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Abstract

:

The functionality and reliability of nanoscale multilayer devices and components are influenced by changes in stress and microstructure throughout fabrication, processing, and operation. NiV/B4C multilayers with a d-spacing of 3 nm were prepared by magnetron sputtering, and two groups of annealing experiments were performed. The stress, microstructure, and interface changes in NiV/B4C after annealing were investigated by grazing-incidence X-ray reflectometry (GIXR), grazing-incidence X-ray diffraction (GIXRD), X-ray diffuse scattering, and grazing-incidence small-angle X-ray scattering (GISAXS). The temperature dependence experiments revealed a gradual shift in the multilayer stress from compression to tension during annealing from 70 °C to 340 °C, with the stress approaching near-zero levels between 70 °C and 140 °C. The time-dependent experiments indicated that most of the stress changes occurred within the initial 10 min, which showed that prolonged annealing was unnecessary. Combining the X-ray diffraction and X-ray scattering measurements, it was found that the changes in the thickness, interface roughness, and lateral correlation length, primarily due to crystallization, drove the changes in stress and microstructure.
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1. Introduction


Nanoscale multilayers are nanometer-thick films of different alternating materials stacked periodically on each other. The nanoscale multilayers have extensive applications in advanced imaging, spectroscopy, and monochromator systems in synchrotron radiation [1,2,3,4,5,6]. Short-period multilayer films are becoming increasingly required for monochromators of synchrotron radiation to meet the conditions of a large grazing-incidence angle, higher working energy, and higher energy resolution. Owing to the fact that NiV has no absorption line in the light energy range of 20 to 200 keV, and considering its higher reflectivity and integral flux, the NiV/B4C combination is an excellent material for monochromators [7,8,9,10]. The optical properties and stability of multilayer monochromators are affected and their service life is reduced due to the accumulated stress and interface defects that occur during deposition [11,12,13,14]. As one of the primary optical elements in a synchrotron radiation beamline, the multilayer monochromators are subjected to an exceptionally high photon flux and heat load. This exposure can lead to the degradation of the nanoscale multilayer structure. Hence, it is imperative for the multilayer to possess excellent thermal stability to guarantee long-term reliability in synchrotron radiation monochromators.



The annealing process is a common method used to study the thermal stability of multilayers. Numerous experimental studies have investigated stress and related microstructural changes that occur during annealing in various small-period multilayers. For instance, Nguyen et al. fabricated Ru/C multilayers with periods of 2 nm, 5 nm, and 10 nm and annealed them at 500 °C. They found that the period increased after annealing. Crystallization occurred after annealing the multilayer films with periodic thicknesses of 5.0 nm and 10.0 nm [15]. Nguyen et al. also explored the thermal stability of Ru/C and Ru/B4C multilayers with a periodic thickness of d = 3.5 nm when subjected to annealing at 600 °C. Following annealing at 600 °C, both multilayers exhibited periodic expansion of the Ru layer. This expansion contributed to an increase in the interface roughness due to crystallization [16]. Geisz et al. fabricated W/C multilayers with a periodic thickness of 4 nm and annealed them within the range of 400–500 °C. The results revealed a slight expansion of the multilayer film post annealing; the grain growth promotes stress relaxation [17]. Barthelmess et al. developed a Mo/B4C multilayer film with a thickness of 3.5 nm and annealed it across temperatures ranging from 100 to 900 °C. The results indicated a membrane expansion of 0.02 nm at 200 °C, accompanied by a minor increase in roughness and a 40% reduction in stress [18]. Huang et al. investigated the reflectivity, structure, and stress changes in W/Si multilayers with a thickness of 3.8 nm under various annealing conditions. They observed an increase in the reflectivity at 150 °C; however, annealing at higher temperatures led to a slight reduction in the reflectivity and a significant decrease in stress [19]. Platonov et al. annealed a short-period (d = 2.8 nm) W/Si multilayer film at temperatures ranging from 100 to 200 °C and observed the disappearance of stress in the multilayer film, with the reflectivity remaining stable at 120 °C [20]. Previous studies on the annealing of multilayer films showed that the stress in short-period multilayer films changes was caused by variations in the microstructure. The changes in the microstructure were attributed to changes within the layers or the interface of the multilayers. However, systematic studies of NiV/B4C multilayers are very limited.



