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Abstract

:

We explored the morphological and 3D spatial properties of Cu/Ni thin films obtained by a co-deposition process. The 3D AFM topographic maps analysis indicated that the films displayed different morphologies and rough profiles dictated by their singular directional inhomogeneities. Moreover, Minkowski’s volume showed that the Cu/Ni films deposited after 15 and 20 min had a similar relative distribution of matter as a function of height, which is different from the individual Cu films. The Minkowski boundary and connectivity point out that the percolative properties of the Cu/Ni samples were similar to each other. However, they were distinct from the percolative features of the Cu sample. It was also observed that the surface microtexture of the films showed similar spatial complexity, dominant spatial frequencies, and topographical uniformity. For the Cu/Ni thin films, the Minkowski functionals morphological analysis showed that the type of film dictated the surface percolation. In contrast, clear fingerprints of multifractal behavior in all the samples were also observed, indicating that the multifractality degree increased with the sputtering time, supporting the significant vertical growth of the Cu/Ni thin film deposited after 20 min. Aside from that, the results from a symmetry-based approach indicated that the vertical growth dynamics of individual Cu and Cu/Ni thin films were different in terms of scaling symmetry, where we observed that the sputtering induced the formation of less asymmetric topographies regarding their multiscaling behavior. Finally, our findings suggested that the sputtering process can be employed to tune the percolative properties, multifractality, and scaling symmetry of the films, inducing different vertical growth dynamics, which can be useful in the optimization of the fabrication of bimetallic surfaces for technological purposes.
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1. Introduction


The controlled morphology of bimetallic thin films has recently been the focus of much investigation [1,2,3]. Some properties and applications of bimetallic materials are extremely dependent on their morphologies [3,4]. Copper-nickel (Cu-Ni) is a well-known bimetallic system that can be applied as an electrocatalyst [5,6], anti-corrosive [7], antimicrobial [8,9], and biomaterial [10]. Moreover, other recent works have shown that surfaces can be functionalized with Cu-Ni layers for molecular recognition imaging [11,12]. Such applications strongly depend on the surface morphology, which dictates changes in some of the physical properties of this material, such as the wettability, adsorption, adhesion, or friction. However, thus far, there is limited research concerning studies that have explored the morphological aspects that modulate the physical properties of bimetallic Cu-Ni thin films.



Furthermore, it is also known that the deposition parameters can control the morphologies of thin films deposited by the radiofrequency sputtering (RF sputtering) technique [13,14]. In this regard, the sputtered Cu-Ni thin films obtained by Barbee et al. [15] exhibited morphologies with compact nanograins uniformly distributed on the film surface but with different grain boundary activities. The Cu-Ni-oriented thin films of Nikpasand et al. [16] were deposited under different deposition times and presented different thicknesses, morphologies, topographical roughness, and spatial complexities. Nonetheless, a robust study on this system’s morphology and advanced fractal and multifractal aspects has not been reported thus far, which limits the knowledge of some specific physical properties (e.g., topographical uniformity, surface percolation, and surface texture homogeneity).



Through the fractal dimension, it is possible to understand the scale of the average variations in the differences in the height of the surface as a function of the horizontal distance, eliminating possible dependences on the position or other topographical features. In this way, a power law concerning the surface indicates how the scale of the heights of the surface in question is governed. However, normally, this behavior is not maintained because, in general, due to certain characteristics at specific points on a surface, scale symmetry deviates from monofractality. To circumvent this limitation, the multifractal theory appears in cases such as this, as it is able to identify these variations in the scale analysis since this theory presents, as a result, a spectrum that shows the different aspects of the scaling behavior instead of just one single fractal dimension value.



Atomic force microscopy (AFM) is the most appropriate technique for evaluating 3D spatial patterns of thin films at the nanoscale [17,18], with sub-nanometer accuracy. From AFM topographical maps, it is possible to obtain a set of advanced morphological parameters (e.g., Minkowski functionals, surface lacunarity, surface succolarity, and surface entropy) which describe the topographical changes generated after RF sputtering deposition [19,20,21,22,23]. Moreover, these topographic maps can provide information on the nature of spatial complexity and thin film vertical growth dynamics using fractal [24,25,26] and multifractal [27,28,29] theories, respectively. Thus, the morphology of Cu-Ni thin films deposited by RF sputtering method, which thus far has only been explored vaguely, can be entirely mapped by their 3D spatial patterns.



