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Combined effect of Pt and W alloying elements on Ni-silicide formation
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A combinatorial study of the combined effect of Pt and W on Ni silicides formation is performed. Ni(Pt, W) films with thickness and composition gradients were prepared by a codeposition composition spread technique using sputtering deposition from Pt, W and Ni targets.

The deposited Ni(Pt,W) films were characterized by X-ray diffraction, X-ray reflectivity, Rutherford backscattering and atom probe tomography. The maximum content of alloying elements is close to 27 at.%. Simulations of the thickness and composition were carried out and compared with experimental results. In-situ X-ray diffraction and atom probe tomography were used to study the phase formation. Both additive alloying elements (Pt+W) slow down the Ni consumption and the effect of W is more pronounced than the one of Pt. Regarding the effect of alloying elements on Ni silicides formation, three regions could be distinguished in the Ni(Pt,W)/Si wafer. For the region close to the Ni target, the low contents of alloying elements (Pt+W) have

Introduction

With the downscaling of microelectronic devices, NiSi has been widely used as contacts in complementary-metal-oxide-semiconductor (CMOS) transistors for source, drain and gate. [1][2][3][4] Compared to the former contact materials of CoSi2 and TiSi2, NiSi has attractive advantages including low resistivity, less Si consumption and Ni diffusion controlled reaction. 5 However, it also confronts with several challenges which can be deduced from the Ni-Si phase diagram. Indeed, in the Ni-rich region of the phase diagram, there are five metal-rich phases, resulting in a complex phase sequence and a high risk of early roughness of interfaces. In the Si-rich region of the phase diagram, the presence of the NiSi2 phase with a high resistivity indicates that NiSi is not stable on the Si substrate and may transform to NiSi2, which usually nucleates at 700°C~800°C. Agglomeration is another degradation mechanism of NiSi at intermediate temperature (500°C~700°C). This leads to a degradation of the contact resistance. The phase stability (phase transformation from NiSi to NiSi2) and morphological stability of NiSi (agglomeration) are influenced by many factors, including the initial thickness of Ni, the type of the Si substrate, the NiSi texture. 6 It has been shown that additive alloying elements could substantially increase the phase stability and the morphological stability of nickel monosilicide. 5,[7][8][9] Mangelinck et al. 7,9 have shown that the addition of 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. 5 have shown that 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. Moreover, both Pt 10 and W 8 have an impact on the texture of NiSi by inducing epitaxial orientations and limiting axiotaxy, leading to a better morphological stability of NiSi. Therefore, it might be interesting to combine the positive effect of Pt and W on the stability of NiSi in order to obtain an optimized system. However, adding alloying element of Pt or W to Ni film could significantly modify the sequence of Ni silicides formation at low temperature (metal-rich phases). For Ni(3 at.% Pt), the sequential phase formation of δ-Ni2Si and NiSi has been observed. 11 With increasing the content of Pt to 10 to 13 at.%, θ-Ni2Si appears as the first silicide. For in-situ XRD measurement, the growth of θ-Ni2Si is characterized by the absence of XRD peaks during the consumption of the metal due to the epitaxial relationship on the Si substrate. [12][13][14] In comparison to the well-studied Ni(Pt)-Si system, the effect of W on phase sequence is less understood. For Ni(10 at.% W), Derafa et al. 15 found that Ni31Si12 probably forms during the deposition of Ni film and that another unknown silicide NixSiy appears at the end of the Ni consumption. However, Deduytsche et al. 8 found that the phase sequence for Ni(10 at.% W) is similar to that of Ni(10 at.% Pt), with no metal-rich phases detected by XRD suggesting the formation of θ-Ni2Si before the appearance of NiSi. 13 The purpose of this work is to investigate the combined effect of Pt and W on the Ni silicides formation by combinatorial analysis. Indeed, combinatorial analysis is a fast and efficient method to investigate a system. Many methods for high-throughput synthesis have been developed [START_REF] Xiang | Combinatorial materials synthesis[END_REF] and the co-deposited composition spread (CCS) technique has proven to be an especially versatile method for forming a wide range of compositions in a single experiment. In this method, thin films are deposited by physical vapor deposition on a substrate simultaneously, from two or more sources that are spatially separated and chemically distinct, producing a film with an inherent composition gradient and intimate mixing of the constituents. In this work, the co-deposited composition spread technique was used to produce Ni films alloyed with both Pt and W that present gradient in composition and thickness. As-deposited samples were characterized by several experimental methods and simulation of the corresponding co-deposition was carried out for comparison. The silicide formation and the redistribution of the elements were monitored by in-situ X-ray diffraction (XRD) and atom probe tomography (APT). The fomation sequence of Ni silicides is examinated as a function of the contents of alloying elements which are related to the position on the wafer.

