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Abstract 

Positron annihilation and atom probe tomography were used to study vacancy-type defects and their 

interaction with oxygen in 100-nm thick NixAl1‒x deposited on a SiO2/Si substrate. For as-deposited 

Ni0.50Al0.50, (i) monovacancy (V) and divacancy-type defects and (ii) vacancy clusters were found to 

coexist, and the clusters were estimated to be larger than V10. Although no large change in the size of 

these vacancies was observed after post-deposition annealing below 500°C, the concentration of 

vacancy clusters decreased as temperature increased. Upon annealing, oxygen diffused mainly through 

grain boundaries. The oxygen incorporation was enhanced in NixAl1‒x with high Ni content. The 

consumption of Al by surface oxides under Ni-rich conditions introduced defect-rich regions, and as a 

result, oxygen incorporation was enhanced likely via vacancy-assisted diffusion. The incorporated 

oxygen tended to couple with vacancies and form vacancy-oxygen complexes that were stable at 

800°C annealing.  
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1. Introduction  

Combinations of Cu and low dielectric constant materials have been widely used as interconnects 

and their inter-level insulators since mid-1990s [1,2]. They were introduced as a replacement for 

Al/SiO2 interconnects because the Cu/low-k system can reduce the resistance-capacitance (RC) delay. 

Cu interconnects also show superior properties against electromigration (EM) compared to Al-based 

metallization [3]. The atomic transport by EM can introduce voids and hillocks in interconnections, 

which results in an increase in line resistance and/or short circuits between adjacent connections. The 

high EM reliability of Cu has played an important role in device reliabilities and their scaling. However, 

a continuous downscaling of integrated circuits requires aggressively shrinking signal lines and 

trenches, and as a result, Cu interconnects are now a major obstacle to scaling and limit device 

performance.  

Major causes of the resistivity of signal lines in modern devices include not only their bulk 

resistivities (ρ0) but also electron scattering at interfaces between metals and insulators (or barrier 

layers) and grain boundaries. According to the electrical resistivity models including such phenomena 

[4‒7], the line resistivity is proportional to ρ0 × λ for a given fixed line dimension, where λ is the mean 

free path for electron-phonon scattering. By using the so-called ρ0 × λ products as a useful figure of 

merit, the search for alternative interconnect metals has been researched extensively [8‒13]. Among 

several replacement candidates, Co and Ru have been mainly investigated [14‒19]. The electrical 

resistivity model, however, does not involve variations in the surface scattering and grain boundary 

reflection due to their physical and chemical properties such as interface roughness, grain structures, 

and impurity incorporations. Because they depend on deposition and post-deposition processes of the 

interconnects, detailed knowledge based on the characterization of metal interconnects and related 

materials is indispensable.  

EM relates closely to the device reliability and performance. Because the migration energies of 

atoms tend to increase as the melting points of metals increase, metal interconnects with high melting 

points are expected to show high resistance against EM. In this context, NiAl has been proposed as an 

interconnect binary metal [20‒25] because of its relatively low values of ρ0 (9 × 10‒8 Ωm) and high 

melting temperature (1638°C) [26‒29]. Although NiAl is the first candidate of intermetallic binary 

compounds as alternative interconnects, it faces several challenges. Soulié et al. [22] reported that the 

resistivity significantly increased as the thickness of NiAl decreased, and this tendency was accelerated 

by post-deposition annealing. The origin of the increase in layer resistivity was attributed to the 

segregation of Al introduced by the surface oxidation and interactions with the underlying SiO2 film. 

Because the standard enthalpy of formation of Al2O3 (‒1675 kJ/mol) is larger than that of SiO2 (‒911 
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kJ/mol), oxygen of SiO2 adjacent NiAl can be pulled out from SiO2 and form Al oxides. It was reported 

that the deposition of capping layers on NiAl, such as thin Si and Al layers, was effective at suppressing 

surface oxidation and improving thermal stability [21‒24].  

