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Texture of NiGe(Sn) on Ge(100) and its evolution with Sn content

The texture of the Ni monostanogermanide phase on a Ge(100) substrate was evaluated during a solid-state reaction, with a focus on the impact of Sn addition. Complementary X-ray diffraction analyses involving in situ X-ray diffraction, in-plane reciprocal space maps (RSMs) and pole figures were used to that end. A sequential growth of the phases for the Ni/Ge(Sn) system was found. An Ni-rich phase formed first, followed by the NiGe(Sn) phase. The NiGe and NiGe(Sn) layers were polycrystalline with different out-of-plane orientations. The number of out-of-plane diffraction peaks decreased with the Sn content, while the preferred orientation changed. In-plane RSM analyses confirmed these results. Sn addition modified the out-of-plane and in-plane orientations. Pole figure analysis revealed that numerous epitaxial texture components were present for the Ni/Ge system, while Sn addition reduced the number of epitaxial texture components. On the other hand, segregated Sn crystallized with an epitaxial alignment with the Ge substrate underneath.

Introduction

NiGeSn intermetallics are promising for use as contacts in GeSn-based electronic and optoelectronic devices [START_REF] Gupta | 2011 International Electron Devices Meeting (IEDM)[END_REF][START_REF] Yang | IEEE International Electron Devices Meeting (IEDM)[END_REF]Wirths, Geiger et al., 2015 ;Tseng et al., 2013 ;Oehme et al., 2014 ). In particular, GeSn layers are envisioned as high-mobility channels in p-type metal oxide semiconductor field effect transistors (pMOSFETs) [START_REF] Gupta | 2011 International Electron Devices Meeting (IEDM)[END_REF] and p-type tunnel field effect transistors [START_REF] Yang | IEEE International Electron Devices Meeting (IEDM)[END_REF], source and drain stressors in Ge MOSFETs (Wirths, Troitsch et al., 2015 ) and p-i-n photodetectors (Tseng et al., 2013 ), light emitting diodes (Oehme et al., 2014 ;[START_REF] Casiez | IEEE Photonics Conference (IPC)[END_REF], and optically pumped lasers (Wirths, Geiger et al., 2015 ;[START_REF] Chrétien | [END_REF]. The possibility of obtaining low resistive values when using nickel makes the contacts a key module to achieve high performance (Vincent et al., 2011 ;Nishimura et al., 2011 ;Demeulemeester et al., 2011 ;[START_REF] Han | 2011 International Electron Devices Meeting (IEDM)[END_REF]. Ni/Ge or Ni/GeSn contacts are formed by a solid-state reaction during which Ni1-xGex or Ni1-x(GeSn)x polycrystalline layers are obtained (Balakrisnan et al., 2005 ;Gaudet et al., 2006 ;De Schutter, Van Stiphout et al., 2016 ;van Stiphout et al., 2017 ;Nishimura et al., 2011 ;Wirths et al., 2014 ;Wirths, Geiger et al., 2015 ;Liu et al., 2015 ;Schulte-Braucks, Glass et al., 2017 ;Quintero et al., 2018c ). In order to understand the properties of these polycrystalline films, it is essential to have a good understanding of their microstructure. One important aspect is the texture, which describes the orientations of the various grains and the frequency of occurrence of different orientations within the film (De Schutter, Van Stiphout et al., 2016 ;Detavernier et al., 2003 ). Balakrisnan et al. (2005 ) studied the texture of NiGe films formed on Ge(001) substrates and their evolution with the annealing temperature. Detailed analysis of (111) pole figures revealed the presence of six types of epitaxial grains, in which the NiGe (111)[0 1] ∥ Ge (001) [110] preferred orientation increased with the annealing temperature. Gaudet et al. (2006 ) showed that Ni germanides present several epitaxial and axiotaxial texture components on Ge(001) and Ge(111) substrates. The texture on Ge(001) samples corresponded to a combination of five different epitaxial components and three very weak axiotaxial components, for which either the NiGe (121), ( 220) or (211) plane was aligned with a Ge (110) plane. Finally, studies of van Stiphout et al. (2017 ) on Ni germanide thin films showed mostly epitaxial components together with weaker axiotaxial lines of the NiGe (211) and NiGe (202) planes aligned with the Ge (220) planes. On the other hand, annealing the film at temperatures higher than 673 K caused the NiGe structure to relax. This was also reflected in its texture axiotaxial components, which became more intense after relaxation owing to growth of axiotaxial grains.

