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Abstract 
High entropy alloy (HEA) thin films of CrCoCuFeNi are grown on stainless steel substrate using 
radiofrequency (RF) magnetron sputtering method at different sputtering times (30, 60 and 90 
minutes), substrate temperatures (room temperature, 100 and 200 deg. Celsius) and RF powers 
(100, 150 and 200 W). The nanoscale morphology and topography of the thin films are obtained 
using an atomic force microscopy (AFM) method. The average surface roughness, interface width, 
fractal and multifractal characteristics of the films are presented. It is shown that the average 
surface roughness and interface width decrease with the time of deposition while considering the 
combination of the other factors. The autocorrelation and height-height correlation functions 
reveal that these surfaces are self-affine and exhibit fractal characteristics. The increase in 
sputtering power, with different combinations of time and temperature, is related to large fractal 
dimension and small lacunarity coefficient. The increase in substrate temperature (for different 
combinations with time and RF power) is shown to enhance the spatial roughness of the HEA thin 
films. A multifractal analysis undertaken using generalized fractal dimension, mass exponent 
against moment order and multifractal spectrum reveal that all the films have a multifractal 
character; and the films deposited at high temperatures and powers exhibit the strongest 
multifractal behaviour.  

Keywords: High entropy alloy thin films; fractals; surface roughness; sputtering; fractal 
dimension; Lacunarity; multifractal       

1 Introduction  
High entropy alloy (HEAs) thin films have attracted a lot of interest among researchers due to the 
attractive attributes they offer in terms of properties and applications [1]. In definition, HEAs are 
alloys with at least five different components and a mole percentage from each element ranging 
from 5% to 35%. In terms of thermodynamics, HEA films are more likely to form multi-element 
solid-solution phases rather than the complicated intermetallic compounds due to the enhanced 
mixing entropy impact caused by the increased number of significant component elements [2]. As 
such, HEAs films have several unique properties, including high hardness, wear and corrosion 
resistance, excellent thermal stability, high strength and ductility, superior stability to irradiation, 
excellent fatigue and oxidation resistance [3].  



Due to the attractive properties, several studies have been conducted on properties and 
characterization of HEA coatings and thin films. Sha et al. used the direct current (DC) magnetron 
sputtering technique to deposit FeMnNiCoCr HEA coatings, demonstrating remarkable ductility 
and strength [4]. Liang et al. investigated AlCoCrFeNi HEA coatings and demonstrated that HEA 
coatings exhibit excellent stability for high temperature applications [5]. Khan et al. [6] 
investigated the significant magnetron sputtering parameter that can be optimized to tune the 
physical and chemical properties of HEA thin films for applications; they demonstrated that 
sputtering radiofrequency (RF) power is key in regulating the composition and microstructure of 
HEA thin films. The results show that increasing power improves the hydrophobicity, and alters 
the composition and microstructure of HEA thin films, allowing for fine-tuning of their physical 
properties. Sha et al. [7] investigated the effect of the addition of nitrogen (N) element to 
FeMnNiCoCr HEA on the microstructural growth, tribological, and mechanical properties. It was 
revealed that the coatings with low nitrogen N content exhibit an FCC structure, which provides 
the best adhesion strength and scratch toughness but lowers wear resistance and hardness. Thin 
films with medium N content have a BCC structure, which improves wear resistance and hardness 
but reduces the scratch responses. Coatings with a higher N nitrogen content have an impressive 
combination of superior wear resistance and hardness, good scratch response, and have a well-
defined structure. These BCC grains and N-reinforced grain borders overcome the contradiction 
between ductility and strength. An investigation by Wang et al. on the tribo-mechanical properties 
of sputtered CrNbTiMoZr HEAs film reveals the films' exceptional tribological properties [8].  