This paper presents a systematic investigation into stress, microstructure, and interface changes in periodic NiV/B4C multilayers during low-temperature annealing ranging from 70 to 340 °C, with varying annealing durations from 10 min to 2 h. Additionally, the microstructural evolution is analyzed using a combined analytical approach that includes grazing-incidence X-ray reflectometry (GIXR), grazing-incidence X-ray diffraction (GIXRD), X-ray diffuse scattering, and grazing-incidence small-angle X-ray scattering (GISAXS). Our observations indicate that stress is more responsive to temperature variations than to changes in duration. The annealing process results in alterations in the thickness and interface roughness of the multilayer films. These results are accompanied with a discussion of the underlying physical factors driving these changes.




2. Materials and Methods


For this study, the multilayer d-spacing was set to d = 3.0 nm, and the thickness ratio was set to Γ = dNiV/d = 0.4, aiming to enable the application of NiV/B4C multilayers in a hard X-ray telescope or multilayer monochromator. The period drift of the multilayers was assessed by utilizing N = 100 bilayers. Fabrication of NiV/B4C multilayers was achieved through direct current magnetron sputtering. A B4C target with a purity of 99.5% and constant power of 80 W, along with a NiV target with a Ni:V ratio of 93:7 and purity of 99.99% at 20 W, were employed. During deposition, high-purity Ar (99.999%) gas was utilized at 0.16 Pa to maintain a relatively high kinetic energy of the deposited atoms. Accordingly, the Ar flow rate was set to 8 sccm to achieve smooth interfaces. The deposition of multilayers was performed on 0.5 mm thick super-polished Si (100) wafers (20 mm × 20 mm) with a root mean square roughness of 0.2 nm, as determined using a 1 × 1 μm2 atomic force microscope scanner. The sputtering time for each target was independently controlled to adjust the individual layer thicknesses of the multilayers.



Two groups of annealing experiments were conducted in a high-vacuum environment with a pressure of less than 5 × 10−4 Pa. The first group was established to investigate the temperature dependence effects, with annealing conducted at 70, 140, 220, 290, and 340 °C for a constant annealing duration of 60 min. The second group was established to investigate the time dependence effects, with annealing conducted at 340 °C for time intervals of 10, 30, 60, and 120 min. Throughout all experiments, annealing was carried out at a heating rate of 5 °C/min. The annealing temperature control curves for both groups are depicted in Figure 1. The annealing temperature was monitored using a thermocouple and temperature monitoring labels, with an accuracy of ±5 °C.



The multilayer structures before and after annealing were characterized by grazing-incidence X-ray reflectometry (GIXR) using a Bruker D8 DISCOVER X-ray diffractometer with Cu-Kα emission line (λ = 0.154 nm). Rocking scans were conducted around the 1st Bragg peak of the multilayers to measure X-ray diffuse scattering caused by interface roughness. The stress of the as-deposited multilayer and that after annealing was determined through K9 glass substrate curvature measurements. After annealing, a Fizeau phase-shifting interferometer with a wavelength of λ = 632.8 nm was utilized to measure the surface contour and radius of curvature of the substrates before and after deposition. Subsequently, the multilayer stress pf was determined based on the change in radius of curvature using Stoney’s equation.


   p f  =  1 6  (  1   R  p o s t     −  1   R  p r e     ) (    E s    1 −  V s    )    t s 2     t f    ,  



(1)







In Equation (1), ts represents the substrate thickness, tf denotes the film thickness, and Rpre and Rpost refer to the radii of curvature of the samples before and after deposition or annealing, respectively. The Young’s modulus and Poisson’s ratio of the substrate are denoted as Es and Vs, respectively, with a K9 glass substrate utilizing Es = 82 GPa and Vs = 0.17. Two samples were tested for each annealing experiment, and the average stress value was calculated to characterize the stress state.



At the Shanghai Institute of Silicate, GIXRD patterns were obtained with Cu-Kα radiation (λ = 1.54059 Å, 2θ = 10–80°) to study the microstructure of the multilayers before and after annealing.



