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Abstract. Measurements are presented of the Si and Al L X-ray emission 
bands of Ni silicides (Ni31Si12 and Ni2Si) and Ni aluminides (Ni2Al3 and 
NiAl3). The spectra, obtained with a soft X-ray spectrometer and electron 
beam excitation, reflect the distribution of Si and Al s- and d-states in the 
valence band. The experimental spectra are compared with X-ray emission 
spectra calculated from the local and partial densities of states obtained with 
density functional theory. 

1 Introduction 
Knowledge of the electronic structure of Ni and Al silicides is needed to control their 
formation and improve their performance. Ni silicides play an important role in 
semiconductor technology, where they are used as contact materials due to the stability of 
their properties [1]. Ni aluminides are widely used for high-temperature applications as they 
have properties that are intermediate between metals and ceramics [2].  

Soft X-ray emission spectroscopy (SXES) is known to provide information about the 
electronic structure of solids [3]. In particular, the measured spectrum is a projection of the 
density of states of the valence band with respect to atomic site and angular momentum. The 
application of SXES to the determination of the electronic structure of solids has been a 
subject of continuing investigations for many years [3]. SXES measurements have generally 
been carried in home-made instruments or synchrotron facilities [3] but the development of 
commercial SXES spectrometers (e.g., [4]) has stimulated the use of this technique in existing 
electron beam instruments, allowing measurements at micron-scale resolution. Despite the 
number of studies investigating the electronic structure of Ni silicides [5-17] and Al silicides 
[18-20] by SXES, there are still some silicide phases for which such information is not 
available.   
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In this study, measurements of the Si and Al L emission spectra of selected Ni silicides 
and aluminides are presented using an SXES spectrometer. The considered phases are 
Ni31Si12, Ni2Si, NiAl3, and Ni2Al3. While Si and Al L spectra have been previously reported 
for Ni2Si [6-7,16-17] and NiAl3 [18], to our knowledge, no combined theoretical and 
experimental studies have been reported for Ni31Si12 and Ni2Al3.  

2 Materials and methods 

2.1 Experimental methods 

The silicide and aluminide samples were prepared using the diffusion-couple technique, with 
bulk Ni, Al and Si samples (99.95+% purity) serving as starting metals. The diffusion couples 
were prepared by hot pressing polished Ni-Si and Ni-Al pieces together and annealing them 
at 850°C for 16 h (Ni-Si) and 600°C for 60 h (Ni-Al) in a reducing atmosphere. Following 
annealing, the samples were cross sectioned perpendicular to the interface, through the 
reaction zone, mounted in epoxy and polished following conventional metallographic 
procedures. The Ni-Si sample had been prepared in a prior study [21]. 

The silicide phases were identified by electron probe microanalysis (EPMA). 
Quantitative analyses were conducted on a JEOL JXA-8230 electron microprobe using a 
15 kV accelerating voltage, the Ni Kα, Al Kα and Si K X-ray lines, pure element standards 
for Al, Ni and Si, and the XPP matrix correction [22]. 

In the Ni-Si sample, a needle microstructure growing from Ni toward Si perpendicularly 
to the Ni/Si interface is formed where the Ni31Si12, Ni2Si, Ni3Si2, and NiSi phases can be 
identified, in agreement with published diffusion studies [23-24]. The Ni31Si12 and Ni2Si 
phases were selected for the SXES measurements. We note here that in [20] the Ni31Si12 
phase was identified as Ni5Si2 (Ni 83.9 wt.%, Si 16.1 wt.%) but re-evaluation of the data 
suggests that the measured EPMA composition is more consistent with that of Ni31Si12. 
Moreover, according to [24], Ni31Si12 is more stable than Ni5Si2. Figure 1 (left) displays the 
appearance of the Ni–Si diffusion-couple cross-section, showing the Ni31Si12 and Ni2Si 
phases (the needle structure is only visible at lower magnification [23]). A comparison of the 
nominal and measured compositions for these phases is listed in Table 1. 

 

  
Fig 1. Backscattered electron image of the Ni-Si (left) and Ni-Al (right) diffusion samples showing 

the studied silicides. 

 

 

 

Table 1. Nominal and measured composition of Ni silicides. Results are the average of 10 analyses; 
standard deviation in parenthesis. 

 
 

Nominal 
concentration 

(wt.%) 
Measured concentration (wt.%) 

Phase Ni Si Ni Si Total 
Ni31Si12 84.38 15.62 84.2 (0.2) 15.6 (0.04) 99.8 
Ni2Si 80.7 19.3 80.9 (0.2) 19.1 (0.05) 100.0 

 
In the Ni-Al sample, two main phases were identified: Ni2Al3 and NiAl3, which is also 

consistent with published Ni-Al diffusion studies (see e.g. [25]). The Ni2Al3 phase forms a 
layered structure with planar interface and the NiAl3 phase forms discrete island-like 
structures (Fig. 1, right panel). The composition of the Al silicides is summarized in Table 2. 
 