Because NiAl is deposited under nonthermal equilibrium conditions on substrates, a large number 

of point defects (mainly vacancy-type defects) are present in as-deposited layers. Because of the 

limited thermal budget for the back-end-of-line (BEOL) process, the post-deposition annealing is 

usually performed at below 500°C. During this annealing process, vacancy-type defects may dissociate, 

aggregate, and interact with grain boundaries. They might also interact with oxygen incorporated into 

NiAl. Because such behaviors of vacancy-type defects might relate to the resistivity and reliability of 

interconnects [30], the detailed behaviors of vacancies during annealing process need to be known. 

Positron annihilation effectively characterizes vacancy-type defects in solid-state materials [31,32] and 

has been successfully used to detect vacancy-type defects and open spaces in electroplated Cu for 

interconnects [30,33−38]. In the present study, we used monoenergetic positron beams to characterize 

vacancy-type defects in NixAl1‒x (x = 0.45, 0.50, and 0.55). Grain growth and impurity incorporation 

in NixAl1‒x by annealing were also studied by using scanning transmission electron microscopy 

(STEM), energy-dispersive x-ray spectroscopy (EDS), and atom probe tomography (APT). 

 

2. Experimental 

2.1 Sample preparation and characterization using STEM and APT  

The sample structure used in the present experiments was NixAl1‒x/SiO2/Si (x = 0.45, 0.50, and 

0.55). A 600-nm-thick thermal SiO2 was grown on 300-nm Si(100) wafers. Then, 100-nm-thick 

NixAl1‒x films were deposited by a physical vapor deposition (PVD) process using co-sputtering of Al 

and Ni targets at room temperature. Base pressure during sputtering was 7 × 10‒2 Pa in Ar plasma. 

After the deposition, the samples were annealed up to 800°C in vacuum (5 × 10‒4 Pa), where the 

annealing time was 20 min. The electrical properties and crystallinity of NixAl1‒x prepared by similar 

deposition conditions are described elsewhere [22,23,25]. For these samples, the crystalline phase of 

NixAl1‒x was characterized by grazing-incidence x-ray diffraction (GIXRD). GIXRD patterns showed 

that the crystalline phase of NixAl1‒x films was an ordered B2 β-NiAl phase, and no variation of the 

crystalline phase was observed between before and after annealing up to 400°C [25].  

The sample morphologies were characterized by an aberration-corrected STEM (FEI Titan G2 80-

200). The samples were cut into a thin lamella for STEM measurements, or needle-shaped tips for 

APT using a focused ion beam with the standard lift-out technique (Helios G4UX Dual Beam). A high-

angle annular dark-field (HAADF) STEM observation was used to obtain cross-sectional images of 
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the samples with a 200-keV-electron beam. Distributions of oxygen in the STEM images were 

obtained by EDS. Qualitative oxygen depth profiles were also measured by secondary ion mass 

spectrometry (SIMS) using a low 400 eV Cs+ beam for optimized depth resolution (2-2.2 nm/decade). 

To avoid any mass interference high mass resolution conditions were used. Absolute quantification of 

the oxygen content is not possible due to lack of reference standards for NiAl allows. Three-

dimensional composition maps were obtained by a local electrode atom probe (CAMECA LEAP 

5000XS). The measurements were carried out with 355-nm-wavelength laser pulsing of 50 pJ at a 

repetition rate of 500 kHz and a base temperature of 30 K.  

 

2.2 Positron annihilation (experiments and theoretical calculations)  

Vacancy-type defects in NixAl1‒x were detected by using positron annihilation spectroscopy. 

Details of this technique are described elsewhere [31,32]. The Doppler broadening spectra of the 

annihilation radiation were measured by Ge detectors as a function of the incident positron energy E 

by a monoenergetic positron beam line (direct current type). The measured spectra were characterized 

by the S parameter, which is defined as the fraction of annihilation events in the energy range between 

510.22 and 511.78 keV. The depth distributions of S were obtained from an analysis of the relationship 

between S and E using a computer code, VEPFIT [39]. Lifetime spectra of positrons were measured 

at E = 4 keV by using a pulsed monoenergetic positron beamline [40], where the total count of the 

spectrum was 4 × 106 and a time resolution was 0.26 ns (full width at half maximum). The lifetime 

spectrum of positrons, N(t), is given by N(t) = Σ λiIi exp(‒λit), where λi and Ii are the annihilation rate 

and the relative intensity of the i-th annihilation mode, respectively (Σ Ii = 1). The lifetime of positron, 

τi, is given by 1/λi. The measured spectra were analyzed by using a code RESOLUTION [41], and the 

values of τi and Ii were determined from fittings.  