The combined effect of Pt and W is discussed accordingly.

Experiment

Ni films with alloying elements of Pt and W were deposited on Si(100) at room temperature.

Three targets of Ni, Pt and W were used together in a coaxial magnetron sputtering system to deposit films with thickness and composition gradients on stationary substrates [Fig. 1(a)]. 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 deposition rate as a function of applied power was calibrated for each target. During the co-sputtering, the following powers were applied respectively on Ni, Pt and W targets: 181W (DC), 18W (DC) and 43W (RF), and the corresponding deposition rates are 0.6, 0.1 and 0.05 nm/s. The deposition time was chosen in order to have thickness in the range 30-70nm, since the phase sequence should not depend too much on the film thickness for this thickness range. Indeed, the phase sequence is expected to be very different for thickness smaller than 10nm or larger than 100nm.

After deposition, the wafer was divided into 42 pieces (approximately 10mm×19mm) according to the pattern shown in Fig. 1(b). In the following, we will refer to this numbering: for instance, Sample 1 in the wafer will be named "S1". All the as-deposited samples were characterized by X-ray diffraction (XRD) and X-ray reflectivity (XRR) while atom probe tomography (APT) and Rutherford backscattering spectrometry (RBS) were carried on selected samples. XRD and XRR were performed using the Bragg-Brentano geometry with a Cu Kα source and a rapid detector (PANalytical X'Celerator). RBS was performed with a 2 MeV He+ and a 165° beam backscattering angle. Samples were tilted 7 degrees to avoid channeling. The RUMP program [START_REF] Doolittle | [END_REF] was used to fit the results of RBS. In-situ XRD measurements were performed on half of the 42 samples from 150°C to 400°C under a vacuum of ~10 -5 mbar. The temperature was firstly 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 min-XRD scan was performed at a constant temperature after each step. The heating rate between two steps was 10 °C/min. The same in-situ XRD measurements were done but stopped at two other annealing temperatures (295°C and 345°C) to study specific stages of the silicides formation and APT measurements were also carried on these two annealed samples.

Needle-shaped specimens were prepared for APT measurements by focused ion beam (FIB) equipped with a micromanipulator and the detailed steps have been described elsewhere 18 . The APT analyses were carried out in a LEAP 3000X HR instrument. The laser pulsing rate was kept at 100 kHz and the detection rate at 0.002 event/pulse by increasing the applied voltage. The specimen temperature was 50 K and the laser energy was set between 0.9 nJ and 1.4 nJ. Data reconstruction was done with the commercial IVAS software.

Results

As-deposited samples

Experimental results from XRR, XRD, APT and RBS.

As deposited Ni(Pt,W) film on Si wafer was divided into 42 pieces according to the pattern shown in Fig. 1(b). Determined from the fringe period in XRR spectra, the thickness of Ni(Pt,W) film varies from 22 to 67nm.

XRD was used to roughly characterize the Ni(Pt,W) film composition based on the shift of Ni diffraction peak. Compared to the standard XRD spectrum of pure Ni, a shift in the diffraction angle (2θ) toward small angles could be observed for Ni(Pt, W) film and it changes with the layer composition. This diffraction peak shift may be due to the strain effect or due to the increase in the lattice parameter of thin Ni(Pt,W) film. It has been found that the peak shift for pure Ni film is small 19 , indicating a weak strain effect in the thin Ni film. Although the additive alloying elements of Pt and W may introduce extra strain to the Ni(Pt,W) layer, this effect is assumed to be small. Additive Pt and W should thus account for the XRD peak shift by increasing the inter-planar distance dhkl, which could be calculated by Bragg's law. On the basis of dhkl, the lattice parameter of aNi(Pt,W) could then be determined by assuming a fcc structure of Ni(Pt,W) film. The concentration of alloying elements could be estimated from the Vegard's law by using the lattice parameter of Ni, Pt and W at room temperature:

