at GB and 

in the grains but also to the segregation of the impurity at GB [15]. The determination of the 

diffusion coefficients needs a dedicated study with numerous heat treatments that is beyond the 

scoop of this work but the APT measurements performed on the sample annealed at 340°C 

allows to quantify the segregation of Pd at the δ-Ni2Si GB as shown in Fig. 6.  For this 

quantification, cumulative profiles were performed using two cylinders with 10 nm diameter 

placed perpendicularly to two grain boundaries highlighted by an isoconcentration of 1.5 at% 

Pd (Fig. 6.a).  Accordingly to the standard method [27], the cumulative profiles allows to 

determine the amount of Pd atoms located at the GB (red vertical bar in Fig. 6.b and 6.c) and 

to calculate the excess from the cylinder diameter. Two different values were obtained for the 

two GBs (3.9 and 10 at/nm2) and they are in the same range than the values obtained for Ti 
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segregation at the CoSi2 GBs [28,29]. Their differences could be explained by different 

structures of the GB [28]. Furthermore, the grain size of δ-Ni2Si can be estimated from Fig. 6.a 

to be around 10 nm in accordance with SEM/EBSD measurements (not shown here). 

 

Figure 4 APT analysis for 50nm Ni/1nm Pd/50nm Ni/Si(100) : (a), (b) after deposition at room 

temperature; (c)-(e) after annealing at 340°C in a vacuum chamber.  In the reconstructed 

volumes (left parts of the figure), each dot represents an atom and different colors are used to 
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recognize different elements: Ni in green, Pd in blue and Si in red. The one-dimensional (1D) 

concentration profiles (right parts of the figure) corresponding the reconstructed volume are 

taken along the z direction perpendicular to the silicide/substrate interface by counting the 

number of atoms within given thickness slices of a cylinder (with the same diameter for all the 

studied volumes).    

  

 

Figure 5 (a) APT volume for 50nm Ni/1nm Pd/50nm Ni/Si(100) after deposition (b) APT 

volume for 50nm Ni/1nm Pd/50nm Ni/Si(100) after annealing at 340°C in a vacuum chamber. 

(c) and (d) are the corresponding 1D concentration profiles of (a) and (b), respectively. (e) 

Shows an ex-situ XRD scan of the studied systems, where the black and red dotted lines present 

(a) and (b) samples, respectively. We note that the APT volumes presented here are a 

superposition of multiple APT volumes taking from the same experiment and with the same 

sample. 
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Figure 6: Quantification of the Pd segregation at the δ-Ni2Si GBs by APT: (a) part of the 

volume shown in Fig. 4.d in which only the Pd atoms are shown (dark blue points) with an 

isoconcentration at 1.5 at.% of Pd (dark blue surfaces) together with the two cylinders (light 

blue color) used to determine the cumulative concentration profiles in (b) and (c). The red 

vertical bars in (b) and (c) correspond to the number of Pd atoms located at the δ-Ni2Si GB.  

 

Discussion 

Kinetics of Silicide Formation 

The in-situ XRD experiments (Fig. 1-3) show that the presence of a barrier layer changes the 

kinetics of formation of the nickel silicide. As no change in the texture (i.e., no change in the 

ratio between the XRD peak intensities) is observed for the different phases, the experimental 

XRD intensity should be proportional to the volume of a given phase, which is related to its 
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thickness since the sample surface is constant.  Therefore, by fitting the intensity peaks with a 

pseudo-Voight function, followed by a normalization and a multiplication by the expected 

thickness of each silicide phase (that is proportional to the Ni thickness and the ratio of the 

atomic volumes of the phases), the measured XRD intensities were converted into thicknesses. 

