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This study reports the fabrication of “smooth and continuous” nickel-aluminum (NiAl) superalloy films deposited via direct-current sputtering using a two-step deposition method. The process involves an initial film deposition with in situ heating, followed by a subsequent room-temperature deposition and post-annealing at 928 K. This two-step deposition yields NiAl films with exceptionally smooth surface morphology, achieving a root mean squared roughness as low as ~1.4 nm. To demonstrate the benefits of this approach, we fabricate a mid-infrared device incorporating NiAl–Al₂O₃–NiAl trilayers with an NiAl strip array on top. The NiAl films, self-organized in the (110) orientation, are patterned using laser direct writing followed by reactive ion etching. As designed by our electromagnetic design, the fabricated infrared absorbers exhibit strong resonant absorption and tunability, which can be controlled by adjusting the periodicity, width, and thickness of the top NiAl strips. To assess the impact of our proposed deposition methods, we compare single-step NiAl films deposited with in situ heating to the new two-step NiAl films, both of which are used as the bottom and top layers in the trilayer devices. The latter method exhibits lower background noise in both absorption and thermal emission spectra, achieving excellent spectral selectivity.



1. Introduction
Refractory materials such as molybdenum (Mo) [1], tungsten (W) [2], and titanium nitride (TiN) [3, 4] have been proposed for plasmonic applications involving high temperatures. However, these materials undergo significant oxidation when exposed to elevated temperatures in oxygen-rich environments. Nickel-based superalloys incorporating titanium (Ti), tantalum (Ta), and tungsten are widely used as primary constituents in turbine blades and vanes for jet engines [5]. These alloys develop a surface oxide layer that serves to mitigate further oxidation and excessive heating. Intermetallic nickel-aluminum (NiAl) has emerged as a promising alternative owing to its advantageous properties, including a high melting point [6], exceptional hardness, low density (5.90 g/cm³) [7], and notable thermal and electrical conductivity. This material exhibits remarkable oxidation resistance at high temperatures in air, attributed to the formation of a protective alumina layer on its surface [8]. These characteristics make NiAl a suitable candidate for energy applications operating under extreme thermal conditions.
     While extensive research has been conducted on the formation of high-quality single-crystal NiAl [9], further studies are necessary to explore lower-dimensional materials capable of achieving uniaxial thin films with optimal surface orientation and high crystallinity. Investigations into NiAl have expanded to include various configurations, such as thin films composed of shape memory alloys [10] and hybrid materials where NiAl functions as an underlying layer [11]. Several synthesis methods have been employed for NiAl film deposition, including magnetron sputtering [12], electron beam evaporation [13], chemical vapor deposition [14], and molecular beam epitaxy [15]. Among these, sputter deposition is particularly advantageous owing to its compatibility with complementary metal-oxide-semiconductor (CMOS) technology, precise controllability, and suitability for large-scale manufacturing. However, previous studies have reported significant limitations associated with non-stoichiometric NiAl films. These issues arise because aluminum and nickel sources are often deposited independently, leading to the formation of non-uniform multilayer films with a NixAly component ratio, where x ≠ y and neither is equal to 1. In a prior study, we demonstrated the stoichiometric and uniaxial growth of NiAl thin films on silicon substrates [16]. These films were sputtered from a single NiAl alloy target at temperatures of ⩾ 744 K. Within the class of superalloys, NiAl is distinguished by its high melting point (1911 K), which presents challenges in growing highly oriented bulk crystals.
     In our study, a method was developed to produce high-crystallinity uniaxial NiAl thin films at significantly lower temperatures than their melting point. The optimized in situ heating sputtering deposition temperature, referred to as in situ-NiAl, was determined to be 889 K. The optical properties of these sputtered NiAl films were highly favorable, with figure-of-merit values approaching those of single-crystal films. Additionally, the films exhibited superior crystallinity and large grain sizes. However, they also displayed significant porosity and roughness, likely caused by the expansion of secondary grains, which increases pressure at the grain boundaries. To address these limitations, we further investigated methods to enhance the performance of NiAl films. This study presents the fabrication of exceptionally smooth NiAl films on Si(100) substrates using a post-annealing technique at elevated temperatures (⩾776 K). The structural, morphological, and optical properties of these films were examined in the context of their potential applications in high-temperature optical systems. To achieve optimal optical performance, a hybrid approach was employed combining in situ heating sputtered deposition with post-annealing to fabricate composite NiAl films, referred to as post-annealed hybrid-temperature-sputtered (PHTS) NiAl films. This approach has broad practical implications, particularly for photothermal applications such as radiative heating and photothermal catalysis under elevated temperatures.