GISAXS measurements were conducted on the BL16B1 beamline at the Shanghai Synchrotron Radiation Facility (SSRF). The beamline achieves monochromatization using a Si (111) flat double crystal monochromator (DCM). The experimental data were collected at a small grazing-incidence angle of θi = 0.35° using an X-ray energy of 10 keV. Additionally, a photograph of the sample stage is displayed in Figure 2. The multilayer film is placed in the center of the grazing-incidence sample table, as depicted in Figure 2. A two-dimensional Pilatus3X 2M detector (DECTRIS, Baden-Daettwil, Switzerland), with a pixel size of 172 µm, was positioned 2.05 m downstream of the sample to capture scattering signals with an exposure time of 10 s. Furthermore, a beamstop was utilized to block the reflected beam. The experimental setup’s geometry is illustrated in Figure 3.



The Langevin equation was utilized for simulating the time evolution of thin-film growth, encompassing interface relaxation and uncorrelated stochastic deposition [21]. S. K. Sinha, I. Pape, and D.K.G. employed the semi-kinematical distorted-wave Born approximation (DWBA) model to describe the self-affine interfaces of thin films [22,23,24]. The multilayer structure comprises a complex collection of multiple surface interfaces, contributing comprehensively to the distribution of scattered light. Effective analysis of scattering data necessitates the use of either the kinematical Born approximation (BA) or the semi-kinematical distorted-wave Born approximation (DWBA) [25]. Furthermore, the DWBA approach considers the transition from the initial state of the incident X-ray wave to the final state of the scattered wave induced by a perturbation potential due to surface roughness or diffusion at any interface. In contrast, perturbation theory treats scattering amplitude as a power series in roughness height and links it to the power spectral density (PSD) function without assuming any prior distribution of roughness height [26]. An integration method based on perturbation theory can be utilized to determine average interface statistics [27].



Based on the measurement geometry depicted in Figure 3, the variable scattering vector can be broken down into three components: qx = k cosθf sinφr (out of the incident plane), qy = k(cosθf cosφr − cosθi) (within the incident plane), and qz = k(sinθi + sinθf) (vertical to the interface), where k = 2π/λ represents the wavenumber, λ denotes the wavelength, θi and θf correspond to the grazing incidence angle and the scattering angle, respectively, and φr represents the azimuth scattering angle. Notably, the qx component exhibits a magnitude approximately three orders of magnitude greater than that of the qy component, indicating the higher sensitivity of out-of-plane scattering compared to conventional rocking curve scattering at higher spatial frequencies [28].
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In Equation (2), A represents the ratio of the illuminated area on the sample to the incident area; Ω signifies the solid angle of detection; I0 denotes the incident flux, Δεi = (−1)i; Δε, ri, and zi correspond, respectively, to the difference in permittivity of two layers, the interfacial roughness, and the position of the i th interface, while    ξ ⊥    represents the vertical correlation length [24]. Furthermore, the lateral correlation function C(R), based on the self-affine characteristics of a rough interface, can be expressed by Equation (3) [23].


     C   i , j     ( R ) =   1 2    [ C  i    ( R ) + C  j   ( R ) ]   ,       C i    ( R ) = P ξ  ∥     h   R h   K h    ( R / ξ  ∥   )   ,     



(3)







Here, ξ‖ represents the lateral correlation length, Kh denotes the modified Bessel function of order h, P is a constant related to roughness by r2 = Pξh−12h−1Γ (1 + h)/h, and h is the Hurst fractal exponent that characterizes the jaggedness of the interface. In terms of limiting cases, H → 1 corresponds to a smooth roughness profile, whereas H → 0 corresponds to a jagged roughness profile [28,29]. The relationship between the two-dimensional PSD function and the lateral correlation function can be expressed using Fourier transform.