Fig. 7 presents the thicknesses as a function of the temperature for the studied systems: the first 

part of the formation of the metal rich phase (i.e., for about half the final thickness of δ-Ni2Si) 

is similar for all the systems. However, the second part of the formation is delayed in the 

presence of additional layers of Co, Pd, and Pt.   Indeed, the full formation for the δ-Ni2Si phase 

happens at 335°C, 370°C, and 360°C for the Ni/X/Ni samples with X=Co, Pd, and Pt, 

respectively, compared to 315°C for pure Ni. Among these barrier elements, Pd is thus the most 

efficient to slow down the metal consumption followed by Pt and Co. This order in the 

efficiency of Pd, Pt and Co was confirmed by the in situ isothermal annealing at 290 and 300°C 

in which increasing times are needed to complete the consumption of Ni. Furthermore, our 

results show the simultaneous presence of the δ-Ni2Si and NiSi phases while the Ni film is still 

present during the second part of the formation for the samples with the Co, Pd, and Pt thin 

layers. This behavior is due to the sandwich structure of the samples, in which, the bottom layer 

of Ni is in direct contact with the Si substrate while the top Ni layer is separated by the barrier 

layer. The kinetics of formation of δ-Ni2Si is thus similar to the pure Ni case for the bottom 

layer (first part of formation) while the diffusion of Ni through the additional layer (Co, Pd, or 

Pt) is limited during the consumption of the top layer (second part of the growth) and thus slows 

down the growth of δ-Ni2Si. This leads also to the formation of NiSi phase together with δ-

Ni2Si while the Ni top layer is still in the process of consumption. The APT results for the 

Ni/Pd/Ni sample annealed until 340°C during a step annealing confirm the simultaneous growth 

of δ-Ni2Si and NiSi observed by in-situ XRD.  This behavior is different from the sequential 

growth observed for the pure Ni but a similar simultaneous growth has been reported for Ni 

films alloyed with different elements [7] including Au [30], Pt [31] and Pd [26]. A more 

complex sequence of formation has been also observed for the (Pt+W) alloying elements in the 

W rich region with a reverse phase formation in which the NiSi phase starts to grow at a 

temperature lower than that of the δ-Ni2Si one [32].  



13 
 

 

Figure 7 Thickness as a function of temperature for (a) 100 Ni, (b) 50nm Ni/1nm Co/50nm Ni, 

(c) 50nm Ni/1nm Pd/50nm Ni, and (d) 50nm Ni/1nm Pt/50nm Ni deposited on Si(100) during 

in situ annealing from 150 to 400 °C. 

 

In order to compare the kinetics of formation for the different samples, a model based on the 

framework of Mangelinck et al. [21] is now developed to take into account the observed 

simultaneous growth of and NiSi. The schematic diagram in Fig. 8 illustrates this situation in 

which two phases ( δ = 𝐴𝑝𝐵𝑞 and η = 𝐴𝑟𝐵𝑠 ) are growing between the two ends members (pure 

elements), α = A and γ = B, in the presence of a diffusion barrier β. We assume that the atom A 

is the main diffusing specie (i.e., Ni atoms diffuse much faster than Si atoms in δ-Ni2Si and 

NiSi) and that the diffusion of B atom is negligible in all the phases.  
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Figure 8 Schematic diagram of the growth of Ni2Si (δ) and NiSi (η) phases in the presence of 

a barrier layer (β). Ni film and Si substrate are presented by (α) and (γ), respectively. 

 

In this case, the growth rates of the δ and η phases are given by : 
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where 𝜑 stands for a phase (δ, η…), D and K are the diffusion and the interfacial reaction 

coefficients, for the phase 𝜑, and follow an Arrhenius behavior : 𝐷𝜑 = 𝐷0
𝜑

exp(−
𝐸𝐷

𝜑
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where 𝐺𝜑 refers to the Gibbs free energy of formation per atoms for the 𝜑 phase. Note that the 

solubility of B in α and of A in γ were assumed to be negligible to establish Eq. 7 and 8. 

In the presence of a barrier, the flux of A in δ needs to be modified [21]: 
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The permeability of A in the barrier, 𝑃𝐴
𝛽

= 𝑥𝐴
𝛽

𝐷𝐴
𝛽

, reflects the capacity of the barrier to 

transfer an atom A through the barrier. Note that for the right-hand side expression in 

Eq. 10, it was assumed that atomic volume is equal in the δ and in  phases. 