The Doppler broadening spectra and positron lifetimes for the annihilation of positrons in Al, Ni, 

and B2 β-Ni0.5Al0.5 were simulated by QMAS (Quantum MAterials Simulator) code [42] based on the 

projector augmented-wave (PAW) method [43] and a plane-wave basis set. The Perdew–Burke–

Ernzerhof-type generalized gradient approximation [44] was used to express the electronic exchange-

correlation interaction. Calculations were performed on supercells with the size of 3 × 3 × 3 for FCC 

(Al and Ni) or 4 × 4 × 4 for BCC (β-Ni0.5Al0.5). They contain 108 or 128 atoms, respectively, if there 

are no defects. The supercell dimensions of β-Ni0.5Al0.5, for example, are 1.1548 nm × 1.1548 nm × 

1.1548 nm. For the cases containing defects, atomic positions were computationally optimized. For 

vacancies in Al and most of d-block metals, the presence of the trapped positron affects the vacancy 

structure, and hence the calculated positron lifetime values vary significantly depending on the 
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presence or absence of the positron effect [45,46]. If a positron is trapped at a defect, the two-

component density functional theory (TCDFT) scheme [47,48] should be applied. The electron and 

positron states as well as the atomic arrangements were consistently calculated for such cases using 

the TCDFT. For delocalized positron states, the positron effect on the electronic structure and the 

atomic arrangements was ignored. Further details of the computational scheme for the positron state 

are described in Ref. [45].  

 

3. Results and Discussion  

3.1 Grain growth and oxygen incorporation in NixAl1‒x by isochronal annealing  

Figure 1 shows cross-sectional HAADF STEM images and oxygen distributions in the 

corresponding STEM images for NixAl‒x (x = 0.45, 0.50, and 0.55) before and after annealing at 500°C. 

For the as-deposited samples [Fig. 1(a1), (b1), and (c1)], columnar grains were observed. In these 

images, black lines and stripes correspond to grain boundaries. No large difference was observed in 

grain structures for the samples with different Ni content. In EDS images for these samples [Fig. 1(a2), 

(b2), and (c2)], white regions correspond to regions with high oxygen concentration. It can be seen 

that the sample surfaces were oxidized before annealing. From the comparison between STEM and 

EDS images, it can be concluded that oxygen diffused into the samples mainly through grain 

boundaries. For Ni0.45A0.55 after annealing at 500°C [Fig. 1(d1) and (d2)], the grain growth started from 

the Ni0.45A0.55/SiO2 interface. For the samples with higher Ni content, that was not the case.  

Figure 2 shows cross-sectional distributions of Ni, Al, and oxygen in NixAl1‒x (x = 0.45, 0.50, and 

0.55) before and after annealing at 500°C. These distributions of atoms were obtained from 10-nm 

thick vertical and 20-nm thick horizontal slices from the center of the three-dimensional atom maps, 

respectively. Green, blue, and purple points represent Ni, Al, and oxygen, respectively. The bottom of 

the vertical slice corresponds to the SiO2 layer. The observed stripe patterns in these maps represent 

fluctuations in the Ni/Al atom density, potentially originating from differences in the evaporation 

probability of ions inside grains (lower ion density) and at grain boundaries (higher ion density) [49]. 

Thus, the pattern structure can be associated with grains and grain boundaries. For Ni0.45A0.55 after 

annealing at 500°C, the grain size increased, which agrees with the image obtained by STEM [Fig. 