     PSD ( q   x   ) = exp (  −    z i  −  z j       / ξ   ⊥  )   ∫   d 2        R   exp ( iq   x   R ) C ( R )   ,   



(4)







Since the power spectral density satisfies a fractal model, it can be expressed as follows:


     PSD ( q   x     ) = 4 π h σ   2   ξ ∥     2   exp (  −    z i  −  z j       / ξ   ⊥   ) ( 1 +       q x     2   ξ ∥     2   )  − 1 − h      ,   



(5)







When qx significantly exceeds 1/ξ‖, the PSD function exhibits a straight line appearance in the double logarithmic coordinate system with a slope of −2–2 h. Conversely, when qx ≪ 1/ξ‖, the PSD function approaches a constant value of 4πhr2ξ‖2. In this experiment, the vertical correlation lengths measured were greater than the total layer thickness; thus, they were assumed to be equal to the total multilayer thickness to simplify computational complexity. For thin films, r, ξ‖, and h depend on the sensitive frequency of the adopted measuring method (r = 1/(2π)[∫q‖PSD(q‖)dq‖]1/2). Generally, the fractal exponent (also known as the roughness exponent) exhibits similar values across different spatial frequencies. Moreover, the fractal exponent is related to the growth exponent by β ≈ h/(2 − h) [30] in the Kardar–Parisi–Zhang (KPZ) model [31].




3. Results and Discussion


3.1. Change in Stress under Different Annealing Conditions


The intrinsic stress of the multilayer structures was determined through sample curvature measurements using a Fizeau interferometer to measure the surface contours and radii of curvature of the substrates before and after deposition, as illustrated in Figure 4. Subsequently, stress was calculated using the Stoney equation, and the stress measurement results are depicted in Figure 5. The as-deposited samples exhibited a compressive stress of approximately −1852.8 MPa. As observed in Figure 5a, the stress changes with the annealing temperature between 70 °C and 340 °C. The stress reached zero within the range of 70–140 °C, which corresponded to the transition from compressive to tensile stress. The change behavior of stress with temperature aligns with findings reported in numerous other multilayer systems [18,26]. Additionally, Figure 5b illustrates the changes in stress (p) with the annealing duration. Notably, before annealing at 340 °C for 10 min, the stress shifted from compressive to tensile. It is evident that stress changes occurred rapidly within the initial 10 min of annealing and likely during the heating process as well. Furthermore, compared to the temperature-dependent stress reduction, prolonged annealing did not result in significant changes in stress, a trend similarly observed in the Mo/B4C, Mo/Si, and W/Si multilayer systems [18,20,32].



The results of all the annealing experiments indicate that the annealing temperature between 70 °C and 140 °C resulted in a zero-stress state. Before annealing at 340 °C for 10 min, the stress changed significantly. However, extending the annealing duration to 120 min did not result in a significant change in the stress levels. It is evident that stress undergoes rapid changes 10 min before annealing and may also fluctuate during heating.




3.2. Post-Deposition Annealing with Different Temperature (First Group)


The GIXR curves of five samples before and after annealing at 70, 140, 220, 290, and 340 °C are shown in Figure 6. With the annealing temperature rising from 70 to 340 °C, the grazing angles of the Bragg peaks progressively decreased, indicating an increase in the thickness of the multilayer d-spacing. Additionally, the displacement of the diffraction peak location increased as the annealing temperature rose.



Based on the GIXR measurements, the change in the layered structure of the NiV/B4C multilayers was assumed to have occurred with the increase in the annealing temperature since all the parameters for the GIXR measurements and deposition remained constant, except for the annealing temperature. Therefore, the change in the higher-order Bragg peak may be caused by variations in the periodic thickness of the multilayer film and alterations in the interface roughness. For confirmation, the relevant parameters of the multilayer films were quantitatively fitted. Figure 6 shows the fitted result of the NiV/B4C multilayer annealed at 70 °C, and the fitted curve closely matched the GIXR measurement results, implying agreement between the fitting model and the deposited layer structure. The bandwidth of the measured Bragg peaks was similar to that of the fitted curve, indicating the good uniformity of the 100 bilayers. The changes in the interfacial roughness and diffusion resulted in a change in the interfacial width, as depicted in Figure 7a,b for the relative changes in the period and interface width, respectively. The GIXR and fitting curves were generated using IMD [33] software, and the results are shown in Table 1. The period expansion of the NiV/B4C multilayers is observed during the temperature annealing process. This increase in the multilayer thickness may be attributed to the expansion of boron carbide. Similar findings have been reported in previous studies [34,35].