The effective interface coefficient is defined as :   
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Eq. 1 to 9 were used to simulate the normalized intensities from the in-situ XRD for the second 

part of the formation (top Ni layer) in the sandwich samples while the first part (bottom Ni 

layer) for these samples can be fitted by the growth of δ-Ni2Si alone with the same kinetic 

parameters than the ones for the pure Ni sample. The simulations and the experiments are 

presented as a function of the annealing temperature for the step annealing between 150 - 400°C 

in Fig.9, and as a function of the annealing time for the isothermal heat treatment at 290°C and 

300°C in Fig. 10 and Fig. 11, respectively.  

 

As shown in Fig. 9, 10, and 11, the simulated growth behavior of the different phases is in good 

agreement with the XRD results: for all samples, the first part of the δ-Ni2Si phase formation 

which corresponds to the bottom 50 nm Ni layer in direct contact with the Si substrate is similar 

to the growth from pure Ni and can be fitted with the kinetics parameters of pure Ni sample.  

For the top Ni layer, the additional layer of Co, Pd or Pt acts as a diffusion barrier, slowing 

down the diffusion of Ni through it and causing the simultaneous growth of the δ-Ni2Si and 

NiSi phases. The main effect of the barrier is to induce a linear growth of the δ-Ni2Si through 

the 𝐾𝛽  term in Eq. 9: this can be clearly seen in Fig. 9 and 10 especially for the Pd and Pt layer.   

After the complete consumption of Ni, the fast growth of NiSi takes place at the expense of the 

δ-Ni2Si phase.  
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Figure 9 Comparison between XRD and simulation for the kinetics of silicide growth during 

the in-situ step annealing from 150°C-400°C of (a) 100 Ni, (b) 50nm Ni/1nm Co/50nm Ni, (c) 

50nm Ni/1nm Pd/50nm Ni, and (d) 50nm Ni/1nm Pt/50nm Ni deposited on Si(100). Black, 

green, blue, and red dashed lines represent the XRD simulation of the proportion of the Ni, 

Ni2Si phases from the bottom Ni layer, δ-Ni2Si phase from the top Ni layer, and NiSi phase, 

respectively. 
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Figure 10 Comparison between XRD and simulation for the kinetics of silicide growth during 

the in-situ annealing at 290°C of (a) 100 Ni, (b) 50nm Ni/1nm Co/50nm Ni, (c) 50nm Ni/1nm 

Pd/50nm Ni, and (d) 50nm Ni/1nm Pt/50nm Ni deposited on Si(100). Black, blue, and red 

dashed lines represent the XRD simulation of the proportion of the Ni, Ni2Si, and NiSi phases, 

respectively. 
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Figure 11 Comparison between XRD and simulation for the kinetics of silicide growth during 

the in-situ annealing at 300°C of (a) 100 Ni, (b) 50nm Ni/1nm Co/50nm Ni, (c) 50nm Ni/1nm 

Pd/50nm Ni, and (d) 50nm Ni/1nm Pt/50nm Ni deposited on Si(100). Black, blue, and red 

dashed lines represent the XRD simulation of the proportion of the  Ni, Ni2Si, and NiSi phases, 

respectively. 

 

The simulated kinetics parameters such as pre-exponential factors and activation energies of 

the interface (K) and diffusion (D) coefficients are presented in Table 1.  For the pure Ni film, 

the activation energy is 1.5 eV for δ − Ni2Si and 1.6 eV for NiSi. These values are in good 

agreement with the ones reported in literature [14,33–35]. The activation energies for the 

interface coefficients for the δ-Ni2Si phase are 1.40 eV, 1.50 eV, 1.49 eV for the Ni/X/Ni 

samples with X=Co, Pd, and Pt, respectively, compared to 0.8 eV for pure Ni. The highest 

energy is obtained for the Pd in accordance with the XRD observations showing that the Pd 

thin film is more efficient to slow down the complete formation of the δ-Ni2Si phase.  
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Table 1  Simulated pre-exponential factors and activation energies of the interface and diffusion 

coefficients for of Ni, NiCoNi, NiPdNi and NiPtNi systems for δ-Ni2Si and NiSi phases. Note that the 

interface coefficient for δ-Ni2Si corresponds the effective interface coefficient, 𝐾𝑒𝑓 , for the 

sandwich samples.   