The literature concerning the Ni/GeSn system texture is rather scarce. Different studies have evaluated the crystalline nature of the Ni-rich phase either on GeSn or SiGeSn substrates. The results showed that the Nirich phase corresponded to the hexagonal ɛ-Ni5Ge3 metastable phase (De Schutter, Van Stiphout et al., 2016 ;Quintero et al., 2018c ). Meanwhile, in-depth studies concerning the texture of the monostanogermanide phase are not available. Wirths and co-workers showed that the Ni(SiGeSn) layer was not in an epitaxial relationship with the SiGeSn layer underneath (Wirths et al., 2014 ;Wirths, Troitsch et al., 2015 ). Liu et al. (2015 ) reported variations of intensity for some diffraction peaks between reference and carbonimplanted samples. Additionally, the formation of certain preferred orientations like NiGeSn (112) was favored in the presence of carbon. Schulte-Braucks, Hofmann et al. (2017 ) analyzed Niy(Ge1-xSnx)z layers fabricated on several GeSn alloys with various Sn contents ranging from 0 to 12.5 at.%. Their θ-2θ X-ray diffraction (XRD) structural analysis revealed the coexistence of several Niy(Ge1-xSnx)z phases, with different crystalline orientations, in which the Sn content modified the phases that were present.

We therefore decided to study the impact of Sn addition on the monostanogermanide phase texture. NiGe and NiGeSn films (with various at.% of Sn) formed by rapid thermal annealing (RTA) of sputter-deposited Ni on Ge(100) or GeSn(100) substrates were evaluated with a focus on the impact of Sn addition on texture evolution. The Ni/Ge system was used as a reference.

Experimental procedure

A pure Ge layer and GeSn layers with 6, 10 and 15 at.% of Sn were epitaxially grown at 1023, 623, 598 and 573 K, respectively, on Ge-buffered Si(100) substrates in a 200 mm reduced pressure chemical vapor deposition tool (Aubin et al., 2017 ). The thickness of the GeSn layers (60 nm) was low enough for them to be fully compressively strained on the Ge strain-relaxed buffers underneath. In order to remove particles and native oxides from the surface, samples were dipped for 1 min in diluted HF (1% in water) and then rinsed in deionized water and dried with an N2 gun. Then, 10 nm of Ni were deposited at room temperature, followed by 7 nm of TiN capping layer deposited at 373 K by physical vapor deposition (magnetron sputtering). Given that no in situ pre-clean was used, the air break between the surface preparation and the sample transfer under vacuum for metallization was reduced to the bare minimum (less than 10 min). No air break occurred between the Ni and TiN deposition: samples were maintained at pressures as low as 1.33 × 10 -5 Pa during the transfer between the two deposition chambers.

The NiGe1-xSnx phase formation sequence and crystalline evolution were monitored by in situ XRD using an Empyrean PANalytical X-ray diffractometer equipped with a copper (Cu Kα) source, a linear detector (PIXcel1D) and an HTK 1200 Anton Paar furnace under secondary vacuum (pressure was maintained at about 0.1 Pa to avoid atmospheric contamination). θ-2θ scans on a large range of diffraction angles (20-90°) were performed with a 3° offset in ω in order to attenuate the symmetric (400) substrate reflection. This in situ measurement, from 323 to 873 K, reduced the risk of overlooking transient but crucial stages during the solidstate reaction. After cooling, complementary ex situ XRD θ-2θ scans using a Cu source were performed with an X'Pert Pro PANalytical X-ray diffractometer.

Additionally, in-plane reciprocal space map (RSM) characterizations were carried out on these samples with a Rigaku SmartLab X-ray diffractometer. The in-plane RSM configuration was as follows: A copper source with in-line focus was used. The primary optics configuration comprised a mirror, a parallel slit collimator with an in-plane angular divergence of 0.5°, a mask of 10 mm and an incident slit of 0.5 mm. The secondary optics configuration comprised a parallel slit analyzer with an angular aperture of 0.5°; the secondary slits in front of the proportional detector were fully open (20 × 20 mm). An in-plane continuous scan of the detector was performed with steps of 0.1°, while the in-plane orientation of the sample, φ, was changed by steps of 0.5°. The RSM maps were acquired over an in-plane 2θ range of 20-85° and a φ range of 95°. After integration over the full φ range, a 2θ phase diagram was finally obtained. Phase analysis was performed with the HighScore Plus software from PANalytical, using the International Centre for Diffraction Data (ICDD) PDF-4 database.

Pole figures were also recorded using the SmartLab setup (Nagao & Kagami, 2011 ). They were measured using the in-plane pole figure configuration developed by Rigaku [START_REF] Inaba | [END_REF] with an angular aperture of 0.5° in front of the detector. Pole figures were analyzed using in-house software developed in the Python language and using a Jupyter notebook to provide a graphic user-friendly interface. This analysis was completed by simulations with the CaRIne 3.1 software (CaRIne Crystallography, Senlis, France). The lattice parameters of NiGe(Sn) were refined with the HighScore software and were used as input for the Python software. The lattice parameters used for NiGe(Sn) in this study were a = 5.53, b = 3.43 and c = 5.87 Å.