3.3. Post-Deposition Annealing for Different Durations (Second Group)


The GIXR measurements and fitted results of the NiV/B4C multilayers before and after annealing for 10, 30, 60, and 120 min at 340 °C are depicted in Figure 8. The fitted curves closely matched the GIXR measurement results, implying agreement between the fitted model and the deposited layer structure. The relative changes in the period and interface width are illustrated in Figure 9a and 9b, respectively. According to the measurements, the Bragg peak shifted to a smaller angle, indicating an increase in the periodic thickness. Notably, the grazing angles of the Bragg peaks for all the annealed samples (in the first and second groups) showed a slight decrease compared to those of the as-deposited sample, suggesting alterations in the multilayer film structure. The detailed fitting results are presented in Table 2.




3.4. Microstructure Analysis before and after Annealing


To better understand the physics behind the changes in the reflectance, period, and stress during annealing, the X-ray rocking curves of the multilayers were tested before and after annealing. Two factors could have contributed to the changes in the X-ray reflectivity: different interface roughness and interdiffusion within the multilayers. Typically, the rocking curve measurements are utilized to analyze the scattering signals arising from the interface roughness. The scattering curves of the as-deposited multilayers and multilayers obtained under different annealing conditions are shown in Figure 10. The peak height corresponded to the interface roughness level. After annealing at 70, 140, 220, and 290 °C for 60 min, the intensity of both the conformal and non-conformal scattering remained relatively constant (within the detection limit). No obvious changes in roughness were observed. However, when the annealing temperature reached 340 °C, the scattering peak was notably enhanced, indicating an increase in the surface roughness of the multilayer films and structural changes at 340 °C. To further investigate the effect of annealing on the structure of the multilayer films at 340 °C, a constant-temperature annealing experiment was conducted. Following annealing at 340 °C, the scattering intensity continued to increase, while the roughness gradually increased over time, as depicted in Figure 10d.




3.5. Grazing-Incidence X-ray Diffraction (GIXRD)


Based on the GIXR and X-ray diffuse scattering measurements, it was observed that the corresponding interface width decreased when the multilayer films were annealed at different temperatures. Annealing induces changes in the crystal structure, enhances interface clarity, releases stress, and leads to increased reflectivity and interface roughness. The physical model is shown in Figure 11.



GIXRD analyses were conducted to confirm crystallization, as illustrated in Figure 12a along with a magnified view (Figure 12b) of the (0 0 1) reflection of V5O9 (PDF#18–1450). Sharp peaks were absent when the annealing temperature was below 340 °C, as depicted in Figure 12a. At 340 °C, a noticeable (0 0 1) crystal-plane diffraction peak of V5O9 appeared at 2θ = 11.453°, consistent with its appearance in a prior study [36]. However, the crystal-plane diffraction peaks of V6O13 (2 0 0) (PDF#27-1318) were not clearly visible at other positions. Hence, V was well dispersed with Ni over the Si surfaces. Additionally, a noticeable shift in the (0 0 1) peak position towards a lower 2θ with increasing annealing temperature was observed, as depicted in Figure 12b, indicating the improved crystallinity of V5O9. These observations were consistent with the stress test results mentioned earlier. To understand the crystallization clearly, the Scherrer formula D = Kλ/(βcosθ) was utilized for calculating the grain size, with the results listed in Table 3 and depicted in Figure 13. The grain size gradually increased with the extension of the annealing duration, consistent with the earlier discussion.




3.6. GISAXS Analysis


Figure 14 displays the GISAXS measurements for the various annealing conditions of the NiV/B4C multilayers on a logarithmic scale. It highlights the prominent feature in GISAXS scattering, known as resonant diffuse scattering sheets or Bragg sheets [37], arising from the correlated interface roughness [38]. The spacing between the Bragg-like sheets in the qz space is inversely proportional to the multilayer period thickness (d) according to Δqz = 2π/d. As the annealing temperature increases, the scattering curve’s peak shape for the NiV/B4C multilayers slightly broadens, and the number of Bragg-like peaks remains mostly unchanged. This suggests changes in the interface roughness and lateral correlation length of the multilayer films, leading to the broadening of the Bragg sheets in the qx direction.