 

 

 

 

 

 

 

 

 

 

 

 

With these relatively large values of the activation energy, the effective interfacial coefficient, 

𝐾𝑒𝑓, is much lower than the interface coefficient for δ-Ni2Si pure Ni (about 50 times for Co, 

200 times for Pt and 300 times for Pd at 290°C). If one considers that the interface coefficient 

for δ-Ni2Si, 𝐾𝛿, is not changed too much by the presence of the additional layer, this means 

(Eq. 11) that  𝐾𝑒𝑓  is almost equal to the barrier coefficient, 𝐾𝛽.  

From the expression of 𝐾𝛽 (Eq. 10), it is thus possible to calculate the permeability of the barrier 

for the δ-Ni2Si phase, 𝑃𝐴
𝛽

,  from the sandwich sample since 𝑥𝐴
𝛿  and 𝐿𝛽 are known. Table 2 

shows that the Pd and Pt thin films have similar permeability (2.6  x 10−4 nm²/s and 3.9 x 10−4 

nm²/s, respectively), in agreement with the XRD results where the growth behavior was similar 

for the Pd and Pt additional  films. On the contrary, the Co thin film has a relatively high 

permeability (i.e., weakness of the barrier) of 1.6 x 10−3 nm²/s almost four times higher than 

the Pd and Pt films. These permeabilities are on the same range than the ones obtained in Ref.  

[21] for a W interlayer with a thickness of 0.5 (1.3 x 10-4 nm2/s) or 1 nm (1.0 x 10-4 nm2/s) or 

for the alloy with 5% Pt (0.9 x 10-4 nm2/s) (note that there was a mistake in Ref. [21] and that 

the given values were over evaluated by a factor of 100).  

One of the advantages of using the sandwich structure is the capability to eliminate some factors 

that can affect the measured permeability of the barrier. Indeed, it is well known that when a 

𝐒𝐚𝐦𝐩𝐥𝐞 Phase 𝐊𝟎 (cm/s) 𝐄𝐊(eV) 𝐃𝟎 (cm²/s) 𝑬𝑫(eV) 

Ni 
δ-Ni2Si 

NiSi 

1 

1 

0.8 

0.9 

0.65 

0.25 

1.5 

1.6 

Ni/Co/Ni 
δ-Ni2Si 

NiSi 

5 x 103 

1 

1.40 

0,9 

1 

0.08 

1.5 

1.6 

Ni/Pd/Ni 
δ-Ni2Si 

NiSi 

6 x 103 

1 

1.50 

0.9 

1 

0.05 

1.5 

1.6 

Ni/Pt/Ni 
δ-Ni2Si 

NiSi 

6 x 103 

1 

1.48 

0.9 

1 

0.06 

1.5 

1.6 
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metal film (e.g., Ni, Co, Pd or Pt) is deposited on Si, an intermixing layer is formed during the 

deposition. For Ni metal, an intermixing layer of 1 or 3 nm was found [11,36]. In the case of 

the interlayer structure, an intermixed layer would change the barrier thickness, which could 

affect the permeability. The intermixed layer consumes part of the interlayer that is directly 

deposited on the Si substrate. However, if only the metal barrier is efficient as diffusion barrier, 

the barrier thickness is decreased. On the other hand, if the intermixed layer is also efficient to 

slow down the diffusion, then the barrier thickness is increased. The permeability in Ref. [21] 

was determined at 270°C and thus 30°C below the values given below. Using the activation 

energy for 𝐾𝑒𝑓  in table 1, the permeability at 270°C for the Pt barrier can be estimated to be 

0.7 x 10-4 nm2/s. As this value is lower than the measured one (0.7 x 10-4 nm2/s), the intermixed 

layer seems to reduce the barrier thickness instead to increase it. However, the Pt permeability 

was measured from an Ni(Pt) alloy in [21] in which the barrier is built during the formation of 

the silicide and can thus differs slightly from a barrier with a constant thickness and 

composition.    