aNi(Pt,W) = (1-x-y) aNi + xaPt + yaW (1)
Here aNi = 3.535 Å and aPt = 3.924 Å, aw is unknown because of the bcc structure of W and was assumed to be equal to aPt. x and y represent the atomic concentration of Pt and W respectively. It is impossible to determine the individual concentration of Pt and W only from the XRD peak shift but the total alloying elements concentration can be estimated. However, this calculation is not very accurate because the assumed aw, and the possible weak strain effect of alloying elements on the thin film would contribute uncertainties to the calculated compositions. Nevertheless, this calculation based on the XRD peak shift is still an easy and effective method to estimate the total contents of alloying elements, which vary from 6 to 42 at.%. More accurate thickness and composition of three specific samples (S08, S28 and S34) were obtained by APT or RBS and the results are shown in Table 1.

Table 1. Thickness and composition of Ni(Pt,W) film characterized by XRR, XRD, APT and RBS, with the corresponding simulation results (Sim).

Simulation results

Simulations of the thickness and composition of Ni(Pt,W) film were carried out by considering the lateral distributions of particle (vapor) fluxes. Following the work of Rother et al. 20 , the distribution of particle fluxes for point-like sources can be expressed as the following equation:

𝑗 = 𝐴 𝑟 2 (𝑐𝑜𝑠𝜑) 𝑛 (2) 
Here, j is the vapor particle flux, A is used to characterize the absolute value of the flux, r is the distance between the source and the substrate, 𝜑 is the angle between the source normal and the considered direction [shown in Fig. 1(a)], n is the lateral vapor distribution coefficient, which was estimated as 2. 21 In order to simulate the co-sputtering of Pt, W and Ni, each target is treated as a round-plate source and is divided into smaller regions that are considered as point-like sources. For a given point in the substrate, the parameters of r and 𝜑 vary with the position of these point-like sources.

Furthermore, A is not considered as a constant value, but changes with the radial position in the source. Indeed, the target surface is not flat after the magnetron sputtering and a circular deeper erosion zone could be observed at half radius position in the target. It indicates a variable sputtering efficiency within the target because of the magnetron effect. The Gaussian distribution was used to fit the real profile of the sputtering efficiency as a function of the radial position in the target [Fig. 1(c)].

Figure 2 shows the simulation results of the thickness and composition gradients of Ni(Pt,W)

film. With increasing the distance between one target and the substrate, the corresponding element concentration varies relatively in an elliptical profile. The contents of alloying elements are in the range of 4 to 23 at.% for Pt and 2 to 14 at.% for W. The film thickness changes from 30 to 65 nm.

In order to evaluate the result of simulation, a comparison has been made between experimental and simulation results. The average difference in thickness characterized by XRR and simulation is 4.6 nm, which is quite acceptable considering the maximum thickness of 65 nm. Meanwhile, the average difference between XRD and simulation on the contents of alloying elements is 4.9 at.%.

Even though this value is slightly high, one should be aware of that the contents of alloying elements deduced from XRD peak shift is not very accurate (see 3.1.1). For three specific samples of S08, S28 and S34, the thickness and composition characterized by experimental techniques (XRR, XRD, APT or RBS) have been compared with simulation results (Table 1). The differences between XRD-based compositions and simulation results increase with the contents of alloying elements, but the results of XRR, APT, RBS are in good accordance with simulation results.

Therefore, simulation results of the thickness and composition of Ni(Pt,W) film are reliable and the deposition method allows to design a Ni film with composition gradients of Pt and W on the same wafer. In the following, the concentrations used to interpret the silicide formation would be the ones obtained by simulation. When the metal layer is entirely consumed, the NiSi peak intensity increases again by consuming δ-Ni2Si. At the end of the in-situ XRD measurement, both δ-Ni2Si and NiSi exist.