     NiAl superalloy films have demonstrated significant potential in various applications, particularly in radiative heat transfer and thermal absorption within specific devices. Plasmonic perfect absorbers (PAs) have garnered increasing attention over the past 15 years owing to their ability to selectively absorb infrared radiation within specific spectral ranges. According to Kirchhoff's law of thermal radiation, the emissivity of an object at thermal equilibrium is equal to its absorptivity [17]. Consequently, a PA can function as an efficient thermal emitter, selectively radiating energy within designated wavelengths. While most wavelength-selective thermal emitters are constructed from metallic structures, only those based on gold (Au) and platinum (Pt) have demonstrated long-term stability under ambient air conditions [18]. In general, metal-based emitters are incompatible with high-temperature environments containing oxygen or water vapor, leading to oxidation and performance degradation. Yokoyama et al. reported a thermal emitter based on molybdenum that remained operational up to 1273 K under vacuum conditions [1]. However, when exposed to air at 873 K, the emitter underwent oxidation and structural damage. In previous studies, Dao et al. successfully fabricated thermal emitters using aluminum (Al) and indium tin oxide (ITO) [19,20]. These emitters exhibited a broad range of wavelength tunability and functioned effectively in ambient air. However, aluminum begins to melt at temperatures exceeding 573 K, and ITO undergoes significant optical degradation above 673 K. Alternative materials, such as titanium-based oxides and nitrides, exhibit broad plasmonic resonances. However, these materials are susceptible to corrosion at temperatures exceeding 650 K. NiAl films, by contrast, offer superior thermal and chemical stability, rendering them well-suited for deployment in gaseous environments and liquid-phase applications. This stability provides advantages for their use in various high-temperature photonic applications, including spectroscopic infrared light sources in non-dispersive infrared gas sensors, drying furnaces, thermophotovoltaics, and plasmon-enhanced vibrational spectroscopy.
     In this study, we present the use of combined NiAl (comb.-NiAl) films in photonic applications owing to their exceptional properties, including high metallicity, strong infrared optical response, and robust thermal and mechanical stability at elevated temperatures. NiAl thin films were initially deposited onto commercially available Si(100) wafers via direct-current (DC) magnetron sputtering at a high substrate temperature of 889 K. Following cooling, an additional thin layer of NiAl was deposited at ambient temperature. The entire NiAl film stack then underwent post-annealing at 928 K. The structural and optical properties of these materials were systematically analyzed using microscopic and spectroscopic techniques to evaluate their suitability for photothermal applications. Nanopatterned arrays were fabricated using laser writing lithography in combination with plasma etching and oxygen plasma ashing techniques, employing top-layer comb.-NiAl films. A comparable NiAl film served as the lower mirror, exhibiting distinct optical responses and loss characteristics. The hybridization between surface lattice resonances and strip surface plasmon resonances was found to depend on polarization, and the spectral tunability of this hybridization was demonstrated by adjusting the periodicity of the nanostructure. To further highlight the performance of comb.-NiAl films, we fabricated devices with identical structural compositions, replacing the top and bottom layers with in situ-NiAl films. This study investigates the influence of surface morphology in both in situ-NiAl and comb.-NiAl films on the dual-band spectral selectivity and background absorption of the fabricated devices.