Ghaderi et al. recently published a work in which Cu/Ni nanoparticles in an acetylene (C2H2) trace were deposited to be applied as CO gas sensors at room temperature based on LSPR absorption. Here, 3D topographic maps were used to study the surface isotropy and microtexture and all advanced micromorphology parameters [30]. Therefore, Cu-Ni thin films deposited under different deposition times using an RF sputtering apparatus were successfully obtained. The main goal is to complete the limited literature on these thin films’ morphological, fractal, and multifractal aspects with their 3D spatial patterns using AFM maps. Our results are supported well by the 3D topographical maps obtained, which provide information on the morphology, surface roughness, spatial complexity, surface percolation, topographical uniformity, and vertical growth dynamics of the films.




2. Materials and Methods


2.1. Deposition of the Films


A co-deposition process was carried out to produce the samples studied here, including RF sputtering and radiofrequency plasma-enhanced chemical vapor deposition (RF-PECVD) with a supply power of 13.56 MHz, based on a reactor with two electrodes different in both material and size. One of them (the largest) was grounded by a stainless steel chamber, and there was a 5 cm distance between each, while the smallest was metallic, being a powered electrode. To carry out the deposition of the films at room temperature, both the Cu target and SiO2 substrates were set into the chamber, evacuating to 103 N/m2 as the base pressure. Then, acetylene gas was introduced, causing the pressure to rise to the ambient level. This served as a carrier gas to produce plasma and in the production of NPs in the carbon trace later. The vacuum was broken to switch the target from Cu to Ni. Cu/Ni nanostructures were formed on the surface under acetylene gas. In our experiments, the work pressure for fabricating an individual Cu thin film (Cu#0) was 3.5 N/m2 for 30 min, while for the Ni films obtained after 15 (Cu/Ni#15) and 20 min (Cu/Ni#20), it was maintained at 2.5 N/m2. A more detailed description can be found elsewhere [30].




2.2. AFM Imaging and 3D Spatial Analysis


Areas of 1×1 μm2 were scanned by an atomic force microscope (Nanoscope Multimode Digital Instruments, Santa Barbara, CA, USA) with a scanning velocity of 1 Hz and silicon tips. All measurements were performed with no contact, in the air, and at four different regions on each sample, generating images with 256 pixels × 256 pixels at room temperature. To create the images, we used RTESPA-300 model tips (Bruker, San Jose, CA, USA), with a spring constant of 40 N/m and a tip radius of 8 nm. Our morphological parameters were obtained using Gwyddion 2.59 software [31] in accordance with ISO 25178-2: 2012 [32]. In addition to data referring to the autocorrelation function (ACF), fractal and multifractal analysis were also performed. We also computed the fractal succolarity (FS) through an algorithm developed in R and FORTRAN 77 [33]. To discuss the morphological spatial structures, Minkowski functionals (MFs), which are the volume (V), boundary (S), and connectivity ( χ ), were calculated according to Equations (1)–(3):


  V =    N  w h i t e    N  ,  



(1)






  S =    N  b o u n d    N  ,  



(2)






  χ =    C  w h i t e   −  C  b l a c k    N  ,  



(3)







In these equations, Nwhite represents the number of “white” pixels, N is the total number of pixels, Nbound is the number of white-black pixel boundaries, and Cwhite and Cblack are the numbers of continuous sets of white and black pixels, respectively. Furthermore, for proper analysis of the multifractal parameters, the AFM images were stored in a tiff file format characterized by a simple box counting. In this way, the generalized fractal dimensions were expressed as in Equation (4), and the multifractal spectrum function was expressed as in Equation (5) [34]:


     D q  =   τ  ( q )     (  q − 1  )    ,  



(4)






  f  (  α  ( q )   )  = q α  ( q )  − τ  ( q )  ,  



(5)




where α(q) = dτ(q)/dq and the power exponent   q ∈  (  − ∞ ; + ∞  )   .