Discussion

Metal consumption and first phase formation

In order to compare the kinetics of metal consumption for the three different regions, normalized intensities of the metal peak are shown as a function of temperature in Fig. 4. Additive alloying elements of Pt and W could actually slow down the speed of the metal consumption, rendering a higher total consumption temperature compared to the case of pure Ni. 22 This is in accordance with the former investigation by Lavoie et al. 5 . Moreover, W is more efficient to decrease the consumption rate of Ni compared with Pt. NiSi at 280°C. At this reaction stage, around 50% of metal has been consumed. A phase is probably formed by consuming Ni but no relative evidence could be found in XRD. Indeed, the fixed geometry of our XRD equipment may not detect extremely textured or epitaxial phases. It is similar for W-rich sample (S03), where 48% Ni is consumed when the first silicide peak of NiSi is detected at 305°C. This phenomenon of metal consumption without the appearance of other XRD peaks has also been observed in Ni (10 at.% Pt) 12 and in Ni(10 at.%W) 8 . Panciera et. al 12 have shown that the θ-Ni2Si phase is the first silicide which grows epitaxially on the Si substrate. In our case, we also assume that θ-Ni2Si forms as the first phase in the samples with high contents alloying elements but it does not exclude the existence of other unknown phases strongly oriented or epitaxial on Si substrate.

With increasing contents of alloying elements, the first phase is changed from δ-Ni2Si in S35 to θ-Ni2Si in S29 and S03. According to El Kousseifi et al. 13 , the high solubility of Pt in θ-Ni2Si should decrease the free energy of θ-Ni2Si, resulting in a higher driving force and thus a lower nucleation barrier to form θ-Ni2Si. W may have a similar effect than Pt. Meanwhile, the epitaxial relationship between θ-Ni2Si and Si leads to a lower energy of θ-Ni2Si/Si interface and to a further decrease in nucleation barrier. Therefore, with increasing alloy concentration, θ-Ni2Si could form easily as the first silicide because of the higher driving force of reaction and the lower nucleation barrier.

Low (Pt+W)% region

For the region of Ni(Pt,W)/Si wafer close to the Ni target, the low contents of (Pt+W) have little impact on the phase sequence but lead to some modifications in the kinetics of phase formation. δ-Ni2Si and NiSi form sequentially as presented in the schematic diagram [Fig. 5(a)]. Compared to a pure Ni film 22 , a higher temperature for the total consumption of metal (375°C), a larger temperature range of δ-Ni2Si from 215°C to 400°C and a late NiSi formation at 375°C have been observed in the in-situ XRD measurement of S35 [Fig. 3(a)]. Similar behaviors regarding phase sequence and phase formation kinetics have also been found in Ni with low content of Pt or W (3-5 at. %). 11,15 Therefore, for the region with low contents of (Pt+W), the decrease in the Ni diffusion leads to a slower rate of Ni silicides formation, but there is no obvious difference between the effect of individual alloying element (Pt or W) and the combined (Pt+W) effect on the formation sequence of silicides. 

High (Pt+W)% and Pt-rich region

For the region of Ni(Pt,W)/Si wafer close to the Pt target, a different phase sequence has been observed as compared to the Ni(10 at.% Pt) film. 12 El Kousseifi et al. 23 previously reported that the metastable θ-Ni2Si phase is the only metal rich phase present during the annealing of Ni(10 at.% Pt)/Si and it accounts for the 40°C temperature window without any diffraction peak in the in-situ XRD measurement. However, the phase sequence is different in our case as shown in the schematic diagram of important reaction stages [Fig. 5(b)]. θ-Ni2Si is assumed as the first silicide which consumes 50% of metal when δ-Ni2Si and NiSi appear simultaneously at 280°C. Before the total observed in the Ni-Si-W ternary phase diagram, 25,[START_REF] Villars | Handbook of Ternary Alloy Phase Diagrams[END_REF] should decrease the free energy of δ-Ni2Si

(ΔGδ) and NiSi (ΔGNiSi). Therefore, compare to the case of individual alloying element of Pt, the additive W could increase the free energy of θ-Ni2Si (ΔGθ) and decrease that of δ-Ni2Si (ΔGδ) and NiSi (ΔGNiSi), providing a driving force for the θ-Ni2Si decomposition.