2. Results and Discussion
[bookmark: _Hlk207629715]2.1. Crystal structure and surface morphology of the post-annealing NiAl films
[bookmark: _Hlk193732727]The NiAl alloy exhibits a body-centered cubic (bcc) structure with a lattice constant of 2.88 Å. This structure follows a CsCl-type lattice arrangement and belongs to the Pm-3m space group. In this configuration, aluminum atoms occupy the center of the unit cell, while nickel atoms are positioned at the corners [21]. Figure 1a illustrates the X-ray diffraction (XRD) patterns of NiAl films grown at temperatures ranging from 298 to 967 K. All samples exhibited a cubic structure characterized by the Pm-3m space group (PDF #44-1188). NiAl samples produced at room temperature displayed two dominant crystallographic orientations: (100) and (110). However, as the post-annealing temperature increased from 776 to 928 K, the diffraction patterns revealed a prominent and well-defined peak with a (110) orientation at an approximate 2θ angle of 44.7°. This peak closely resembled the diffraction pattern observed in the (110)-cut single-crystal reference sample depicted in Figure 1b. Additionally, four minor peaks corresponding to orientations (100), (111), (200), and (210) were observed at angles of 31.2°, 55.5°, 65.0°, and 73.9°, respectively. At ambient temperature, NiAl exhibits significant intrinsic antiphase boundary energy. The (100) orientation is recognized as a "hard" orientation in both polycrystalline and single-crystal forms, whereas the (110) orientation is generally considered a "soft" orientation. Initially, the molecule favors alignment along the (100) crystallographic plane, while other orientations are thermodynamically less stable under ambient conditions. Elevated temperatures during post-annealing facilitate atomic movement, allowing stress relaxation and increasing the entropy contribution to the free energy. This increase is attributed to mild disorder at grain boundaries, resulting from minor orientations [22]. The observed enhancement of the (110) peak suggests an increase in interplanar spacing, which can be attributed to the transition from compressive stress to tensile stress during annealing [23,24]. Strain stress arises from surface contraction due to the removal of defects (e.g., interstitials or vacancies), whereas compressive stress may result from lattice mismatch between the silicon substrate and the NiAl film. This mismatch is caused by differences in thermal expansion coefficients or by the observed increase in crystalline grain size [25]. Higher annealing temperatures promote atomic diffusion into more favorable structural positions, enhance film orientation along the c-axis, and reduce crystalline defects [26,27]. The interaction between neighboring abnormal grains drives the grain size distribution from bimodal to unimodal, as larger grains consume smaller ones. These grains also influence mechanical properties by limiting force transmission, recovering deformation upon unloading, and dissipating energy through stress-strain hysteresis [28]. However, at a post-annealing temperature of 967 K, there is an increase in the (100) orientation and, notably, in the (200) and (210) orientations. While (110) remains the dominant orientation, its intensity decreases compared to other annealing temperatures.
     In NiAl crystal growth, the (110) orientation frequently emerges as the preferred growth direction over (100) and (111). This preference results from an intricate relationship between thermodynamics, kinetics, and crystallography. Thermodynamically, surface energy γ plays a critical role in determining orientation preference [29]. According to the Wulff construction principle, which minimizes total free energy G = Gbulk + γA, where A is the surface area, it is often found that γ110 < γ100 and γ110 < γ111 in NiAl. Consequently, the (110) orientation is more thermodynamically favorable because it lowers the total free energy of the system. The Gibbs–Thomson effect, which explains how smaller crystals have higher melting points due to increased surface energy, may also favor the (110) orientation in terms of nucleation kinetics. If the nucleation barrier ΔG∗ is lower for (110) than for (100) and (111), the nucleation rate increases according to I = I0exp(−∆G*/kT), where I0​ is the pre-exponential factor, k is Boltzmann's constant, and T is temperature [30]. From a kinetic perspective, the (110) orientation often exhibits higher atomic attachment (Ra​) and detachment (Rd​) rates, with the net growth rate (R = Ra − Rd) typically greater for (110). This accelerates overall growth kinetics. Additionally, adatom diffusion may be more energetically favorable on (110) surfaces due to a lower activation barrier (Ea), described by R ∝ D exp(−Ea/kT), where D is the diffusion coefficient. A lower Ea​ for (110) enables faster diffusion, facilitating step-flow growth mechanisms and higher overall growth rates. Crystallographically, the (110) orientation in NiAl often exhibits favorable lattice matching with common substrates used in epitaxial growth. This reduces lattice strain (ε = |aNiAl − asubstrate|/asubstrate), a key factor for high-quality crystal growth [31]. The (110) orientation may also support more favorable dislocation dynamics due to a lower critical stress σcritical​ required for dislocation motion, represented by dρ/dt = K(σ − σcritical), where ρ is dislocation density, K is a kinetic constant, and σ is applied stress. In summary, the (110) orientation is favored owing to three key advantages: thermodynamic stability through lower surface energy, superior kinetic properties through higher attachment/detachment rates and lower diffusion barriers, and beneficial crystallographic attributes such as optimal lattice matching and favorable dislocation behavior [32]. Together, these factors make (110) the preferred orientation for NiAl crystal growth, demonstrating how a combination of physical principles and mathematical models governs crystallographic orientation preferences [33].