The Python software provides an option to simulate several pole figures simultaneously. The simulation was done by creating a number of crystalline grains of NiGe or NiGe(Sn) phases with different normal orientation with respect to the sample surface, which were eventually rotated in 3D space. The stereographic projections of their poles were then calculated and superposed on experimental data. Each grain would simultaneously show their corresponding poles in the experimental pole figures. Visual checking of the position matching was sufficient and no optimization of the grain orientation was necessary because of the polycrystalline nature of the grains. Their experimental pole position was therefore much larger than the calculated position. This means that diffraction features can appear diffuse on experimental pole figures, whereas they appeared as discrete diffraction spots in the Python software. The final calculated orientation of each grain was then considered as the average orientation. Crystallographic data of phases described in this study and corresponding PDF file references are given in Table 1 .

Table 1

Summary of the crystallographic data of phases described in the article 

Phase

Results

Out-of-plane XRD analyses

The Ni/Ge phase sequence followed by in situ XRD is shown in Fig. 1 as a contour map with temperature on the y axis and diffraction angle on the x axis. A similar phase sequence occurred in samples with 6, 10 and 15 at.% of Sn (from a straightforward comparison of in situ XRD contour maps). This has been detailed in previous studies (Quintero et al., 2018c(Quintero et al., , 2020a ) ). There are some differences, however, concerning the threshold temperatures above which mono(stano)germanide phases were formed (see Table 2 ). This trend was due to the impact of Sn segregation on Ni diffusion (Quintero et al., 2020a ). In this context, the term `Sn segregation' refers to the long-range diffusion of Sn towards the surface.

Table 2

Critical As far as the Ni/Ge system is concerned, a broad diffraction peak due to TiN 200 was observed at 42.7°. In addition, diffraction peaks related to polycrystalline NiGe were observed at 30.2, 34.6, 34.9, 44.1, 45.5, 53.3, 53.9 and 54.3°, which were linked to the 011, 111, 102, 112, 211, 301, 020 and 013 out-of-plane diffraction lines, respectively. The out-of-plane preferred diffraction line, i.e. the out-of-plane peak which presented the highest intensity, was the peak at 34.6°, which was due to the 111 reflection.

As far as the Ni/Ge1-xSnx systems are concerned, additional diffraction peaks due to Sn segregation appeared at 30.7, 32.0, 43.6 and 44.9°. They were related to β-Sn diffraction and were due to the 200, 101, 220 and 211 diffraction lines. The intensity of the peaks related to Sn diffraction lines increased with Sn content. As the data were acquired under similar conditions, this intensity increase can be related to the quantity of Sn matter and should be more significant for samples with higher Sn content. The broad diffraction peak due to TiN 200 progressively dissipated with increasing Sn content. This phenomenon was due to Sn segregation. The TiN capping layer follows the shape of the layer underneath (Quintero et al., 2020a ). Consequently, when Sn diffused towards the surface, the TiN layer was impacted and the TiN planes were no longer parallel to the substrate surface. This led to greater mosaicity of the TiN layer. The direct effect was that the diffraction intensity was more scattered.

Diffraction peaks related to the NiGe(Sn) phase were observed similarly to the Ni/Ge system. A variation of the intensity and the number of out-of-plane peaks was, however, observed. For the Ni/Ge0.94Sn0.06 system, the same diffraction lines as for the Ni/Ge system were observed. The intensity of the 111 diffraction line strongly decreased compared with that of the Ni/Ge system, while an increase of the 112 and 013 diffraction peak intensities occurred. For the Ni/Ge0.90Sn0.10 and Ni/Ge0.85Sn0.15 systems, a further reduction of the intensity of the out-of-plane peaks was noticed concerning the monostanogermanide phase. The 013 diffraction peak intensity still increased and became the diffraction line with the highest intensity, while other diffraction lines nearly dissipated. For the sample with 15 at.% of Sn, the 301 diffraction line also exhibited a strong intensity.

θ-2θ ex situ XRD showed that the out-of-plane orientations for the NiGe(Sn) phase were strongly impacted by Sn content. A reduction of the number of diffraction lines occurred and a transition from a 111 preferred orientation towards a 013 orientation was apparent when increasing the Sn content.

In-plane XRD analyses

In order to verify that the impact on out-of-plane orientations observed with the Sn content increase was due to a texture variation, in-plane RSMs (IPRSMs) were obtained for all samples. Fig. 3 shows the corresponding integrated patterns in φ. For the Ni/Ge system, numerous peaks due to NiGe in-plane diffraction lines were observed. These are indexed and identified with gray squares in Fig. 3 . Stereographic projections were performed for each outof-plane diffraction line found in Section 3.1 . An example of the stereographic projection of NiGe (111) ∥ Ge ( 00) is given in Fig. 4 . From this example, one can see that the (111) out-of plane orientation could lead to (112), ( 211) and ( 013) orientations in in-plane mode. Thanks to these simulations, for each out-ofplane diffraction line, potential corresponding in-plane orientations were found. They are listed in Table 3 .