1(d1)]. From Fig. 1 and 2, it can be seen that the grain growth tends to be suppressed as the Ni content 

increases. In all films the oxygen distribution was not homogeneous and seemed to partly correlate 

with the locations of grain boundaries. For Ni0.55Al0.45 after annealing, oxygen was not only distributed 

through grain boundaries but also spread over grains. Comparing to the samples with high Ni content, 

oxygen incorporation was suppressed for Ni0.45Al0.55.  
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Figure 3 shows depth distributions of oxygen in NixAl1‒x before (a) and after annealing at 500°C 

(b) obtained using SIMS. For the as-deposited samples, the oxygen concentration decreases 

monotonically from the surface to the NixAl1‒x/SiO2 interface, suggesting oxygen diffusion from the 

surface. The oxygen concentration increased after annealing at 500°C, which can be associated with 

surface oxidation and oxygen inclusion. For Ni0.45Al0.55 before and after annealing, the oxygen 

concentrations were lower than those for the samples with higher Ni content, consistent with the APT 

and EDS data.  

NiAl has been investigated for high-temperature structural and aerospace applications because it 

shows excellent oxidation and corrosion resistance due to a thin Al2O3 layer being formed on NiAl by 

oxidation [50,51]. A drawback of the oxide formation is the introduction of void and cavities below 

the oxide, which is mainly due to Al being consumed by oxides and inward diffusion of Ni [52‒54]. 

The void formation is accelerated for NiAl with high Ni content because of the small diffusion constant 

of Al [53]. These oxidation mechanisms were studied for NiAl oxidized at high temperatures (≥ 

1000°C). As discussed in the next section, NixAl1‒x deposited on SiO2/Si substrate contained high-

concentration vacancy-type defects. Thus, vacancy-assisted diffusion is likely to enhance oxidation 

and related atomic reactions at relatively low temperatures. For NixAl1‒x with high Ni content, the Al 

consumption by oxide introduced vacancy-type defects below the oxide. Such vacancy-type defects 

can promote oxygen incorporation by vacancy-assisted diffusion. Because grain boundaries are sinks 

for such defects and oxygen, oxygen diffusion via grain boundaries is also considered to be enhanced. 

Once oxygen penetrated and decollated grain boundaries, the grain growth was suppressed.  

 

3.2 Annealing behaviors of vacancy-type defects in NixAl1‒x  

Figure 4 shows S values as a function of incident positron energy E for NixAll‒x/SiO2/Si [x = (a) 

0.45, (b) 0.50, and (c) 0.55] before and after annealing. Annealing temperatures are shown in the figure. 

The mean implantation depth of positron is shown on the upper horizontal axis. The S values at E ≥ 10 

keV correspond to the annihilation of positrons in the SiO2 layer and/or the Si substrate. The S values 

measured at E ≤ 10 keV mainly correspond to the annihilation of positrons in the NixAll‒x layer. The 

solid curves for the samples are fitted to the experimental data, and the obtained depth distributions of 

S are shown in Fig. 5. The S values near the surface and the NixAl‒x/SiO2 interface are smaller than 

those in the central region of the NixAll‒x layer. Figure 6 shows the annealing behaviors of S measured 

at E = 2 keV for NixAll‒x. The mean implantation depth of positrons at this energy is about 15 nm. In 

the temperature range below 400°C, the S values for Ni0.45Al0.55 were higher than those for Ni0.50Al0.50 

and Ni0.55Al0.45. After annealing at 800°C, the S values for the samples with different Ni contents 
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coincided.  

Figure 7(a) shows the simulated S values for defect-free Al, Ni, and Ni0.50Al0.50 using QMAS (blue 

symbols). The simulated S value cannot be directly compared with the observed S values in Figs. 4‒6 

because the simulation did not involve the effect of background of measurements on S. A solid curve 

in Fig. 7(a) was obtained by the fitting assuming SNiAl(x) = SNiF(x)+ SAl [1 ‒ F(x)] and F(x) = a + bx + 

cx2, where a, b, and c are the constant. SNi and SAl are the S values for defect-free Ni and Al, 

respectively. Doppler broadening spectra for well-annealed pure Ni and pure Al were measured, and 

their bulk S values were obtained to be 0.4024±0.0001 and 0.5265±0.0001, respectively. By using the 

bowing parameter obtained from the fitting of the simulated values, the S values corresponding to 

defect-free NixAl1‒x (x = 0.45~0.55) were obtained to be 0.4431~0.4307. The S values for the NixAl1‒x 

layers before and after annealing (Figs. 4 and 5) are larger than these values, suggesting the annihilation 

of positrons by vacancy-type defects.  