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Figure 1. (a) X-ray diffraction pattern of NiAl films on Si (100) substrates at different post-annealing temperatures. Standard diffraction pattern of NiAl (PDF#44-1188) at the bottom; (b) XRD comparison of a post-annealing NiAl film at 928 K (dark cyan-filled solid curve) with an in situ heating sputtered NiAl film at 889 K (yellow-filled solid curve) and a (110)-cut single crystal NiAl represented by navy-dot curve. Inset: unit cell and crystal structure of NiAl with an aluminum atom at the center and surrounding nickel atoms. 
[bookmark: _Hlk193726817]
     Figure 2 presents the surface morphologies of the NiAl films. All films exhibited a uniform and continuous structure when deposited on Si(100) substrates. The grain size of NiAl on the silicon substrate increased with higher annealing temperatures. As the annealing temperature was raised to 776 K and 851 K, an observable increase in grain size occurred, while the film morphology maintained its continuity. At elevated temperatures, reaching a maximum of 928 K, the degree of crystallinity improved, and grain formation was enhanced. Annealing at 928 K effectively reduced residual stresses in the NiAl film. This process also resulted in a significant increase in grain size, contributing to the formation of thin films with a smooth surface texture [34]. At 967 K, individual grains became increasingly discernible. At this temperature, minuscule pores formed, and secondary grains developed and expanded, leading to increased pressure at grain interfaces [35]. The average grain size was determined using the Scherrer equation applied to the XRD patterns. Figure 2e illustrates a porous morphology characterized by the aggregation of larger grains from smaller grains [36]. A notable increase in grain size was observed as the annealing temperature increased from room temperature to 776 K. Significant morphological changes were detected at higher temperatures, particularly at 928 K, where the grain size reached a maximum of 25.66 nm. This finding suggests that NiAl films annealed at this temperature exhibited the most well-defined crystalline structure. Cross-sectional analysis provides a clear visualization of the structural transformation of the film body before and after heat treatment at different temperatures. The growth mode transitioned from tightly packed grain boundary columns at room temperature, 776 K, and 851 K to a more compact and refined columnar structure at 928 K. Figure 2e presents a cross-sectional view of a NiAl film annealed at 967 K, revealing a broad columnar structure with a diverse range of orientations. Figure 2f–h show the AFM images illustrating the surface morphologies of the NiAl films at three distinct temperatures: ambient temperature, 928 K, and 967 K. The root-mean-square roughness (RRMS) values of these samples were 6.4, 1.4, and 12.1 nm, respectively. These values exhibited a similar pattern to the XRD and scanning electron microscopy (SEM) results.
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Figure 2. Morphology (top and cross-view) of DC sputtered NiAl films deposited at (a) room temperature (grain size 13.19 nm) and then post-annealing at elevated temperatures (b) 776 K (grain size 20.96 nm), (c) 851 K (grain size 21.84 nm), (d) 928 K (grain size 25.66 nm) and (e) 967K (grain size 22.57 nm) on silicon substrates. Grain size was taken from the XRD analysis showing reasonable agreement with the SEM result. Atomic force microscopic images (f); (g) and (h) displayed in three-dimensional style. The root mean squared roughness (RRMS) were approximately 6.4 nm, 1.4 nm and 12.1 nm, respectively.

2.2 Optical properties of the post-annealing NiAl films comparable to comb.-NiAl films
Dielectric functions (permittivities) of the NiAl films prepared in this study were obtained through spectroscopic ellipsometry across wavelengths ranging from 0.3 to 20 µm (Figure 3). All samples exhibited crossover points (ε1 = 0) between 0.58 and 0.75 µm. In the UV–visible region, the films behaved as dielectric materials, while in the near-infrared (NIR) to mid-infrared (MIR) region, they demonstrated strong metallicity. For comparison, Figure 3 presents the permittivities of the sputtered NiAl films, NiAl single crystals, and other refractory metals. As shown in Figure 3a, the real part ε1 of the permittivity approached that of single-crystal NiAl as the annealing temperature increased, indicating enhanced metallicity. Notably, the permittivity of the NiAl film annealed at 928 K surpassed that of in situ-heated sputtered NiAl films. The imaginary part ε2 of the complex permittivity for the 928 K-annealed film was lower than that of the single crystal, signifying reduced optical loss. This reduction in loss could be attributed to the presence of undefined particles observed in SEM images of the polished surface, likely residual polishing powders, which contribute to carrier scattering. The figure of merit (FOM), defined as −ε₁/ε₂, serves as an indicator of a material’s suitability for plasmonic applications and is plotted in Figure 3c for comparison with gold (Au) [37], a standard plasmonic material. The FOM of the NiAl film sputtered at room temperature was relatively low due to its weak metallicity. However, both the 928 K-annealed and comb.-NiAl films exhibited significantly higher FOM values, surpassing those of conventional refractory materials such as molybdenum (Mo) [38] and tungsten (W) [39] up to 2.0 µm. Additionally, they demonstrated a much higher FOM than titanium nitride (TiN) [40] and sputtered lanthanum hexaboride (LaB₆) [41]. The comb.-NiAl film exhibited the highest FOM, closely approaching that of NiAl single crystals at approximately 2.0 µm and even exceeding the in situ-heated sputtered film at longer wavelengths. Consequently, comb.-NiAl films exhibited a stronger plasmonic response than conventional refractory materials such as Mo, W, TiN, and LaB₆, making them promising candidates for advanced plasmonic and photonic applications.