Table 3

Potential in-plane orientations for the NiGe phase induced by out-of-plane orientations observed in Fig. 2 Note that one out-of-plane orientation can induce a family of in-plane orientations.

Out-of-plane orientations

Potential in-plane orientations (011) ( 200), ( 013), ( 401), (412) (111) ( 112), ( 013), (211) (102) ( 211), (020) (112) ( 111), ( 321), (122) (211) ( 102), ( 111), ( 211), ( 013), (123) (301) (020) (020) ( 104), ( 103), ( 102), ( 203), ( 101), ( 201), ( 301), ( 401), (100) (013) ( 200), ( 211), ( 111), ( 122), ( 011)

Figure 4
Stereographic projection of NiGe (111) ∥ Ge ( 00) obtained with the CaRIne Crystallography software.

The mosaicity of out-of-plane orientations can induce some in-plane orientations even if the theoretical angle between the out-of-plane orientation and the in-plane orientation is not strictly equal to 90°. In this case, the theoretical angles between out-of-plane and in-plane orientations are close enough to 90° to allow the observation of corresponding in-plane orientations during in-plane RSM analyses.

Apart from one or two exceptions, all in-plane diffraction lines indexed in Fig. 3 can be explained by the out-of-plane diffraction peaks shown in Fig. 2 . Note that the 2θ range for Fig. 2 was limited to 25-60°. Out-of-plane peaks that fall outside of this range could explain the in-plane diffraction lines that are not otherwise accounted for. In addition, out-of-plane orientations within the studied 2θ range with a structure factor equal to 0 can be present. On the other hand, a few potential in-plane diffraction lines were not visible in Fig. 3 . This could be because (i) the in-plane diffraction lines are expected to diffract beyond the 2θ range of Fig. 3 , (ii) the corresponding theoretical intensities are too low to be seen in Fig. 3 (which is the case for the 200 diffraction line) and (iii) the resolution of Fig. 3 is not high enough to distinguish two very close peaks [this is the case for the 102 diffraction line, which is not discernible owing to the presence of the intense 111 diffraction line, and for the 122 and 104 diffraction lines, which are not visible owing to the intense peak of Si/Ge(Sn)].

As for the out-of-plane configuration, the in-plane orientations varied with the Sn content. A strong reduction of the number of peaks related to the monostanogermanide phase occurred with increasing Sn at.%. Sn diffraction peaks were additionally observed for the Ni/GeSn samples, in which the peak intensities increased with Sn content as observed for the out-of-plane θ-2θ scans in Fig. 2 . In-plane diffraction peaks due to the presence of Sn are indexed and identified with blue stars in Fig. 3 . For NiGe, stereographic projections were performed for each Sn out-of-plane diffraction line shown in Fig. 2 to assess the corresponding inplane orientations.

In order to confirm the differences between the Ni/Ge and Ni/GeSn systems, full in-plane RSMs were analyzed, comparing Ni/Ge and Ni/Ge0.90Sn0.10 samples annealed in situ up to 873 K. Analyses were performed after the samples had completely cooled to room temperature. Fig. 5 shows the full IPRSM scan obtained for the Ni/Ge system. As for Fig. 3 , diffraction spots or lines corresponding to Si/Ge were indexed using triangle symbols, circle symbols were used for TiN and square symbols for the NiGe phase.

Figure 5

Full in-plane RSM scan for the Ni/Ge system annealed up to 873 K. The pattern was acquired once the sample had been cooled to room temperature.

The in-plane diffraction spots showing a high intensity (i) at 2θ = 42.5° and 2θ = 45.3° and at φ = 0 and 90° were due to TiN 200 and Ge 220, respectively, and (ii) at 2θ = 62.1° and 2θ = 66.0° around φ = 45° were due to TiN 220 and Ge 400, respectively. The TiN and Ge spots were well aligned, suggesting an epitaxial relationship between these phases.

Most of the features associated with the NiGe phase appeared as lines across the full range of φ values, which could be due to a fiber texture. Diffraction spots with a strong intensity at 2θ = 53.3, 54.2 and 65.7° and φ = 0 and 90° were due to NiGe 020, 013 and 104 diffraction lines. They show an epitaxial in-plane alignment with Ge 220. Additionally, the double spots at 2θ = 34.7° and 2θ = 72.9°, related to the NiGe 111 and 222 diffraction lines and separated by about 10° in φ, were observed to be slightly misaligned with Ge 400. Finally, the diffraction spots at 2θ = 45.5° and related to NiGe 211 were separated by about 20° in φ and were misaligned with Ge 400. All diffraction features shown in Fig. 5 were indexed, and a list is proposed in Table 4 .