The simulated S values for the annihilation of positrons trapped by Ni-vacancy (VNi), Al vacancy 

(VAl), and their complexes [(VNiVAl, (VNi)2 and (VNi)2VAl] in Ni0.5Al0.5 are shown in Fig. 7(a). An 

effect of oxygen coupling with vacancies on S is shown in Fig. 8(a). It can be seen that the S value for 

vacancy-oxygen complexes was smaller than that for ‘intrinsic’ vacancies. Figure 9 shows atomic 

configurations of (a) defect-free Ni0.5Al0.5, (c) VNi, and (e) VNi coupled with oxygen atoms (VNi-O) in 

Ni0.5Al0.5 on the supercell ab-plane. The horizontal (x) axis is parallel to [100], and the vertical axis (y) 

is parallel to [010]. Gray, light blue, and red circles correspond to Ni, Al, and oxygen, respectively. 

Projections of the positron densities corresponding to Fig. 9(a), (c), and (e) are shown in Fig. 9(b), (d), 

and (f), respectively, where the density decreases as “red > yellow > green > blue”. As shown in Fig. 

9(a) and (b), a positron mainly locates at interstitial sites in defect-free Ni0.5Al0.5 because of Coulomb 

repulsion from ion cores. When VNi is introduced into the supercell, the positron density is localized 

in VNi [Fig. 9(c) and (d)]. For VNi-O, the oxygen atom pushes away the neighboring Ni and locates 

inside of VNi [Fig. 9(e)]. This configuration increases the annihilation rate of positrons with high-

momentum electrons of the oxygen atom [Fig. 9(f)] and is the major origin of the decrease in S for 

vacancy-oxygen complexes. Oxygen coupled with vacancy-type defects also decreases the lifetime of 

positrons trapped by such defects [Fig. 8(b)].  

As shown in Fig. 6, the S values for Ni0.45Al0.55 were higher than those for Ni0.50Al0.50 and 

Ni0.55Al0.45. As discussed in the previous section, the oxygen incorporation was suppressed as Al 

content increased (Fig. 3). Thus, one major cause of the difference in S corresponding to the 

annihilation of positrons in the subsurface region can be attributed to the difference in the concentration 

of vacancy-oxygen complexes in NixAl1‒x. The S values near the NixAl1‒x/SiO2 interface were lower 
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than those in the central regions of the layer (Fig. 5). The small value of S near the interface is also due 

to the annihilation of positrons trapped by complexes between vacancies and oxygen atoms diffused 

from the SiO2 layer.  

The lifetime spectra of positrons for NixAl‒x before and after annealing at 500°C were measured 

at E = 4 keV, where the mean implantation depth of positrons at this energy is 50 nm. The spectra were 

decomposed into three components. The derived lifetimes (τ1, τ2, and τ3) and relative intensities (I1, I2, 

and I3) are shown in Fig. 10. The values of τ1 were almost constant before and after annealing and 

showed no dependence on Ni content. The values of τ2 and τ3 tended to increase as Ni content 

increased, and this tendency was enhanced by annealing.  

The values of τ3 suggest the formation of positronium (Ps: a hydrogen-like bound state between a 

positron and an electron, ref. 54) in NixAl‒x. Ps exhibits two spin states (singlet and triplet state), and 

they are called para-Ps (p-Ps) and ortho-Ps (o-Ps), respectively. The intrinsic lifetime of p-Ps is 0.125 

ns, and that of o-Ps is 142 ns. The formation rate of o-Ps is three times of p-Ps. When o-Ps is formed 

in open spaces, a positron consisting of o-Ps may pick up an electron at the inner surface of the open 

space and annihilate with it (pick-off annihilation). Because the rate of the pick-off annihilation 

decreases as open spaces enlarge, one can estimate the average size of open spaces by measuring the 

o-Ps lifetime.  