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Figure 3. Comparison of the measured complex permittivities and figure of merit (FOM) −ε₁/ε₂      of the NiAl films post-annealed at different temperatures against in situ-heating sputtered NiAl film, NiAl single crystal, Au, W, Mo, and TiN. (a) Real part; (b) imaginary part and (c) FOM in the wavelength range 0.3–15.0 μm. 

Having compared the FOMs of the materials, we next focus on their electrical properties, specifically the plasma frequency and damping rate, which offer further insight into their metallic behavior and suitability for various applications. The plasma frequency provides valuable insight into the material’s electron dynamics and metallic behavior. The plasma frequency and damping rate values in this study were obtained from ellipsometry fitting using the Drude-Lorentz model. The available plasma frequency and damping rate values of other metals were collected from the literatures. Our results show that the selected plasma frequency and damping rate of the NiAl-based films range from 6.84 to 9.31 eV, which is comparable to those of conventional metals such as Au (8.45 eV), NiAl single crystal (7.49 eV), W (13.22 eV), Mo (7.46 eV), and TiN (9.66 eV). Additionally, the damping rate of the NiAl-based films is in the range of 0.13 - 0.35 eV, while the damping rates of other metals range from 0.05 - 0.12 eV, which is suitable for plasmic converter applications.

[bookmark: _Hlk217260658]Overall, the plasma frequency and damping rate of the NiAl-based films in this study are comparable to those of other metals, evidencing its Drude metallic nature as well as good plasmonic response with substantially low loss. This suggests that NiAl-based films could be used as a promising material to overcome the bottlenecks of conventional metals, especially for high-temperature applications, where their thermal stability and surface polarizability are of particular importance.

2.3 Electromagnetic simulation of the comb.-NiAl infrared devices
This study employs a metal-insulator-metal (MIM) structure to assess the performance of NiAl (110) films in infrared device applications. Figure 4a,b illustrates the fabrication of the NiAl-MIM thermal emitter and its schematic representation. The Al2O3 insulating layer and bottom NiAl layer were both fixed at 0.2 µm in thickness after the optimization process. The fixed thickness of 0.2 µm for Al2O3 insulating layer provides strong resonance intensities for both M1 and M2 modes with reasonable deposition time, whereas the bottom NiAl with 0.2 µm is optically thick enough to suppress residual transmission. These optimized resonant peak intensities are achieved by tuning the height (h) and width (w) of the NiAl strip resonators varied across samples. By adjusting the periodicity (p) and width, the resonant frequencies were effectively tuned. At a given wavelength λ, the absorption A of the NiAl-based infrared absorber (NiAl-IA) follows A(λ) = 1 – R(λ) – T(λ) – S(λ), where R(λ), T(λ), and S(λ) represent the reflection, transmission, and scattering, respectively. Because the thick bottom NiAl layer blocks transmission and scattering is negligible, this simplifies to A(λ) = 1 – R(λ). The spectral response of the infrared absorber was simulated using the rigorous coupled-wave analysis (RCWA) method. The periodicity of the NiAl strip resonators was set to p = 4.26 µm and 5.74 µm, with h = 0.15 µm and 0.4 µm, and w = 2.2 µm and 2.0 µm, respectively, as shown in Figure 4b. Under normal incidence, the NiAl-IA device exhibited two primary resonant bands. The first, M1, appeared at shorter wavelengths (4.35 µm and 5.75 µm), while the second, M2, was observed at longer wavelengths (7.75 µm and 8.0 µm) with higher absorptivity. By adjusting the periodicity from 4.26 µm to 5.74 µm, the absorber selectively captured corresponding wavelengths, suggesting that resonance mechanisms such as surface lattice resonance or Rayleigh–Wood anomalies drive the response. The M1 and M2 modes likely correspond to confined surface plasmon resonances within the individual strips, operating at fundamental and third-order modes [42]. Figure 4c compares the predicted wavelength-selective properties of the fabricated infrared absorber with those of a conventional blackbody-type broadband absorber. According to Kirchhoff’s law, these absorbers are expected to exhibit strong thermal emission characteristics [43]. To analyze their thermal emission properties, a precisely temperature controlled external hot plate was applied to the bottom NiAl layer, acting as a back reflector, to heat the devices. Emission spectra were measured using a Fourier transform infrared (FTIR) spectrometer. Unlike blackbody emitters, which radiate over a broad wavelength range within the mid-infrared (MIR) region, the NiAl-MIM emitter selectively emits infrared light at specific wavelengths. This spectral selectivity enhances molecular excitation at target wavelengths, potentially leading to selective evaporation, as illustrated in the right panel of Figure 4c.