Table 4

Indexing of diffraction features shown in All peaks indexed in Fig. 3 for the Ni/Ge system are observed and indexed in Fig. 5 . Compared with Fig. 3 , a few additional diffraction features are evident in Fig. 5 . This is because the full IPRSM exhibited a better resolution and a clear distinction between all diffraction features (i.e. lines, spots).

Fig. 6 shows the full IPRSM scan obtained for the Ni/Ge0.90Sn0.10 system. As for Fig. 3 , diffraction spots or lines corresponding to Si/Ge were indexed using triangle symbols, circle symbols were used for TiN, square symbols for the NiGe(Sn) phase and star symbols for Sn.

Figure 6

Full in-plane RSM scan for the Ni/Ge0.90Sn0.10 system annealed up to 873 K. The pattern was acquired once the sample had been cooled to room temperature.

A first observation is that the IPRSM obtained for the Ni/Ge0.90Sn0.10 system is even richer than that obtained for Ni/Ge. Numerous well defined spots were observed while the fiber texture tended to disappear. As for the Ni/Ge system, in-plane diffraction spots showing a high intensity (i) at 2θ = 42.5° and 2θ = 45.3° and at φ = 0 and 90° were due to TiN 200 and Ge(Sn) 220, respectively, and (ii) at 2θ = 62.1° and 2θ = 66.0° around φ = 45° were due to TiN 220 and Ge(Sn) 400, respectively. The TiN and Ge(Sn) spots were well aligned, suggesting an epitaxial relationship between these phases.

For the NiGe(Sn) phase, the main diffraction features were indexed as follows. The diffraction spots with strong intensities at 2θ = 34.7 and 72.9° related to NiGe(Sn) 111 and 222 diffraction lines, respectively, were separated by about 30-40° in φ and were misaligned with Ge(Sn) 400. The diffraction spots with a strong intensity at 2θ = 45.5° and related to NiGe(Sn) 211 were separated by about 10° in φ and were misaligned with Ge(Sn) 400. With a weaker intensity, the diffraction spots at 2θ = 30.2, 53.3, 53.7 and 68.9° and due to the NiGe(Sn) 011, 020, 013 and 400 diffraction lines, respectively, showed an epitaxial in-plane alignment with Ge(Sn) 220. The NiGe(Sn) 200 diffraction line is too weak to be seen in Fig. 6 , its theoretical intensity being very low. Additional diffraction features corresponding to the NiGe(Sn) phase were indexed in Fig. 6 . A full list is proposed in Table 5 .

Table 5

Indexing of diffraction features shown in Numerous additional diffraction features corresponding to the Sn phase were indexed in Fig. 6 . A full list is proposed in Table 5 .

Pole figure analyses

In order to fully understand the Ni germanide texture and the impact of Sn addition, pole figures (PFs) were acquired for the Ni/Ge and Ni/Ge0.90Sn0.10 systems for the Bragg peaks at 2θ = 30.6, 34.9, 45.5 and 54.1°. Samples were in situ annealed up to 873 K and analyses were performed after cooling to room temperature. The results are shown in Fig. 7 . A straightforward comparison reveals that, for a given Bragg angle, the features of the PF change significantly from Ni/Ge to Ni/Ge(Sn).

Figure 7

Pole figures for Ni/Ge and Ni/Ge0.90Sn0.10 samples annealed up to 873 K. The pole figures were measured after the samples had been cooled to room temperature. The symbols used for each component can be found in Tables 6 , 7 and 8 .

From the out-of-plane (Fig. 2 ) and in-plane (Fig. 3 ) XRD analyses, it was observed that the NiGe phase was polycrystalline. The PF results in Fig. 7 show that the grains were not randomly oriented. Epitaxial alignments of NiGe grains are evident and defined spots are present on the pole figures with a fourfold symmetry characteristic of the cubic Ge(100) substrate, as observed in previous studies (Balakrisnan et al., 2005 ;Gaudet et al., 2006 ;De Schutter, Van Stiphout et al., 2016 ). The orientation of grains of the intermetallic film can then be directly determined from the orientation of the Ge substrate. In addition to spots corresponding to the NiGe phase, signal from the Ge substrate (identified by black open circles in Fig. 7 ) was also indicated in the pole figures at 2θ = 30.6, 45.5 and 54.1°. These spots correspond to the signals of the Ge (111), Ge (220) and Ge (311) planes, respectively.

The complex and rich patterns obtained suggest that several texture components are present in the film.

Epitaxial components lead to high-intensity spots in pole figures, while fiber texture results in circular lines centered around the middle of the pole figure. Epitaxial alignments were determined by using the in-house Python software mentioned in Section 2 and by simulating stereographic projections with the CaRIne Crystallography software.