Moreover, the alloying elements of Pt and W could decrease the free energy of the metal phase (ΔGNi(Pt,W)), leading to a lower driving force of Eq. ( 4). Furthermore, the slowing down in Ni diffusion due to the alloying elements should make the occurrence of Eq. ( 4) even more difficult.

Therefore, the decomposition of the θ-Ni2Si is believed to result in the simultaneous formation of δ-Ni2Si and NiSi.

High (Pt+W)% and W-rich region

For the region of Ni(Pt,W)/Si wafer close to the W target, an effect of alloying elements on the texture of NiSi and an interesting reverse phase formation have been observed. In this composition region, although the W content varies with the sample position, a similar unexpected phase formation sequence has been found as shown in the schematic diagram [Fig.

5(c)]

: NiSi forms at a temperature lower than that of δ-Ni2Si. When NiSi grows to some extent, δ-Ni2Si forms and starts to grow by consuming Ni and NiSi. Afterwards, NiSi grows again by consuming δ-Ni2Si when Ni is completely consumed. In order to clarify this unexpected reverse phase formation, two samples of S12 and S10 were annealed in the in-situ XRD chamber using same heat treatment but stopped at 295°C and 345°C, respectively. APT measurements were performed on these two samples: the reconstructed 3D volumes of 20×20×100 nm 3 and the corresponding 1D concentration profiles are shown in Fig. 7. 11,[START_REF] Mangelinck | [END_REF]28 For the distribution of W, there is an obvious accumulation in the same mixed layer where a slight accumulation of Pt is found. In δ-Ni2Si and NiSi, a low content of W (<0.5 at.%) is observed.

For the other sample (S10), even if the annealing temperature raised up to 345°C, only one thick silicide of δ-Ni2Si could be clearly recognized in the APT analysis [Fig. 7(b)]. However, a closer look at the 1D concentration computed using fixed sample counting profile [small window in Fig.

7(b)

] makes it possible to distinguish a thin layer of NiSi. The alloying elements (Pt and W) are distributed in a similar way as the case of S12 but a slight accumulation of W (~0.3 at.%.) was found at the δ-Ni2Si/NiSi interface. The content of Pt in δ-Ni2Si is slightly higher, which may be due to the higher annealing temperature.

The APT measurements of samples of S12 (annealed to 295°C) and S10 (annealed to 345°C) verify that δ-Ni2Si grows at the expense of NiSi, which is consistent with the in-situ XRD results