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Figure 4. (a) Fabrication process of a NiAl infrared absorber (NiAl-IA) (from left to right) consists of laser lithography, development, dry etching with gas compound of Ar, BCl3 and Cl2, and oxygen plasma ashing. The photoresist layer (yellow) was coated on NiAl thin film (light grey), which was deposited on Al2O3-NiAl layered films on silicon substrate (dark grey). The remaining photoresist layer after the lithography process helped define the strip structures combined with the dry etching; (b) Schematic of MIM resonators consisting of NiAl strips, an Al2O3 insulator, and a NiAl bottom layer (back reflector). The incident electromagnetic fields propagate along the Z-axis and the unpolarized electric field is distributed in XY () plane; (c) a schematic of the comparison between the spectral feature of black-body type emitter device and the fabricated thermal emitter.

2.4. Tuning the spectral feature of absorption and thermal emission of comb.-NiAl –based IAs
Based on the designed device structure, two NiAl-based infrared absorbers (NiAl-IAs) were successfully fabricated: S1 with geometrical parameters p = 4.26 µm, w = 2.2 µm, h = 0.15 µm, and t = 0.2 µm, and S2 with p = 5.74 µm, w = 2.0 µm, h = 0.4 µm, and t = 0.2 µm. Figure 5a-d displays SEM images of the fabricated devices, with top views in Figure 5a,b and cross-sectional views in Figure 5c,d. The precisely structured NiAl strip arrays confirm successful fabrication, aligning with the electromagnetic design in Figure 4b. These images further validate the feasibility of producing centimeter-scale NiAl microstructure devices, as depicted in Figure 4a. In the NiAl-IA system, incident electromagnetic waves interact resonantly with a surface lattice mode, facilitated by the periodicity of the structure. This resonance results in a strong absorption peak at a wavelength approximately matching the periodicity. Perfect absorption is achieved through a strong interaction between the gap plasmon polariton in the bottom NiAl layer and the incident light. This coupling is enhanced by the image charge induced in the bottom NiAl mirror, effectively forming a damping channel. Broader absorption modes resemble magnetic resonances observed in MIM metamaterials, attributed to localized surface plasmons confined within the strips. Figure 5e,f presents absorptivity measurements, confirming two prominent resonant absorption bands in both MIM absorbers, closely aligning with simulation results. For the device with a periodicity of 4.26 µm, the absorption bands at 4.35 µm (M1) and 8.0 µm (M2) exhibit absorption intensities of 84% and 78%, respectively. Mode M1 results from a combination of the MIM device’s third-order magnetic mode and the surface lattice resonance induced by periodicity, while resonant mode M2 originates from the fundamental magnetic resonance. When the periodicity is increased to 5.74 µm, the broad magnetic resonance shifts to 7.75 µm (M2) with an absorptivity of 82%, while a sharp absorption band (M1) at 5.75 µm exhibits a high absorptivity of 84% due to surface lattice resonance. To investigate the impact of crystallinity, two NiAl-IA MIM devices were fabricated using an in situ-heating sputtered NiAl film and a comb.-NiAl film. As observed in Figure 5e,f the latter exhibits a lower background absorption, attributed to its smoother surface and larger grain size compared to the in situ-heating sputtered film. The root mean square roughness (RRMS) values indicate that the comb.-NiAl film has superior surface flatness and more coherent grain alignment, making it behave more like a perfect conductor than the sputtered film. Consequently, it reduces carrier scattering, thereby minimizing the baseline in the absorption spectra. 