For the NiGe phase, numerous epitaxial components were identified. They were displayed in Table 6 . The symbols in Table 6 were used to mark the locations of the diffraction spots for that component in Fig. 7 .

Table 6

Summary of the orientations observed for the NiGe phase

For each component, the symbol used to mark the locations of diffraction spots for that component in Fig. 4 , many of the diffraction features indexed in the IPRSM of the Ni/Ge system correspond to fiber-like texture. Weak circular lines centered around the middle of the pole figures can be distinguished at the periphery of the PFs recorded at 30.6, 34.9 and 45.5°. Their presence confirms that some of the in-plane orientations are fiber textured. Second, during the analysis of Fig. 5 , it was reported that some diffraction spots were misaligned with Ge 400. This was confirmed by the analysis of the stereographic projections. For instance, the stereographic projection of NiGe ( ) ∥ Ge (
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) planes were slightly misaligned by about 5° with Ge ( 00). This kind of misalignment cannot be referenced as a full epitaxial relationship.

On the other hand, the preferential in-plane alignment of NiGe ( 010), ( 013) and ( 104) with Ge (011) evidenced by the PF analysis perfectly matches observations made during the analysis of the IPRSM of the Ni/Ge system in Section 3.2 . Most of these alignments were explained by the similar d spacings of the following planes: dNiGe(030) = 1.142 Å, dNiGe(026) = 0.851 Å and dNiGe(033) = 0.987 Å compared with dGe(440) = 1.000 Å. However, and especially for NiGe (104), the similar d spacings and a complete coherency of lattice parameters are not the only possible explanation for the preferential alignment that we observe. It could also be due to a minimization of interfacial energy favoring an oriented growth, as reported for instance during the analysis of elastic strains in Au/Ni multilayers (Labat et al., 2000 ). Finally, it could be explained by the fact that we did not identify the hkl planes that have a real epitaxial relationship with Ge.

For the Ni/Ge0.90Sn0.10 system, completely different pole figures were obtained (see Fig. 7 ). A of the monogermanide texture occurred with Sn addition. Rich patterns with a fourfold symmetry, originated from the Ge(Sn) substrate, were obtained as for the Ni/Ge system. In addition, spots related to Sn segregation were observed in the pole figures recorded at 2θ = 30.6 and 45.5°, together with the substrate contribution at 2θ = 30.6, 45.5 and 54.1°.

For Ni/Ge0.90Sn0.10 samples, five texture components (numbered 1 to 5) relating to the intermetallic and substrate alignments were common with the Ni/Ge system, whereas two additional texture components (numbered 6 and 7) were specific to the Ni/Ge0.90Sn0.10 system. They are listed in Table 7 .

Table 7

Summary of the orientations observed for the NiGe(Sn) phase

For each component, the symbol used to mark the locations of diffraction spots for that component in Fig. 7 is given. The texture components in common with the Ni/Ge system presented a very weak intensity for the Ni/Ge0.90Sn0.10 system, except for the out-of-plane orientation corresponding to the (301) planes. Some of them were nearly indistinguishable. On the other hand, the texture component resulting from the (013) outof-plane orientation presented the most intense diffraction features. As mentioned above, some misalignments evidenced by the IPRSM analysis in Section 3.2 and confirmed by stereographic projection analysis cannot be referenced as a full epitaxial relationship. For instance, the stereographic projection of NiGe (00 ) ∥ Ge(Sn) ( 00) showed that the in-plane (2 0) planes were slightly misaligned with Ge(Sn) (00

Symbol

).

An example of the stereographic projection of NiGe(Sn) (013) ∥ Ge(Sn) ( 00) is given in Fig. 8 .

Figure 8

Stereographic projection of NiGe(Sn) (013) ∥ Ge(Sn) ( 00) obtained with the CaRIne Crystallography software.

The preferential in-plane alignment of ( 011), ( 010), ( 013) and (100) with Ge(Sn) (011) evidenced by the PF analysis perfectly matches observations made during the analysis of the IPRSM of the Ni/Ge0.90Sn0.10 system in Fig. 6 . The epitaxial relationship of NiGe(Sn) 011, 020, 013 and 400 with Ge 220 is also corroborated. These alignments were possible thanks to the similar d spacings of the following planes: dNiGe(Sn)(033) = 0.987 Å, dNiGe(Sn)(030) = 1.143 Å, dNiGe(Sn)(026) = 0.85 Å and dNiGe(Sn)(500) = 1.106 Å compared with dGeSn(440) = 1.000 Å.

In addition, numerous components could be related to Sn/Ge(Sn) alignment. They are listed in Table 8 and are identified in Fig. 7 .

Table 8

Summary of the orientations observed for the β-Sn phase

For each component, the symbol used to mark the locations of diffraction spots for that component in Fig. 7 is given.