Table 2.  Nominal and measured composition of Al silicides. Results are the average of 10 analyses; 

standard deviations in parenthesis. 

 
 

Nominal 
concentration 

(wt.%) 
Measured concentration 

(wt.%) 

Phase Ni Al Ni Al Total 
Ni2Al3 59.19 40.81 58.3 (0.4) 41.0 (0.4) 99.3 
NiAl3 42.04 57.96 42.0 (0.2) 57.9 (0.4) 99.9 

 
SXES spectra were collected on a JEOL JXA-8230 electron microprobe equipped with 

an SXES spectrometer. The spectrometer consists of two aberration-corrected, laminar-type, 
varied-line-spacing diffraction gratings (with dimensions 50 mm × 30 mm × 10 mm) and a 
backside-illumination X-ray CCD camera (with 2048 × 2048 pixels). The JS50XL grating 
was used. This grating spans the energy range 48−170 eV and has a groove number of 1200 
line/mm [26]. The spectral resolution, as determined by measuring the width of the Fermi 
edge for metallic Al, was 0.13 eV at 72 eV. X-ray emission was excited by a 5 kV, 200 nA 
electron beam. Total acquisition time for each spectrum, which was measured at one single 
location, was 10-15 min. SXES spectra for Si, Al and Ni pure element standards were also 
measured.  

2.2 Computational methods 

Density functional theory (DFT) calculations were performed using the all-electron 
linearized augmented plane wave method, in conjunction with Perdew-Burke-Ernzerhof 
(PBE) functional in the WIEN2k ab initio simulation package [27]. This package allows 
obtaining the total density of states (DOS), the local DOS (i.e., the DOS around a given 
element) and the partial DOS (i.e., the DOS with a given symmetry). From the local and 
partial DOS corresponding to the valence states involved in the transition, X-ray emission 
spectra are obtained using the electric dipole approximation. The spectra are referenced to 
the Fermi energy of each compound. 

From the calculated DOS, Si (Al) L emission bands (3sd – 2p transition) were obtained 
by using the locally and partially occupied Si (Al) 3s and 3d valence states. The calculated 
spectra were broadened by a combination of Lorentzian and Gaussian distributions to 
simulate the lifetime broadening of both the core and valence states [3] and the experimental 
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resolution. In particular, we applied a 0.05 eV (0.04 eV) Lorentzian broadening to simulate 
the Si (Al) 2p core hole lifetime [28]; a 0-1 eV variable Lorentzian broadening to account for 
the lifetime of the valence states and a 0.13 eV Gaussian instrumental broadening for the Si 
(Al) L range.  

Calculations were performed for the following materials (in parenthesis the space group): 
δ−Ni2Si (Pbnm), θ−Ni2Si (P6322), γ−Ni31Si12 (P321), Ni2Al3 (P-3m1) and NiAl3 (Pnma) 
whose crystalline structure was obtained from the Inorganic Crystal Structure Database ICSD 
(https://icsd.fiz-karlsruhe.de).  

3 Results and discussion 
Si and Al L2,3 X-ray emission spectra are produced when core holes generated by electron 
impact in the 2p level are filled by radiative transitions from valence band states. Because of 
the selection rules, they reflect the distribution of the s- and d-states in the valence band, in 
the vicinity of the atom with the core hole. 

Figure 2 (left panel) shows the Si L2,3 spectra of the Ni silicides, along with that of pure 
Si. In the case of the silicides, a low-energy peak at around ~90 eV and a broad shoulder 
extending up to ~100 eV is observed. The low energy peak is slightly wider and shifted to 
higher energies for Ni2Si. The structure of the broad shoulder that extends up to ~100 eV is 
similar for both silicides. A good qualitative agreement is observed for Ni2Si when comparing 
with the measurements of Nakamura et al. [6-7], Jarrige et al. [16] and Achuda et al. [17]. In 
the case of pure Si, the low energy peak splits into two peaks at around ~89.7 eV and ~92.7 
eV, and the shoulder extending up to the Fermi edge decreases less rapidly than in the case 
of the silicides. 

 

 
 

Fig 2. Experimental Si and Al L2,3 spectra of Si, Ni2Si and Ni31Si12 (left) and Al, NiAl3, Ni2Al3 and 
Ni (right). 