It should be mentioned that the model used in our simulation suffers from some limitations.  

Indeed, the model is based on the one-dimensional growth assumption. However, the formation 

of silicide is a more complex process in which the mechanisms of nucleation at the interface 

and lateral growth along the interface should be included. This is especially true for thin films 

[37]. However, for thicknesses larger than about 10 nm, the nucleation and lateral growth end 

to a continuous layer, which then maintain a one-dimensional growth mode. Also, the model 

does not take into account the possibility that the barrier element may change the diffusion in 

the growing phase by segregating at the grain boundaries as indicated by the APT 

measurements. The barrier element could also change the interface coefficient, 𝐾𝛿 , for example 

by segregating at the interface. It is thus important to study the distribution of the barrier 

element. Since the Pt redistribution during the formation of Ni silicides has been relatively well 

studied [38–40], the redistribution of Pd was studied in this work. 
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Table 2 Permeability obtained from the fit of the experimental kinetics at T=300°C. Here, 

𝑃𝑁𝑖
𝛽

= 𝐾  𝑥𝑁𝑖
𝛿 𝐿𝛽 with 𝑥𝑁𝑖

𝛿  = 2/3, 𝐿𝛽 = 1 nm and K is the calculated reaction coefficient from 

Table 1. 

 

 

 

 

 

 

 

 

 Distribution of the Diffusion Barrier Element 

The Pd distribution determined by APT after deposition and after annealing at 340°C is shown 

in Fig. 5. A schematic of the redistribution deduced from these measurements is represented in 

Fig. 12.  After deposition (Fig. 5a), a homogeneous Pd film corresponding to the barrier is 

obtained and no Pd is found in the Ni layers. As the APT profiling induced some broadening, 

the concentration of Pd doesn’t reach 100% but the integration of the depth profile gives an 

equivalent thickness of a pure Pd film of 1 nm in accordance with the nominal thickness.  After 

annealing at 340°C (Fig. 5b), a Pd-rich region corresponding to the barrier is observed at the 

Ni/Ni2Si interface. This indicates that the barrier layer is preserved during the formation of the 

Ni silicides. However, the small amount of Pd found in δ-Ni2Si, located mainly at the grain 

boundaries (Fig. 5.b), indicates that the barrier thickness should have decreased to some extent. 

Concerning the location of the barrier at the Ni/δ-Ni2Si interface (Fig. 5.b), previous work using 

in-situ RBS have shown that during the reaction of Ni(Pd) alloy film with Si, Pd atoms are 

pushed back in the metal alloy during the growth of the Ni2Si  [26,41]. As a result, a Pd enriched 

layer is observed between the metal and the silicide and ends at the sample surface when the δ-

Ni2Si formation is finished. This behavior can be due to the low solubility of Pd in the metal 

rich phase, which is estimated to be around 4% at 800°C [42] and should be lower than this 

value at the temperatures for which δ-Ni2Si grows.  However, in the case of the sandwich 

samples, the location of the Pd barrier at the Ni/Ni2Si interface is more likely due to the fact that 

Ni is the main diffusing specie during the Ni silicide formation. The Ni atoms cross the barrier 

to form δ-Ni2Si leading to a shift of the barrier towards the surface. The faster diffusion of Ni 

Sample 𝑷𝑵𝒊
𝜷

 (nm²/s) 

Ni/Co/Ni 

 

1.6 x 10-3 

Ni/Pd/Ni 

  

2.6 x 10-4 

Ni/Pt/Ni 

 

3.9 x 10-4 
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in the Ni silicides was shown using an implanted noble gas atom as diffusion marker with 

Rutherford Backscattering Spectrometry (RBS) characterization [12]. In addition, this is in 

accordance with the “Cu3Au” rule [43], that states that the metal should be the fastest diffusing 

species during the formation of metal-rich silicide.  