Symbol Number Out-of-plane orientation

In-plane orientation 1 ( 00)Sn ∥ ( 00)Ge(Sn) (0 0)Sn ∥ (00

The preferential alignments of Sn with Ge(Sn) obtained from pole figure analyses fully match with the observations made for IPRSM analysis in Section 3.2 . Alignment of Sn (010) with Ge(Sn) (001) (orientations 1, 4 and 8) matches with the epitaxial relationship of Sn 200 and 400 with Ge(Sn) 400. Then, the alignment of Sn (010) with Ge(Sn) (011) (orientations 2 and 3) matches with the epitaxial relationship of Sn 200 with Ge(Sn) 220. Finally, the alignment of Sn ( 10) with Ge(Sn) (01 ) (orientation 7) matches with the epitaxial relationship of Sn 101 with Ge(Sn) 220.

For out-of-plane orientations 5 and 6 it was not possible to link, without any doubt, an in-plane orientation having an epitaxial relationship with Ge(Sn). Nevertheless, for texture component 5, the stereographic projection of Sn ( 0) ∥ Ge(Sn) ( 00) showed that the Sn in-plane (112) planes were slightly misaligned by about 5° with Ge(Sn) ( 01). For texture component 6, the stereographic projection of Sn (

) ∥ Ge(Sn) ( 00) can be linked to the Sn in-plane ( 211) and ( 312) orientations without any preferential alignment with Ge(Sn). This is in good agreement with the IPRSM analysis of the Ni/Ge0.90Sn0.10 system summarized in Table 5 . These kinds of misalignments cannot be referenced as a full epitaxial relationship.

It was previously shown that Sn segregation occurs first at grain boundaries. Then, Sn is distributed at the surface/interface (Quintero et al., 2020a ). Islands or dots appeared on the surface of Ni/GeSn samples when annealing temperatures were high (beyond 623 K). This phenomenon was due to Sn accumulation at the sample surface (Quintero et al., 2018a ,b ). Multiple XRD results have also shown that Sn solidified in a crystalline phase (Fig. 2 , 3 and 6 ). It is, however, remarkable that, even under these conditions, segregated Sn crystallized following epitaxial relationships with the Ge(Sn) substrate instead of being present as randomly oriented grains. This behavior can be related to Sn accumulation at the NiGe(Sn)/Ge(Sn) interface, evidenced at 623 K by ex situ transmission electron microscopy (TEM)/energy dispersive spectroscopy (EDS) analyses and at 543 K by in situ TEM/EDS analyses (see Fig. 9 ), which can allow Sn to follow an epitaxial alignment with the Ge(Sn) substrate. A similar phenomenon was observed when Sn segregated from Si/SiSn/Si multilayers. Spots of the β-Sn phase revealing the orientation relations (220)Si ∥ (200)β-Sn and (200)Si ∥ (101)β-Sn were found from studies by Gaiduk et al. (2014 ).

Figure 9

Cross-section TEM images coupled with EDS: ex situ analyses (upper row) and in situ analyses (bottom row).

Discussion

For intermetallic thin films, a preferred orientation of grains with respect to the single-crystal substrate underneath will be driven by a minimization of the interfacial energy. A low interfacial energy can be achieved by the optimization of bonding between the thin film and the substrate. The bonding can be optimized if the interface structure is periodic. In fact, both the intermetallic film and the substrate will exhibit a periodic crystal structure (assuming that both are crystalline layers). Therefore, if a matching of the intermetallic lattice and the substrate lattice along a direction within the plane of the interface is possible, periodicity can occur.

For the cases presented in Section 3.3 , preferential NiGe/Ge and NiGe(Sn)/Ge(Sn) alignments were found.

A preferential alignment of NiGe ( 010), ( 013) and ( 104) with Ge (011) was observed for Ni/Ge samples while a preferential alignment of NiGe(Sn) ( 011), ( 010), ( 013) and (100) with Ge(Sn) (011) was demonstrated for the Ni/Ge0.90Sn0.10 system.

The studied phases have different crystal structures (Table 1 ). The monogermanide or monostanogermanide phases are orthorhombic, while the Ge(Sn) substrates are cubic. For a case like this, interface matching is unlikely to occur. However, if the low-index planes (from both the intermetallic and the substrate) share similar d spacing, matching can take place. This corresponds to the principle of axiotaxy alignment (Detavernier et al., 2003 ).