 
Figure 2 (right panel) compares the Al L spectra of the Al aluminides with that of pure 

Al and with the Ni M2,3 emission spectrum of pure Ni. Although the energy regions of the Al 
L2,3 and Ni M2,3 emission spectra overlap, some general remarks can be made. In general, the 
spectra change considerably with the transition from pure Al to the aluminides. The spectrum 
of pure Al has a sharp peak structure below the Fermi edge (at around ~72 eV). This peak is 
also observed for the Ni aluminides but with an intensity falling off with decreasing Al 
content. A relatively broad peak is observed at ~66.9 eV for NiAl3 and at ~ 66.5 for Ni2Al3. 

This peak is not observed for pure Al. Our results for NiAl3 resemble the measurements of 
Cuthill et al. [18]. 

To allow meaningful comparison of the experimental spectra with the DFT calculations, 
the experimental spectra were corrected for continuum background, which was fitted as a 
straight line and subtracted from the spectra, divided by the cube of the photon energy [3], 
and set on a binding-energy scale relative to the Fermi level EF. The latter was done by using 
Si and Al 2p core level binding energies from published X-ray photoemission spectroscopy 
(XPS) experiments on the same materials (99.4 eV for Ni2Si [29] and 78.9 eV for NiAl3 [30]). 
Due to the lack of binding energies for Ni31Si12 and Ni2Al3, the spectra for these materials 
were tentatively shifted so as to match the DFT calculations at EF. To facilitate comparison, 
both the experimental and calculated spectra were normalized to their corresponding maxima. 
The variation CCD quantum efficiency with photon energy was corrected by using 
information provided by the manufacturer (Fig. 3). We note here that no attempt was made 
to correct for self-absorption in the sample, satellite emission and grating reflectance.  

 
 
 
 

Fig 3. Variation of the CCD quantum efficiency with photon energy 
 
Figure 4 compares the DFT calculated Si L emission bands of Ni2Si and Ni31Si12 with the 

corresponding experimental spectra. We note here that in the case of Ni2Si, two phases were 
modelled, namely δ−Ni2Si and θ-Ni2Si. We found a much better agreement of the spectrum 
modelled as δ-Ni2Si with our experimental spectrum, which is consistent with this phase 
being the most stable according to [24]. From the obtained local DOS for Si (not shown here), 
it is seen that the shape of the Si L spectra is mainly determined by s-states; d-states are only 
revealed as the small peak structure in the range 0-5 eV below the Fermi level. Good 
agreement is generally observed between the calculated and the experimental spectra. The 
spectral features (marked with arrows) observed along the shoulder extending up to the Fermi 
edge are generally reproduced in the calculated spectra at the correct positions, although their 
strength is much higher than that observed in the experiments. This could be in part due to 
electron correlations with Ni 3d electrons, whose description by DFT is difficult, or to the 
inaccuracy of the experimental corrections that must be made to the emission spectra. The 
abrupt decay at the Fermi edge indicates the metallic nature of the chemical bond of the Ni 
silicides.  
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Fig 4. Experimental and calculated Si L spectra for Ni2Si (left) and Ni31Si12 (right). 

 
For NiAl3 and Ni2Al3 there is a general resemblance between the calculated and the 

experimental spectra (Fig. 5), for which the spectral features near the Fermi edge (marked 
with arrows) are well reproduced by the DFT calculations. However, the main broad peaks 
of the calculated spectra appear to be stretched and shifted towards higher energies. For these 
materials, the contribution of the d-states extends along the whole bandwidth, with a strength 
increasing up to the Fermi level (not shown here). 

 

  
Fig 5. Experimental and calculated Al L spectra for Ni2Al3 (left) and NiAl3 (right). 

 

4 Conclusions 
We have performed measurements and calculations of Si and Al L X-ray emission spectra 
for selected Ni silicides and Ni aluminides. The DFT calculated spectra generally resemble 
the experimental spectra, reproducing the bandwidth and spectral features, although the 
agreement regarding the position and strength of the latter can only be considered moderate. 
Work is in progress to improve the experimental corrections that must be made to the 
emission spectra as well as to extend the study to other silicide materials. 
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with arrows) are well reproduced by the DFT calculations. However, the main broad peaks 
of the calculated spectra appear to be stretched and shifted towards higher energies. For these 
materials, the contribution of the d-states extends along the whole bandwidth, with a strength 
increasing up to the Fermi level (not shown here). 

 

  
Fig 5. Experimental and calculated Al L spectra for Ni2Al3 (left) and NiAl3 (right). 

 

4 Conclusions 
We have performed measurements and calculations of Si and Al L X-ray emission spectra 
for selected Ni silicides and Ni aluminides. The DFT calculated spectra generally resemble 
the experimental spectra, reproducing the bandwidth and spectral features, although the 
agreement regarding the position and strength of the latter can only be considered moderate. 
Work is in progress to improve the experimental corrections that must be made to the 
emission spectra as well as to extend the study to other silicide materials. 
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