     The spectral selectivity of NiAl-based infrared absorbers (NiAl-IAs) makes them highly suitable for practical applications such as gas detection via non-dispersive infrared (NDIR) sensors and selective evaporation of organic solvents using spectroscopic infrared drying furnaces. The NiAl-IA emitter exhibits strong absorption at 7.75 µm and 8.0 µm, corresponding to prominent bands in the fingerprint region. These bands are associated with the stretching vibrations of functional groups such as carboxylic acids, alcohols, phenols, amines, phosphoramide, oxidized nitrogen functions, and silicon functions [44]. Specifically, the absorption at 7.75 µm corresponds to the C–O stretching vibrations in carboxylic acids, alcohols, and phenols [44], enabling the emitter with p = 4.26 µm to evaporate aromatic compounds such as aniline, 1,2,3,4-tetrahydroquinoline, and N,N-dimethylaniline [45–47]. Similarly, the absorption at 8.0 µm corresponds to the C–N, P=O, N–O (aromatic), and Si–CH₃ stretching vibrations in amines, phosphoramides, and silicon-based compounds [44], making the emitter suitable for evaporating cyclohexanone and cyclohexanol [48,49]. Additionally, our NiAl-IA exhibits absorption at 4.35 µm, allowing efficient absorption within the fingerprint region. This wavelength corresponds to P–N bending vibrations in phosphorus compounds such as phosphine, Si–H stretching in silicon compounds such as silane [44]. It is noteworthy that N-Methyl-2-Pyrrolidone (NMP) exhibits an absorption band at 4.35 µm, originating from the C=O stretching vibrations in esters, aldehydes, and ketones [50]. Figure 5g,h illustrates the relationship between resonance wavelength and the vertical dimension of NiAl strips in the NiAl-IA system. The M1 mode at 4.26 µm exhibits a slight red shift with increasing strip height, whereas the M1 mode at 5.74 µm and the M2 mode show minimal dependence on height, except when h is on the same scale as the resonant wavelength. Increasing the strip height shifts the resonance wavelength due to surface lattice resonance, while geometric irregularities introduce a slight reduction in absorption intensity. To achieve sharp and strong absorption bands at specific resonant wavelengths, fabrication parameters of NiAl resonators were fine-tuned. Figure 5i presents the thermal emission spectrum of the NiAl-MIM emitter, alongside a reference blackbody spectrum for comparison. The blackbody reference material used in our experiment consisted of an iron-oxide-based blackbody paint. Unlike a broadband blackbody emitter, the NiAl-MIM exhibits a distinct dual-band spectral signature, confirming its spectral selectivity. This selective emission significantly reduces unwanted thermal radiation, improving energy efficiency in infrared heating by focusing thermal emission at desired resonant wavelengths [51].
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[bookmark: _heading=h.2et92p0]Figure 5. SEM images (top-view and cross-sectional view) of two fabricated emitter devices configured by trilayered NiAl – Al2O3 – NiAl with the NiAl infrared absorber having designs of (a); (c) p = 4.26 µm; w = 2.2 µm; h = 0.15 µm (left, S1), and (b); (d) p = 5.74 µm; w = 2.0 µm; h = 0.4 µm (right, S2); (e) and (f) Simulated reflectance (pink and orange filled circles) and experimental absorptivity (blue solid and red solid curves based on comb.-NiAl film; brown dot and green dot curves based on in situ-heating sputtered NiAl film) of NiAl-MIM with schematic illustration of infrared light with electric field vector perpendicular to the plane of strips; (g) and (h) The dependence of resonance wavelengths on the NiAl strip periodicities in the NiAl-IA of S1 and S2; (i) The spectral emissivity curves for sample NiAl-MIM and black-body reference are represented in red and black spectra, respectively.
3. Conclusions
An MIM infrared device was fabricated using high-crystallinity NiAl films, grown through a combination of in situ-heating sputtering and post-annealing techniques. The NiAl film was initially deposited on a substrate at 889 K, followed by the deposition of an additional thin NiAl layer and post-annealing at 928 K. This process resulted in a smooth surface morphology with a low surface roughness of 1.4 nm. The deposited film exhibited uniaxial growth along the (001) orientation, large grain sizes, and a flat-top surface morphology. The dielectric functions demonstrated metallic behavior beyond 0.58 µm, particularly in the region of 0.75–2.5 µm. The optical figure of merit in both the NIR and MIR regions was found to be superior to that of in situ-heating sputtered NiAl and conventional refractory materials such as Mo, W, TiN, and LaB₆. Additionally, we successfully designed and fabricated MIM NiAl-based infrared absorbers featuring two absorption bands arising from the surface lattice resonance in the periodic NiAl strip array and the surface plasmon confinement within the top NiAl strips due to finite-size effects. The spectral properties of these absorbers can be tuned by adjusting the periodicity and width of the strips, while the absorption intensity remains stable within specific wavelength ranges. These results suggest that NiAl films hold significant promise as photothermal transducers, particularly for dual-band infrared plasmonic sensors and thermal emitters. Their adjustable absorption characteristics and superior optical properties make them highly suitable for applications requiring precise infrared control.