It was verified that, for NiGe and NiGe(Sn) phases, the alignment was possible thanks to similar d-spacing values between the following planes: (i) dNiGe( 030 00). This result is in good agreement with previous work on NiGe texture analysis (Balakrisnan et al., 2005 ). However, for the Ni/Ge0.90Sn0.10 system, the main out-of-plane orientation was NiGe ( 0) ∥ Ge(Sn) ( 00). Although the number of texture components was similar for the two systems, the degree of texture for the Ni/Ge(Sn) system was greater. For the Ni/Ge system, a higher incidence of different orientations with respect to the substrate was observed. This was evidenced by out-of-plane XRD analyses and confirmed with IPRSM and pole figure analyses. Meanwhile, the NiGe(Sn) layers consisted of polycrystalline grains almost all of which shared the same orientation. In addition, looking at the main texture component, the difference of d spacing between the intermetallic and the substrate was smaller for the case of NiGe(Sn)/Ge(Sn) alignment. The difference between dNiGe(Sn)(033) and dGeSn( 440) is 1.3%, whereas it reaches nearly 15% for dNiGe(026) and dGeSn( 440). Thus, the change in texture induced by Sn addition might reduce the interface energy between the film and the substrate.

On the other hand, when axiotaxy occurs, the grains oriented with this texture are left with one rotational degree of freedom around the normal to the axiotaxy axis. This results in circular patterns aligned off-center on the pole figure. Our results did not reveal these kinds of circular patterns (see Fig. 7 ). Nonetheless, the well defined spots obtained were arranged in a way that might project semicircular lines off-center (see Fig. 7 for the PF recorded for the Ni/Ge system). Owing to the axiotaxy-related plane alignment, periodicity can be achieved in one direction. However, if a periodicity is well defined in a second direction, a two-dimensional periodic interface structure can be obtained. This alignment will then generate well defined epitaxial spots on the pole figures at certain positions along the axiotaxial lines (De Schutter, De Keys et al., 2016 ). When comparing Ni/Ge and Ni/GeSn PFs, it can be observed that the occurrence of well defined spots along axiotaxial lines is low or nonexistent for Ni/GeSn samples in contrast to the Ni/Ge system. Therefore, Sn addition might promote a better established epitaxial alignment between NiGe(Sn) films and the Ge(Sn) substrate. Meanwhile, for the Ni/Ge case, a complex combination of axiotaxial and epitaxial alignments occurred.

The thin-film texture can influence parameters such as phase formation, phase stability, morphological and electrical stability (De Schutter, De Keys et al., 2016 ). For example, the threshold temperatures for Ni/Ge phase growth changed when the substrate orientation varied from Ge (001) to Ge (111) (De Schutter, Van Stiphout et al., 2016 ). Meanwhile, Deduytsche et al. (2005 ) showed that agglomeration of an Ni/Si film can occur at lower temperatures on a single-crystalline (001)-oriented silicon-on-insulator substrate than on a polycrystalline Si substrate. Finally, this morphological degradation can reduce electrical performance. These parameters are critical for contact elaboration. Therefore, knowing the impact of texture and other critical properties of the intermetallic can be a great insight for integration purposes.

For the current study, linking the texture to the evolution of other properties was not straightforward. Even though a variation of threshold temperature for the growth of the monostanogermanide phase with the Sn content was evident (see Table 2 ), this phenomenon was mainly due to the Sn behavior during the solidstate reaction (Quintero et al., 2020a ). Meanwhile, agglomeration processes and Sn segregation can degrade morphological and electrical properties (Quintero et al., 2018a(Quintero et al., ,b , 2020b ) ), which makes a direct correlation between texture and morphological or electrical evolution difficult.

Conclusions

In summary, the impact of Sn addition on the Ni mono(stano)germanide phase texture was studied. A variation of the out-of-plane and in-plane orientations with Sn addition was found. A reduction of the number of peaks related to the mono(stano)germanide phase when increasing the Sn content was thus evidenced thanks to θ-2θ XRD and integrated in-plane RSM analysis, while the preferred orientation changed.

The analysis of pole figures revealed the presence of numerous epitaxial components for the Ni/Ge system, while the number of meaningful epitaxial components was reduced for the Ni/GeSn case, in which the texture varied. A preferred out-of-plane orientation of NiGe (111) ∥ Ge ( 00) was observed for the Ni/Ge system, while for the Ni/Ge0.90Sn0.10 system, the main out-of-plane orientation was NiGe(Sn) (0 ) ∥ Ge(Sn) ( 00). A preferential alignment of NiGe (010), NiGe (013) and NiGe (104) with Ge (011) was observed for the Ni/Ge samples while a preferential alignment of NiGe(Sn) (011), NiGe(Sn) (010), NiGe(Sn) (013) and NiGe(Sn) (100) with Ge(Sn) (011) was demonstrated for the Ni/Ge0.90Sn0.10 system. These alignments were possible thanks to similar plane spacing values, minimizing the lattice mismatch and interfacial energies.

Additionally, segregated and melted Sn was observed to solidify in a crystalline phase which exhibited an epitaxial alignment with the Ge/GeSn substrate underneath.