Although the Pd distribution in the sandwich structure (Ni/Pd/Ni/Si) presented in this work 

(Fig. 12) looks quite similar to the ones reported in in the case of an alloy system (Ni(Pd)/Si) 

[26,41], still some aspects of the Pd redistribution are different. Our APT results show also that 

the Pd atoms diffuse through the δ-Ni2Si silicide mainly at grain boundaries but do not penetrate 

in the NiSi silicide. Using in-situ RBS and XRD coupled with APT measurements, Schrauwen 

et al. [41]  report a complete extrusion of Pd during δ-Ni2Si growth with the absence of Pd grain 

boundary decoration in the Ni2Si silicide. However, our APT results clearly show that Pd atoms 

are indeed decorating the Ni2Si grain boundaries in agreement with other work studying the 

redistribution of Pt during silicide formation, in which, a clear evidence of Pt diffusion short-

circuits via δ-Ni2Si grain boundaries was also observed [44]. This can be of importance because, 

during Ni silicide formation in thin film, the Ni diffusion occurs mainly via grain boundaries: 

presence of Pd in the Ni2Si grain boundaries may slow down the Ni diffusion and, as a result, 

the silicide formation kinetics will decrease. No major change has been observed for the 

diffusion coefficient in table 1 but the kinetic of δ-Ni2Si is mainly controlled by interface term 

in the presence of the Pd barrier and this change may be difficult to measure. 

Furthermore, the observed low content of Pd (<1 at.%) in NiSi phase (Fig. 4.e) may appear odd 

since NiSi and PdSi share the same crystallographic orthorhombic structure (MnP type, space 

group: Pnma) with a small lattice parameters mismatch [45],  and  are thus fully miscible [42]. 

On the contrary, Schauwen et al. [41] have observed by APT the presence of Pd at the grain 

boundaries of NiSi. This apparent controversy may be linked to the temperatures where the 

observations were made. Indeed, in Ref. [41], the absence of GB decoration by Pd in δ-Ni2Si 

was observed at about 320°C and the presence of Pd at the NiSi GBs at 500°C: our APT 

measurement corresponds to an intermediate temperature for which Pd diffusion may be 

important at the δ-Ni2Si GBs but very low at the NiSi GBs. This could reflect the importance 

of grain boundaries as a major factor in the diffusion of Pd in both silicides. The area analyzed 

by APT being very small, it is also possible that the microstructure of the silicide is different 

according to the density of the grain boundaries (different grain sizes). Another factor that can 

affect the silicide kinetics is the segregation of Pd at the δ-Ni2Si/NiSi interface. Indeed, 

segregation at this interface may change the interface coefficient. However only a small 
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segregation has been observed. To conclude, the main effect of the presence of Pd in the 

sandwich sample appears to be the barrier effect induced by the deposited Pd layer while the 

effect of Pd segregation/diffusion at GB or interface is less important. 

 

 

Figure 12 Schematic diagram of the important stages during silicidation of the 

Ni/Pd/Ni/Si(100) system. 

 

Effect of different diffusion barrier on phase formation and properties 

Diffusion barriers are used in numerous applications such as protective coatings in metallurgy, 

intermetallic control in aeronautics, interlayer in diffusion welding, and contact formation and 

interconnections in microelectronics. In metallurgy,  thin layer of metal are placed between two 

other metals as diffusion barrier in order to protect one of the metals from modifying the other 

[46]. In aeronautics, the diffusion barrier may come from the segregation of impurities 

contained in one of the materials and it could limit the growth of intermetallic [47,48]. 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 the diffusion of copper into surrounding materials [49,50]. In several of these 

cases, the growth of phases such as intermetallics occurs by reactive diffusion.  

The presence of a barrier can also change the microstructure and the texture of the growing 

phase. For example, the presence of a thin layer of Ti or of SiO2 was found to change the texture 

of CoSi2 film and in particular to promote the epitaxy of CoSi2 on Si [51,52]. It was also found 

that changes in texture impact the thermal stability (agglomeration) of silicide thin film [53]. 
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For microelectronics, the incomplete formation of the low resistivity phase (NiSi, CoSi2) 

induced by the kinetics change in the presence of a barrier may also impact the resistance of the 

contact since the first growing phase have usually a high resistivity [45]. Unintentional barrier 

may also arise from impurities due to a partial cleaning before metal deposition and/or to the 

snowplow of the impurities during the reactive diffusion [38]. 