4. Methods
NiAl films were fabricated by sputtering onto Si(100) substrates (i-Miller, Shibaura Mechatronics Corporation) using a high-purity (99.9%) NiAl alloy target (75 mm diameter, 6 mm thickness) from Furuuchi Chemical, Japan. The p-type Si(100) substrates (10 Ω·cm resistivity, 1 mm thickness) underwent sequential ultrasonic cleaning in acetone, ethanol, and isopropyl alcohol for 5 minutes each. The sputtering chamber was maintained at a base pressure of ~2.3×10⁻⁵ Pa to remove residual gases. A DC power of 200 W was applied, and high-purity argon gas (20 m³/s) was introduced to achieve a working pressure of 0.51 Pa. Deposition was performed at room temperature (298 K), followed by post-annealing at temperatures ranging from 776 K to 967 K.
     X-ray diffraction (XRD, SmartLab, Rigaku, Japan) using Cu Kα radiation (λ = 1.5425 Å) provided crystallographic data. Surface morphology and roughness were analyzed using scanning electron microscopy (SEM, Hitachi S-4800) and atomic force microscopy (AFM, Multimode Nanoscope IIIA, Bruker, USA) in tapping mode with a Si cantilever (SI-DF20, Hitachi Hightech). Spectroscopic ellipsometry (SENTECH Instruments GmbH, Berlin, Germany) was used to measure complex permittivity from deep UV to far-infrared using a Drude–Lorentz model with three Lorentz oscillators.
     The optimized post-annealed NiAl films were combined with in situ-NiAl films for enhanced performance, following methods reported in [16]. Dielectric function data were utilized in numerical simulations to determine device geometry. The metal-insulator-metal (MIM) structure of NiAl–Al₂O₃–NiAl was fabricated by first depositing a 0.18 μm in situ-NiAl film at 889 K onto Si(100) substrates. After rapid cooling to room temperature, an additional 0.02 μm NiAl layer was deposited, followed by post-annealing at 928 K for 1 hour. The resulting comb.-NiAl film was cooled, and a 0.2 μm Al₂O₃ insulating layer was applied via RF sputtering (450 W, 0.54 Pa, 20 m³/s Ar flow). The comb.-NiAl deposition process was repeated with thicknesses of 0.15 μm and 0.4 μm. A control sample without post-annealing was also prepared.
     Patterning was performed using spin-coating AZ-5214E negative resist (MicroChemicals GmbH, Germany) at 6000 rpm for 60 s, followed by baking at 90°C for 3 min. Laser writing (μPG 101, HEIDELBERG Instruments, 405 nm) defined the pattern, after which the samples underwent reversal baking (120°C, 20 s), UV flood exposure (60 s), and development with NMD-3 (30 s). The developed samples were rinsed with deionized water and dried with nitrogen gas. Unwanted NiAl strips and residual resist were removed using reactive ion etching (ULVAC CE-300I) with an Ar (5 sccm), BCl₃ (10 sccm), and Cl₂ (5 sccm) gas mixture (0.2 Pa, RF power 100 W, RF bias 80 W, etching rate 0.2 nm/s). Oxygen plasma ashing (Mory PB-600, 300 W) was then performed. SEM was used to inspect the strip structures.
     The complete fabrication process is illustrated in Figure 4. Resonance characteristics of the microstructures were analyzed using Fourier-transform infrared spectroscopy (FTIR, Thermo Scientific Nicolet iS50). Linearly unpolarized incident light was used, with the electric field vector () perpendicular to the strips. Each sample measured 1×1 cm², and the incident beam was normal to the surface. NiAl infrared absorbers (NiAl-IAs) and blackbody control samples were heated on a plate, and their emission spectra were analyzed using an FTIR spectrometer (Thermo Nicolet NEXUS 670). Emitted radiation was collected and directed into the FTIR spectrometer using concave metal-coated mirrors.
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