for the high (Pt+W) contents with W-rich samples. The accumulated W and Pt in the mixed layer In order to discuss further about the growth of δ-Ni2Si and NiSi before the total consumption of Ni, a model of simultaneous growth of two phases 29,30 is introduced. A schematic diagram representing the simultaneous growth of δ-Ni2Si and NiSi is shown in Fig. 8. The flux of Ni atoms in δ-Ni2Si (J1) and in NiSi (J2) can be expressed as: . 30 Ω1 and Ω2 are the unit volume of δ-Ni2Si and NiSi, respectively. There are three different reactions at the Ni/δ-Ni2Si and the δ-Ni2Si/NiSi interface (Fig. 8). One can easily express the growth of δ-Ni2Si (L1) and NiSi (L2) as: For S09, the intensities of XRD peaks for different silicides are normalized and plotted as a function of time (Fig. 9). The time range starts from the XRD scan at 280°C and ends after the XRD scan at 400°C. As more NiSi orientations appear in the temperature range where NiSi grows by consuming δ-Ni2Si (the region after 5300s in Fig. 9), different normalization methods were performed on the intensity of NiSi peak. The maximum intensity of NiSi peak is normalized to 1 for the NiSi growth region after 5300s (Fig. 9) and then another factor of 0.6 is used for the NiSi consumption region before 5300s (Fig. 9) in order to guarantee that the sum of normalized intensities for all phases is equal to 1. Simulation has also been done concerning the reverse phase formation and the following growth behavior of NiSi and δ-Ni2Si. For S09, the thickness of the as deposited Ni(Pt,W) film is 32nm. 30% Ni has been consumed at 280°C. At this stage, the corresponding thickness of NiSi is around 20nm while the thickness of δ-Ni2Si is quite small. By assuming an initial state with a 1nm layer of δ-Ni2Si and a 20nm layer of NiSi, the simulated growth behavior of different phases was shown in Fig. 9 (dash lines). The simulated pre-exponential factors and activation energies of the reaction and the diffusion coefficients are listed in Table 2. For Ni film deposited on single crystalline Si substrate, the activation energy is reported to be ~1.5eV for δ-Ni2Si growth [31][32][33] and (1.55~1.7) eV for NiSi growth. 32,34 Our simulated activation energies are similar to those found in the literature but the simulated pre-exponential factors are smaller: that might be the effect of alloying elements.
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Simulation and XRD are in good agreement (Fig. 9), showing that δ-Ni2Si grows by consuming NiSi and Ni firstly and then NiSi grows again at the expense of δ-Ni2Si after the total consumption of Ni. This simulation explains the unexpected growth behavior of δ-Ni2Si and NiSi from the kinetic point of view. The schematics and the model 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 13,23 and may lead to much more complex microstructures. However, 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. This behavior has been reproduced by kinetics simulation.
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 1 Fig. 1. Schematic diagrams of (a) the magnetron sputtering with three targets of Ni, Pt and W; (b)
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 2 Fig. 2. Simulation results of the atomic content of (a) Ni, (b) Pt, (c) W, and of (d) thickness (nm).
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 2 Ni-silicide formationIn-situ XRD measurements were performed from 150°C to 400°C on half of the 42 samples (odd number samples) to study the formation sequence of Ni silicides. Regarding the combined effect of Pt and W on Ni silicides formation, three composition regions are distinguished in the Ni(Pt,W)/Si wafer (Fig.2): low (Pt+W)% region, high (Pt+W)% and Pt-rich region, and high (Pt+W)% and W-rich region. Typical in-situ XRD results of three composition regions are shown in Fig.3
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 3 Fig. 3. Typical in-situ XRD results for: (a) low (Pt+W)% region (b) high (Pt+W)% and Pt-rich
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 4 Fig.4. Normalized intensities of the metal peak as a function of temperature for samples with low
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 5 Fig. 5. Schematic diagram for the different phase formation sequence of Ni(Pt,W) film: (a) low
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 6 shows the in-situ XRD results of three samples of S09, S11 and S13, which are all in this region. With increasing the content of W from S13 to S09, the texture of NiSi changes gradually. As shown in [Fig. 6(d)], the intensities of NiSi(202)/(211) and NiSi(112) peaks decrease while the intensity of NiSi(102)/(111) peak remains stable, which is in agreement with the investigation on Ni(0~7 vol.%W) films by Deduytsche et al.8 Among all these orientations, the stable orientation of NiSi(102)/(111) is one of the epitaxial components and the decreasing NiSi(202)/(211) texture component corresponds to axiotaxy.8 Therefore, an increase in the content of W could improve the stability of NiSi at high temperature by reducing the axiotaxial component of NiSi.
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 6 Fig. 6. In-situ XRD measurements for high (Pt+W) contents and W-rich samples: (a) S09, (b) S11

Fig. 7 .

 7 Fig. 7. APT volume and 1D concentration profile of: (a) S12, annealed at 295°C, (b) S10, annealed

  could play a role of barrier to slow down the Ni consumption. The formation of δ-Ni2Si becomes difficult as lack of the available Ni atoms and then NiSi could form at the Ni/θ-Ni2Si interface. With increasing temperature, the diffusion coefficient increases and the function of barrier might be weakened: Ni atoms could diffuse through the mixed layer and δ-Ni2Si forms by the reaction between NiSi and Ni.

  The terms α and 𝐿 ′ represent the effective diffusivity of Ni (main diffusing species in δ-Ni2Si and NiSi) and equivalent thickness of each silicide. D and K are the diffusion and the interfacial reaction coefficients, and are expressed as 0

Fig. 8 .

 8 Fig. 8. Schematic diagram of the growth of δ-Ni2Si and NiSi

Fig. 9 .