3. Results


The morphology of RF-PECVD sputtered individual Cu and Cu/Ni thin films, as well as their and Rz profiles, are shown in Figure 1. The Cu#0 sample showed the smoothest morphology with a uniform distribution of sharp, rough peaks, which was confirmed by its Rz pattern (Figure 1a). A similar morphology can be observed for the Cu/Ni#15 sample (Figure 1b), but its Rz pattern showed that there was a predominance of rough peaks and a detriment of valleys. However, the Cu/Ni#10 sample (Figure 1c) displayed a morphology that was entirely irregular and non-uniform, with a robust formation of rough islands. The Ni film deposited within 15 min had a significantly greater root mean square deviation roughness (Sq = 4.0 ± 0.4 nm) than the individual Cu film (Sq = 1.4 ± 0.2 nm), which further increased after 20 min of deposition (6.6 ± 0.7 nm). This proves that the Ni layer deposition time is critical for forming surfaces with different morphologies and surface roughness values. Such morphologies and roughness values are similar to the others previously reported [35,36], confirming that our RF-PECVD experiment is suitable for obtaining reproducible Cu/Ni thin films.



To further analyze the spatial profiles of the samples, we used an important physical parameter often used in film analysis: the ACF, which provides information about the degree of isotropy or anisotropy of the surface microtexture [37]. Thus, we used this parameter (together with the roughness parameter) to evaluate how the sputtering time affected the spatial distribution and organization of rough peaks on the surface of the Cu/Ni thin films. Herein, the autocorrelation functions were calculated using the AFM topographical maps using Gwyddion 2.59 software [31]. Figure 2 shows a set of ACFs calculated for these systems, obtained according to the lateral dimension of each AFM image. The red and black lines are associated with the fastest decay direction (τa1) and the slowest decay direction (τa2), respectively, which are angles responsible for dictating the direction and whose autocorrelation function drops down the threshold for their shortest and longest r values [38].



From the values summarized in Table 1, we computed that the τa1 values increased from Cu#0 to Cu/Ni#20, but the τa2 values robustly decreased. Such behavior was behind the increase in the lateral autocorrelation lengths Sa1 and Sa2 of Cu/Ni#15 and Cu/Ni#20, respectively, indicating that higher sputtering times provide more open surfaces [39], which can be ascribed to their different rougher profile. This is in complete agreement with our height-based analysis, because the surface roughness value increased from Cu/Ni#15 to Cu/Ni#20. Furthermore, the anisotropy ratio (Str), which dictates directional inhomogeneities of the surface microtexture, showed that all surfaces were strongly dominated by isotropic patterns (Str > 0.3) [40]. It is worth noting that the 3D spatial patterns of Cu/Ni#15 showed the highest degree of surface isotropy (Str = ~0.7), suggesting that its surface microtexture was composed of spatial patterns with significant directional inhomogeneities.



An advanced morphological analysis was performed using Minkowski functionals (MFs). In Figure 3, we see MFs are measures used to describe the geometric characteristics of nanosurfaces. The panels displayed in Figure 3a–c show the MFs computed considering the non-normalized threshold z. In this regard, we can see that it was not possible to make a fair comparison between the samples in the present case. Thus, we also computed the MFs considering the normalized threshold z, as shown in Figure 3d–f. Figure 3d reveals that the Minkowski volume for the Cu/Ni#15 and Cu/Ni#20 samples had a similar pattern when the normalized threshold was considered. This means that the distribution of matter as a function of height was similar in both cases. In Figure 3e,f, let    z p    be the normalized threshold associated with the corresponding Minkowski boundary and connectivity peak. We observed that    z p    was high for the Cu#0 sample, whereas the samples of Cu/Ni#15 and Cu/Ni#20 had close values of    z p   , which can be attributed to their high roughness values. This suggests that their percolative features were similar to each other but different from the percolative properties of the Cu#0 sample.