By using a semi-empirical model that assumes the formation of o-Ps in a spherical well [55] and 

the measured value of τ3 (1.5‒2.2 ns), the average diameter of open spaces was estimated to be about 

0.5‒0.6 nm. Thus, the third annihilation mode is likely due to the pick-off annihilation of o-Ps in open 

spaces or voids in NixAl‒x. Because the corresponding intensity of o-Ps (I3) was almost constant before 

and after annealing [Fig. 10(b)], they are unlikely to be associated with grain boundaries. The value of 

τ3 tended to increase as Ni content increased, and this tendency was enhanced by annealing. Thus, the 

open spaces detected by the third component can be associated with voids introduced by oxidation or 

oxygen incorporation into NixAl‒x.  

The lifetime spectra of positrons for Ni0.50Al0.50 before and after annealing at 100‒500°C were 

measured at E = 4 keV. Annealing behaviors of τi and Ii (i=1,2, and 3) are shown in Fig. 11(b) and (c). 

The variation of the S value measured at E = 4 keV is also shown in Fig. 11(a). No large change in the 

lifetime of the first annihilation mode (τ1) was observed, where the average value of τ1 was calculated 

to be 0.198 ns. In the three-component analysis, the annihilation mode of p-Ps is convoluted into the 

first annihilation mode, because of its short lifetime. Assuming that the lifetime of p-Ps and its intensity 

are 0.125 ns and I3/3, respectively, the lifetime of positrons trapped by vacancy-type defects was 

estimated to be 0.202 ns. This lifetime is close to the simulated lifetime of positrons trapped by 
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monovacancies (VNi, VAl), divacancies [(VNi)2, VNiVAl], and trivacancy [(VNi)2VAl] [Figs. 8(b)]. The 

vacancy-oxygen complexes such as VNiVAl+O and (VNi)2VAl+O are also candidate. The vacancy 

formation mechanism in NiAl has been studied from experimental and theoretical approaches [56‒58]. 

In the thermal equilibrium state, the major point defects in NiAl are VNis, Ni antisite defects, and their 

complexes because of a large difference between the formation energies of VNi and VAl. In the present 

experiment, however, the state of NixAl1‒x is far from the thermal equilibrium condition. A certain 

amount of VAls is expected to be introduced by oxygen incorporation and/or oxidation. Thus, the 

presence of VAls and related vacancy complexes cannot be excluded.  

The values of τ2 were almost constant in the measured temperature range, and their average value 

was calculated to be 0.460 ns [Fig. 11(b)]. This lifetime component is attributed to the annihilation of 

positrons trapped by vacancy clusters (≥ V10) [30,37,59]. Thus, it can be concluded that vacancy-type 

defects with two different sizes coexist in NixAl1‒x. The corresponding relative intensity (I2) decreased 

as annealing temperature increased [Fig. 11(c)]. Although the concentration of vacancy clusters 

decreased as annealing temperature increased, vacancy-type defects with high concentrations remained 

after annealing at 400‒500°C, which is the typical annealing temperature for the BEOL process. The 

observed decrease in the S value [Fig. 11(a)] can be attributed to not only the effect of the formation 

of vacancy-oxygen complex but also the annealing of vacancy clusters.  

 

4. Summary  

We used positron annihilation to study vacancy-type defects and their annealing behaviors in 100-

nm-thick Ni xAl1‒x (x = 0.45, 0.50, and 0.55) layers deposited on SiO2/Si substrates. Crystalline 

structures and oxygen incorporation into the Ni xAl1‒x layers were studied by using STEM, EDS, and 

APT. For Ni0.45Al0.55 after post-deposition annealing at 500°C, grains started to grow from the 

substrate. For the samples with higher Ni contents, however, the grain growth was suppressed. Upon 

annealing, oxygen diffused into the samples mainly through grain boundaries and was enhanced in the 

samples with high Ni contents. For Ni-rich Ni xAl1‒x, the consumption of Al by oxidation promoted the 

diffusion of Ni to the bulk to compensate for the Al depletion. As a result, oxygen incorporation was 

enhanced via vacancy-assisted diffusion. The oxygen penetrating the grain boundary was considered 

to be a barrier to grain growth during annealing.  