The lengths of the detected Bragg-like sheets in the qx space represent the distribution of the scattering intensity across spatial frequencies. The first and second sheets were utilized for calculating the average PSD function. Figure 15 illustrates the PSD functions of the NiV/B4C multilayers, demonstrating distinct characteristics with increasing temperature or annealing duration. The NiV/B4C multilayers maintained a relatively stable interface before the high-temperature (340 °C) heating treatment, but the interfaces changed progressively with increasing annealing duration. To understand the interface evolution process during the temperature treatments, all the PSD functions were quantitatively fitted to obtain different interface parameters, such as the roughness and lateral correlation length. Figure 15 illustrates the PSD functions and their corresponding fitting curves for the NiV/B4C multilayers under various annealing conditions. Figure 15a,b show that the PSD of the multilayer film remains relatively stable when the annealing temperature is below 340 °C, with an inflection point observed at 340 °C. However, the PSD curve consistently increases with prolonged annealing duration at 340 °C, indicating an increase in interface roughness, consistent with previous rocking curve results (as shown in Figure 15c,d).



Table 4 compares the lateral correlation length results obtained from the X-ray rocking curve scans and GISAXS measurements. The results obtained from the two test methods are generally consistent, as shown in Figure 16. The transverse correlation length curve showed a decreasing trend with increasing annealing duration, attributed to inter-film diffusion and recrystallization. Concurrently, the results from the swing curve in Section 3.4 indicate an increasing trend in the interface roughness of the NiV/B4C multilayers, consistent with the observed monotonic inverse relationship between roughness and lateral correlation length reported by R. V. Medvedev [39], R. E. Geer [40], and P. Siffalovic [37].





4. Conclusions


This study systematically investigates the microstructural changes and stress variations in periodic NiV/B4C multilayers under various annealing conditions. The stress changed with increasing annealing temperature from 70 to 340 °C. Specifically, the stress transitioned from compressive to tensile within the temperature range of 70–140 °C, reaching zero. The constant-temperature annealing experiments indicated that the stress changes primarily occurred within the initial 10 min of annealing, rendering prolonged annealing unnecessary. The results from the grazing-incidence X-ray reflectometry (GIXR), grazing-incidence X-ray diffraction (GIXRD), X-ray diffuse scattering, and grazing-incidence small-angle X-ray scattering (GISAXS) indicated that the thickness of the multilayers expanded after annealing. As the temperature and duration increased, the multilayer film underwent crystallization, leading to a gradual increase in the grain size and subsequently, a larger interface roughness. This phenomenon is the primary cause of changes in microstructure and stress. This study focused on periodic layers with a d-spacing of approximately 3 nm, providing insights into the effects of annealing on stable NiV/B4C multilayer structures. Additionally, the performance of the thicker NiV/B4C multilayer film was also studied, and the difference between its annealed condition and that of the 3 nm NiV/B4C was found to be worth further investigation.
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Figure 1. Annealing temperature control curve of NiV/B4C multilayer film for (a) temperature dependence and (b) time dependence analyses. 
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Figure 2. Macro view of the NiV/B4C multilayer and sample stage. 
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Figure 3. Geometry of the GISAXS technique. 
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Figure 4. (a) Surface profile of NiV/B4C multilayer film before coating; (b) surface profile of NiV/B4C multilayer film after coating. 
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Figure 5. (a) Temperature-dependent stress curve of NiV/B4C multilayers; (b) stress reduction in the multilayers after annealing at 340 °C for different annealing durations. 
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Figure 6. GIXR measurement and fitted result of NiV/B4C multilayers under different annealing temperatures. 
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Figure 7. Relative changes in the (a) period and (b) interface width of the multilayer after annealing at different temperatures for 60 min. 
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Figure 8. GIXR measurement and fitted result of NiV/B4C multilayers under different annealing time. 
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Figure 9. Relative changes in the (a) period and (b) interface width of the multilayers after annealing at 340 °C for different durations. 
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Figure 10. Rocking curves around the 1st Bragg peak of the (a) multilayers annealed at 70, 140, 220, 290, and 340 °C for 60 min; (b) comparison of curves before and after annealing; (c) multilayers annealed at 340 °C for 10, 30, 60, and 120 min; (d) comparison of curves before and after annealing (the curves of different color are measurements, black curve is a fitting result). 
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Figure 11. Process of interface changes during annealing of the as-deposited multilayer NiV/B4C coatings. 
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Figure 12. (a) GIXRD patterns of the film annealed at different conditions. (b) Magnified view of the (0 0 1) reflection of V5O9. 
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Figure 13. Grain size of V5O9(0.01) crystal phase at 2θ = 11.453° after annealing NV/B4C multilayers. 
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Figure 14. GISAXS maps of NiV/B4C multilayers measured at different annealing conditions. 