The advanced fractal parameters were used to study the surface microtexture’s irregularities [19]. The panels displayed in Figure 4 bring four fractal parameters as a function of the sample type. As can be seen, the fractal dimension (FD), Hurst coefficient (H), and topographical entropy (E) parameters showed no statistically significant difference (one-way ANOVA, p > 0.05). The FD values were found to be 2.44 ± 0.12 (Cu#0), 2.44 ± 0.12 (Cu/Ni#15), and 2.37 ± 0.12 (Cu/Ni#20), suggesting that all the films had similar spatial complexities. Due to the direct correlation with the FD value, the H values were computed to be 0.56 ± 0.03 (Cu#0), 0.56 ± 0.03 (Cu/Ni#15), and 0.63 ± 0.04 (Cu/Ni#20), showing that their surface microtextures were dominated by high dominant spatial frequencies [23]. Furthermore, all films displayed high topographical uniformity (E ~ 1) [22,23], specifically 0.98 ± 0.05 (Cu#0), 0.96 ± 0.05 (Cu/Ni#15), and 0.98 ± 0.05 (Cu/Ni#20), suggesting that their surface microtextures were composed of 3D spatial patterns evenly arranged over the surface. Such topographical uniformity can be attributed to the surface isotropy exhibited by all surfaces (Str > 0.3). Nonetheless, the fractal succolarity (FS) of Cu#0 was determined to be 0.57 ± 0.01, while Cu/Ni#15 (0.53 ± 0.02) and Cu/Ni#20 (0.53 ± 0.02) yielded similar values which were close to the ideal value (0.5) [19]. The one-way ANOVA comparison test confirmed that the overall average values were statistically different (p < 0.5). However, the pairwise ANOVA-based Tukey test indicated that the Cu/Ni#15 and Cu/Ni#20 samples showed no statistically significant difference. This proves that the Cu/Ni films have similar surface percolation, which perfectly agrees with our Minkowski functional morphological analysis (Figure 3).



The vertical growth dynamics associated with local irregularities of the surface of the films were investigated using their multifractal spectra [38]. Figure 5 reveals three clear fingerprints of multifractality on the surface of the investigated thin films. Panel (a) shows a deviation from the linear behavior between the mass exponent τ(q) and q. Panel (b) indicates a non-constant relationship between the generalized dimensions Dq and q. Panel (c) presents the usual downward concave curve of the multifractal spectra. Moreover, Table 2 shows the measures that quantify the multifractality of the thin films explicitly [28].



The spectra width Δα = αmax • αmin is the most important multifractal measure that represents the strength of the multifractal nature assumed by a surface. In this regard, we see that the value of Δα for Cu/Ni#20 was higher than the corresponding value for Cu/Ni#15, which in turn was higher than the value for the Cu#0 sample. Such results suggest that the sputtering time plays an important role in designing Cu/Ni thin films with high multifractality and different vertical growth dynamics.



In order to quantify the scaling symmetry and asymmetry, we employed a newly developed approach [41]. First, note that in the parabolic-like curve of Figure 5c, the left (right) branch accounts for the scaling behavior of the regions of the peaks (valleys). Thus, from a symmetry-based approach, Δf = f(αmax) − f(αmin) can be employed as a quantifier of the deviation of the analyzed topography from the perfect monofractal behavior; that is, Δf provides information about the scaling symmetry of the surfaces. In Table 2, the values of Δf show that the samples of Cu#0 presented the largest deviation from perfect monofractality in comparison with the {Cu/Ni#15, Cu/Ni#20} signaling and that the sputtering process induced a decrease in the scaling symmetry in these topographies, even though it produced an increase in their multifractality, as was previously noted; that is, the scaling behavior of the top and bottom segments of the {Cu/Ni#15, Cu/Ni#20} topographies was more symmetric than the corresponding one of the pure Cu#0. This analysis points out that the vertical growth dynamics of the individual Cu and Cu/Ni thin films differed regarding multifractality and scaling symmetry.