For as-deposited Ni0.50Al0.50, two different vacancy species coexisted: i) monovacancies and 

divacancy-type defects (including their oxygen complexes) and ii) vacancy clusters. The open volume 

of the vacancy clusters was estimated to be larger than V10. No large change in the open spaces of the 

vacancy-type defects was observed in the annealing temperature below 500°C. The concentration of 
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vacancy clusters decreased as annealing temperature increased, but they were not fully annealed out 

below 800°C. The same is true for Ni xAl1‒x with x = 0.45 and 0.55. The vacancy-type defects in the 

subsurface region and near the Ni xAl1‒x/SiO2 interface coupled with oxygen and form vacancy-oxygen 

complexes preferentially. The present work reported behaviors of vacancy-type defects and their 

interaction with incorporated oxygen, which are considered to closely relate to the resistivity of thin 

NiAl layers. Our results also demonstrate that a combination of positron annihilation and APT can 

provide useful information for advanced interconnects from the viewpoint of point defects.  
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Fig. 1. Cross-sectional HAADF STEM images for NixAll‒x (x = 0.45, 0.50, and 0.55) before (a1, b1, 

and c1) and after annealing at 500°C (d1, e1, and f1). Values of x are shown on left side of figures. 

EDS maps for oxygen are also shown for NixAl‒x before [(a2), (b2), and (c2)] and after annealing 

[(d2), (e2), and (f2)]. 

 

 
Fig. 2. Cross-sectional distributions of Ni, Al, and oxygen in NixAl1‒x (x = 0.45, 0.50, and 0.55) before 

and after annealing at 500°C. Atom distributions were obtained from vertical and horizontal slices 
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from three-dimensional atom maps, respectively. Green, blue, and violet points correspond to Ni, 

Al, and oxygen, respectively.  

 
Fig. 3. Depth profiles of oxygen obtained from SIMS for NixAl1‒x (x = 0.45, 0.50, and 0.55) before (a) 

and after annealing at 500°C (b).  

 
Fig. 4. S parameters as function of incident positron energy E for NixAll‒x/SiO2/Si [x = (a) 0.45, (b) 

0.50, and (c) 0.55] before and after annealing. Annealing temperatures are shown in figures. Solid 



 18 

curves are fitted to experimental data. Annealing temperatures are shown in figures.  

       
Fig. 5. Depth distributions of S for NixAll‒x [x = (a) 0.45, (b) 0.50, and (c) 0.55] before and after 

annealing. 

  
Fig. 6. Annealing behaviors of S measured at E = 2 keV for NixAll‒x (x = 0.45, 0.50, and 0.55). 
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Fig. 7. Simulated (a) values of S and (b) positron lifetimes corresponding to annihilation of positrons 

from delocalized states in Ni, Al, and Ni0.5Al0.5 (defect-free: DF). Results for annihilation of 

positrons trapped by vacancy-type defects [VNi, VAl, VNiVAl, (VNI)2, and (VNI)2Al] in Ni0.5Al0.5 are 

also shown.  

 
Fig. 8. Simulated (a) value of S and (b) positron lifetimes corresponding to annihilation of positrons 

trapped by vacancy-type defects and their complexes with oxygen atoms. 

 
Fig. 9. Configurations of atoms for (a) defect-free Ni0.5Al0.5, (b) VNi, and (c) VNiO in Ni0.5Al0.5. 
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Distributions of positron densities corresponding to (a), (b), and (c) are shown in (b), (d), and (f), 

respectively. Grey, light blue, and red circles correspond to Ni, Al, and oxygen, respectively.  

  
Fig. 10. Positron lifetimes (τi, i = 1, 2, and 3) and corresponding relative intensities (Ii) for NixAll‒x (x 

= 0.45, 0.50, and 0.55) before (“As-depo.”) and after annealing at 500°C. Incident energy of 

positrons was fixed at E = 4 keV. 

 
Fig. 11. Annealing behaviors of (a) values of S, (b) positron lifetimes, and (c) corresponding relative 

intensities for Ni0.5A0.5. Incident energy of positrons was fixed at E = 4 keV. 