   For all these applications as well as for the final properties, it is important to understand and 

control the behavior of the barrier in particular when reactive diffusion is involved. In our 

former works [21,22], the growth of a single phase in the presence of a diffusion barrier was 

analyzed. In the case of the growth of δ-Ni2Si [21], two types of diffusion barriers were studied: 

(i) a thin layer deposited between the Ni film and a Si substrate and (ii) Ni alloy films in which 

the alloy element forms a diffusion barrier during the silicide formation because it is not 

incorporated in the growing silicide (snowplow). In these two cases, there is a slow diffusion 

through the barrier of the metal (Ni) that is the fast diffusion species in the growing silicide (δ-

Ni2Si). A different case was studied in [22] since the Ti layer is a diffusion barrier for the slow 

diffusion species (Co) in the growing silicide (CoSi). For these three cases, we have developed 

models in order to fit the kinetics of phase formation [21,22] and/or the interdiffusion within 

the metal layer [22]. In the present work, a different case was studied since two phases (δ-Ni2Si 

and NiSi) are growing simultaneously due to the sandwich configuration and the developed 

model allows also a good fit of the kinetics of formation for these two phases. The good 

accordance between experience and simulation based on these models shows that the barrier 

can be well described by a single parameter, the permeability that is a product of the diffusion 

coefficient and the solubility of the diffusing element in the barrier. 

The sandwich layers allow not only to measure the kinetics of formation without barrier (first 

Ni layer directly in contact with Si) and with barrier (second Ni layer at the sample surface) 

within the same sample but also shows that the position of the barrier is of importance for the 

formation of silicide: for example, the formation changes from sequential for an interlayer to 

simultaneous for a sandwich case. This may be used in order to design specific configuration 

of phases and/or microstructure. The systematic determination of the permeability of various 

barriers may also to design barrier for different applications. From a more fundamental point 

of view, the presence of a barrier layer introduces an effective interface coefficient (Eq. 11) that 

may allow to understand changes in kinetics from parabolic to linear parabolic or even purely 

linear [39]. This may also contribute to the understanding of the specificities of thin film 

reaction such as sequential growth, absence of stables phases, growth of metastable phases… 
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Conclusion 

A combined experimental-simulation method has been used to study the effect of a diffusion 

barrier on the kinetics formation of Ni-silicides. This work focuses on using sandwich structures 

in which an ultra-thin (1 nm) film barrier of either Co, Pd, or Pt is deposited between two 50 

nm Ni layers on a Si substrate. The kinetics of formation of δ-Ni2Si and NiSi have been 

measured by in-situ XRD and the redistribution of Pd by APT for the different samples and 

compared to the ones of pure Ni (reference sample)..  

The main conclusions are the following:  

-  All the studied thin film barriers slow down the Ni silicide formation: a strong barrier 

effect is obtained for Pd, which is close to Pt and much higher than Co.  

- The sandwich samples show simultaneous silicide formation (δ-Ni2Si and NiSi) 

different from the classic sequential formation.   

- A model for the simultaneous growth of two phases in the presence of a barrier with 

fixed thickness and fixed concentration has been developed. 

- The good accordance between experience and simulation based on this model shows 

that the barrier can be well described by a single parameter, the permeability (product 

of the diffusion coefficient and the solubility of the diffusing element in the barrier) that 

reflects the efficiency of each barrier.  

- APT shows that the Pd barrier is located between the Ni and δ-Ni2Si during the δ-Ni2Si 

growth as expected from predominant diffusion of Ni in δ-Ni2Si.  

- The implication of the barrier in terms of silicide formation and properties is discussed. 

The combination of experimental results, model and simulation allows to better understand the 

effect of a barrier on the silicide formation and to predict the barrier behavior at the nanoscale. 

Thus, it may help us to design barriers for silicide applications in microelectronics as well as 

for other applications. 
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