 9 Fig. 9. Comparison between XRD and simulation for the kinetics of silicides growth of S09

  ,W) films with thickness and composition gradients have been prepared by co-sputtering of Ni, Pt and W. As-deposited samples were characterized by XRD, XRR, APT and RBS. Simulations of the co-sputtering were carried out for comparison. A good agreement has been found between experimental and simulation results, regarding the thickness and composition of the deposited film. The combined effect of Pt and W on Ni silicides formation has been investigated by in-situ XRD measurements and APT. Both Pt and W slow down the Ni consumption rate while the effect of W is more pronounced. Depending on the contents of Pt and W, three regions of the Ni(Pt,W)/Si wafer could be distinguished for the effect of alloying elements on Ni silicides formation. Low contents of (Pt+W) are associated with the region close to the Ni target and have little impact on the formation sequence of silicides: δ-Ni2Si is the first silicide and NiSi forms when Ni is entirely consumed. For the high (Pt+W) contents and Pt-rich region, except the metal consumption, in-situ XRD results do not provide any evidence about the first silicide, which could be θ-Ni2Si or other unknown phases that are extremely textured or epitaxial on Si. Afterwards, δ-Ni2Si and NiSi are formed simultaneously which may result from the decomposition of θ-Ni2Si. For high (Pt+W) contents and W-rich region, the texture of NiSi is changed by reducing NiSi(202)/(211) and NiSi(112), and maintaining the NiSi(102)/(111) peak intensity. An unexpected reverse phase formation is observed: NiSi forms at lower temperature than that of δ-Ni2Si. The accumulation of alloying elements between unreacted Ni and the first silicide could probably act as a barrier to suppress the diffusion of Ni atoms, leading to an early formation of NiSi. With increasing temperature, the barrier effect of the mixed layer becomes weaker and a larger diffusion coefficient promotes the formation of δ-Ni2Si at the Ni/NiSi interface. Afterwards, the growth of δ-Ni2Si and NiSi follow the basic kinetic equations: δ-Ni2Si grows by consuming NiSi firstly and after the entire consumption of Ni, NiSi grows again at the expense of δ-Ni2Si.

Table 2 .

 2 Simulated pre-exponential factors and activation energies of the reaction and the diffusion coefficients

		K0 (cm 2 /s)	EK (eV)	D0 (cm 2 /s)	ED (eV)
	δ-Ni2Si	0.007	0.8	0.08	1.5
	NiSi	0.015	0.9	0.01	1.6
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consumption of metal at 370°C, an increase of δ-Ni2Si peak intensity as well as a stable small peak of NiSi are observed. Afterwards, NiSi grows rapidly by consuming δ-Ni2Si.

In this high (Pt+W) contents and Pt-rich region, the difference between individual effect of Pt and combined effect of (Pt+W) on phase sequence is relative to the formation of δ-Ni2Si. The combined presence of Pt and W is more efficient to retard the diffusion of Ni and thus a layer of metal is left when the consumption of θ-Ni2Si occurs. Therefore, two reactions are competitive as shown in Eq. ( 3) and ( 4).

Here, the coefficients of a-d in front of each phase are relative to the chemical composition of θ-Ni2-xSi (i.e., x represents the deviation from stoichiometry). The driving force associated with these reaction are:

The decomposition of the metastable θ-Ni2Si phase [Eq. ( 3)] requires that the free energy of θ-Ni2Si (ΔGθ) is higher than that of the mixture of δ-Ni2Si (ΔGδ) and NiSi (ΔGNiSi). A complex energy balance is associated with this reaction and thus any changes in the interface energy and/or in the free energy of silicides (θ-Ni2Si, δ-Ni2Si and NiSi) could easily influence the decomposition of θ-Ni2Si. 24 Panciera et al. 12 previously reported that the high solubility of Pt in θ-Ni2Si could increase the stability of θ-Ni2Si at low temperature by decreasing its free energy. In our case, the additive W could slow down the diffusion of Ni atoms as well as Pt atoms, even though the content of W is not high in this region. Less Pt atoms could diffuse into the θ-Ni2Si phase, resulting in a less stable θ-Ni2Si phase. On the other hand, a slight solubility of W in δ-Ni2Si and NiSi, which has been