Figure 14. GISAXS maps of NiV/B4C multilayers measured at different annealing conditions.



[image: Coatings 14 00513 g014]







[image: Coatings 14 00513 g015] 





Figure 15. PSD functions of (a) different annealing temperatures; (b) fitting curves; (c) different annealing durations; and (d) fitting curves. 
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Figure 16. The lateral correlation length for IMD and GISAXS at different annealing (a) temperatures; and (b) different annealing durations. 
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Table 1. IMD fitting data of the multilayer film after annealing at different temperatures for 60 min.
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Temperature (°C)

	
Period Thickness d (nm)

	
ΔdNiV(nm)

	
ΔdB4C (nm)

	
ΔσNiV-on-B4C (nm)

	
ΔσB4C-on-NiV (nm)




	
As-Deposited

	
Annealed






	
70

	
3.0483

	
3.0565

	
0.0031

	
0.0051

	
−0.0049

	
−0.0032




	
140

	
3.0796

	
3.0954

	
0.0066

	
0.0092

	
−0.0089

	
−0.0067




	
220

	
3.0816

	
3.1068

	
0.0108

	
0.0143

	
−0.0130

	
−0.0109




	
290

	
3.0593

	
3.0930

	
0.0146

	
0.0191

	
−0.0163

	
−0.0143




	
340

	
3.0664

	
3.1219

	
0.0250

	
0.0306

	
−0.0214

	
−0.0186











 





Table 2. IMD fitting data of the multilayer film with extended annealing duration.
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Time (min)

	
Period Thickness d (nm)

	
ΔdNiV (nm)

	
ΔdB4C (nm)

	
ΔσNiV-on-B4C (nm)

	
ΔσB4C-on-NiV (nm)




	
As-Deposited

	
Annealed






	
10

	
3.0613

	
3.1125

	
0.0228

	
0.0284

	
−0.0045

	
−0.0033




	
30

	
3.0448

	
3.0978

	
0.0237

	
0.0293

	
−0.0113

	
−0.0092




	
60

	
3.0664

	
3.1219

	
0.0250

	
0.0306

	
−0.0214

	
−0.0186




	
120

	
3.0838

	
3.1445

	
0.0276

	
0.0331

	
−0.0415

	
−0.0381











 





Table 3. Grain size of V5O9(0.01) crystal phase at 2θ = 11.453° after annealing NV/B4C multilayers.






Table 3. Grain size of V5O9(0.01) crystal phase at 2θ = 11.453° after annealing NV/B4C multilayers.





	Sample
	Grain Size (nm)





	340 °C for 10 min
	1.0834



	340 °C for 30 min
	1.4159



	340 °C for 60 min
	1.4961



	340 °C for 120 min
	2.5909










 





Table 4. The lateral correlation length for IMD and GISAXS with different annealing conditions.
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	Annealing Conditions
	ξ//-IMD (nm)
	ξ//-GISAXS (nm)
	Δξ// (nm)





	70 °C for 60 min
	14.7924
	14.7247
	−0.0677



	140 °C for 60 min
	14.5756
	14.5321
	−0.0435



	220 °C for 60 min
	14.3405
	14.2961
	−0.0444



	290 °C for 60 min
	14.0536
	14.0190
	−0.0346



	340 °C for 60 min
	12.7641
	12.3337
	−0.4304



	340 °C for 10 min
	14.1477
	14.0571
	−0.0906



	340 °C for 30 min
	13.8127
	13.6325
	−0.1802



	340 °C for 60 min
	12.7641
	12.3337
	−0.4304



	340 °C for 120 min
	10.6655
	10.3728
	−0.2927
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