4. Conclusions


We investigated the morphological, fractal, and multifractal properties of bimetallic Cu/Ni thin films deposited onto SiO2 substrates using an RF-PECVD apparatus. Using 3D AFM topographic maps, we investigated their morphologies and roughness in addition to the Minkowski functionals, advanced fractal parameters, and multifractal features. The films displayed different morphologies and roughness profiles, dictated by their singular directional inhomogeneities. The Minkowski volume showed that the Cu/Ni films deposited after 15 and 20 min had a similar relative distribution of matter as a function of height, which was different from the individual Cu films. Accordingly, the Minkowski boundary and Minkowski connectivity pointed out that the Cu/Ni samples’ percolative properties were similar but distinct from the Cu sample’s percolative features. The surface microtexture of the films showed similar spatial complexity, dominant spatial frequencies, and topographical uniformity. However, their surface percolation was dictated by the type of film analyzed, where the Cu/Ni thin films exhibited similar surface percolation properties, confirming the Minkowski functional morphological analysis. We also observed clear fingerprints of multifractal behavior in all the samples. The results indicate that the sputtering process favored the formation of topographies with an enhanced multifractality degree but with a weakened scaling asymmetry. Our findings suggest that sputtering can tune the films’ percolative properties, multifractality, and scaling symmetry, inducing different vertical growth dynamics. Such behavior can help improve the fabrication of bimetallic thin films with morphology and roughness controlled. This can dictate new perspectives for producing devices coated with Cu/Ni layers (e.g., functionalized AFM tips with remarkable molecular recognition imaging) for unequivocally distinguishing hybrid molecular surfaces.
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Figure 1. Representative 3D AFM topographical maps and Rz profiles of (a) Cu#0, (b) Cu/Ni#15, and (c) Cu/Ni#20 thin films. 
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Figure 2. The autocorrelation functions (ACFs) as a function of the sample length (r) of (a) Cu#0, (b) Cu/Ni#15, and (c) Cu/Ni#20 thin films. 
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Figure 3. (a–c) MFs considering the non-normalized threshold z and (d–f) MFs considering the normalized threshold z for the scanning area of 1 μm × 1 μm. 






Figure 3. (a–c) MFs considering the non-normalized threshold z and (d–f) MFs considering the normalized threshold z for the scanning area of 1 μm × 1 μm.



[image: Symmetry 14 02675 g003]







[image: Symmetry 14 02675 g004 550] 





Figure 4. (a) Fractal dimension, (b) topographical entropy, (c) fractal succolarity, and (d) Hurst coefficient of individual Cu and Cu/Ni thin films as a function of the sample type. 






Figure 4. (a) Fractal dimension, (b) topographical entropy, (c) fractal succolarity, and (d) Hurst coefficient of individual Cu and Cu/Ni thin films as a function of the sample type.



[image: Symmetry 14 02675 g004]







[image: Symmetry 14 02675 g005 550] 





Figure 5. (a) Mass exponent τ(q), (b) generalized dimensions Dq, and (c) multifractal spectra (f(α) versus α of individual Cu and Cu/Ni thin films as a function of the order of moments. For clarity, the mass exponent curves for Cu/Ni#15 and Cu/Ni#20 have been shifted by +5 and +10, respectively. 
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Table 1. The fastest (τa1) and the slowest (τa2) decay directions, decay lengths (Sa1 and Sa2), and anisotropy factors (Str) for the investigated representative samples.






Table 1. The fastest (τa1) and the slowest (τa2) decay directions, decay lengths (Sa1 and Sa2), and anisotropy factors (Str) for the investigated representative samples.





	Parameter
	Unit
	Cu#0
	Cu/Ni#15
	Cu/Ni#20





	τa1
	º
	13.81
	71.57
	87.27



	ta2
	º
	30.88
	12.99
	4.840



	Sa1
	nm
	8.133
	18.53
	41.06



	Sa2
	nm
	71.57
	26.06
	115.6



	Str
	-
	0.447
	0.711
	0.355
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Table 2. Multifractal parameters of individual Cu and Cu/Ni thin films.
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	Parameter
	Cu#0
	Cu/Ni#15
	Cu/Ni#20





	f(αmax)
	−0.353
	−0.204
	−0.261



	f(αmin)
	1.560
	1.271
	1.289



	Δf
	1.913
	1.475
	1.550



	αmax
	2.979
	2.919
	3.040



	αmin
	2.047
	1.963
	1.978



	Δα
	0.932
	0.956
	1.062
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