It is no doubt that studies on high entropy alloy (HEA) thin films are very scanty; this is due to the 
fact that HEA is still a developing area, holistically. In addition, most of the existing HEA thin 
film studies focus on their mechanical properties and performance in conditions of wear and 
corrosion. In fact, there are very few studies focusing on the scaling behaviour of HEA thin films 
during a typical thin film deposition process. Studies into the nanoscale dynamics of such films 
are necessary for advancing the deposition processes for excellently-tuned HEA thin films for high 
performance applications. In this study, therefore, and for the first time ever, nanoscale dynamic 
analyses, through fractal and multifractal methods, are used to understand the surface evolution 
during sputtering of solid CoCrCuFeNi HEAs thin films deposited on stainless steel 304 using 
radio frequency magnetron sputtering. The films were deposited at carefully selected combination 
of the deposition parameters of the substrate temperature, deposition time, and RF power. The 
research will advance knowledge on the evolution of surface structures during the deposition of 
HEA thin films such as CoCrCuFeNi films. 

2 Methods 
Using an HHV TF500 RF magnetron sputtering thin film coatings system, deposition of a high 
entropy alloy target consisting of Co 17.8, Cr 21.6, Cu 23, Fe 18.5, Ni 19.1 at% was undertaken on the 
stainless steel substrate. The deposition was undertaken at different sputtering times, power, and 
substrate temperatures. The sputtering system's descriptions and procedure have already been 
described in the published literature [9–11]. Before mounting the substrates into the substrate 
holder inside the sputtering chamber, the commercially available stainless steel 304 substrates 
were cleaned and polished to a mirror finish. To reduce residual oxygen for all the depositions, the 
chamber was first pumped down to a base pressure of 5.0 x 10-5 mbar. The substrate holder rotated 
at a constant speed of 5 rpm. The target and substrate holder were separated by a set working 
distance of 150 mm. Pre-sputtering was done for a few minutes to clean the surface of the target, 
while the argon gas flowrate was kept at 14 standard cubic centimetres per minute (sccm). Samples 



were prepared at different conditions of time, power and temperature as illustrated in Table 1. The 
parameters used in the process have been succesfull in preparing quality thin films of the material 
in our laboratory.  

 

 

Table 1 Magnetron sputtering conditions of high entropy alloy (CrCoCuFeNi) thin films 

Sample Description  Deposition parameters 

Time (mins) Sputtering power (W) Substrate temperature (oC)  

A 30 100 RT 

B 30 150 200 

C 30 200 100 

D 60 100 200 

E 60 150 100 

F 60 200 RT 

G 90 100 100 

H 90 150 RT 

The obtained samples were characterized for surface topography using Atomic Force Microscope 
(AFM) (Dimension Icon®, Bruker). It is a technique that can display any vertical changes on the 
surface of the film with a resolution of up to 0.1 nm [12, 13]. The samples were examined in 
ScanAsyst-Air mode as this mode is easier and faster to get consistent, high-quality results and do 
not harm the thin metallic films. A silicon carbide cantilever probe with a nominal thickness of 
0.5μm, and tip specifications were a height of 5 μm and thickness of 2 nm was used. The spring 
constant of the cantilever was 0.400 N/m. A scan angle of 0.00°, a scan rate of 1 Hz, a peak tapping 
force amplitude of 150 nm and peak frequency of 2 kHz.  The surface topographies of the thin film 
samples were obtained by scanning over a 1 µm × 1 µm area with a resolution of 1024 x 1024 
pixels. The imaging was undertaken at ambient conditions of relative humidity of 50% and room 
temperature of 25°C. Ten images were obtained for each surface sample to obtain a representative 
average of the analysis parameters. 

Gwyddion software, a free and open-source software, was used for data visualization and image 
analysis [14]. Baseline correction of the AFM images was done using align rows command using 
the Polynomial 4 method. A statistical analysis of the thin films to determine their stereometric 
characteristics was undertaken on Gwyddion software according to ISO 25178-2:2021 [15]. These 
features include moment-based such as interface width (root mean square roughness), mean 
roughness, kurtosis and skewness; order-based such as maximum peak height, maximum pit depth, 
and a maximum height of features and; hybrid properties such as that inclination, variation and 
surface slope. Other features include height distribution histograms and surface texture plots.  



In addition, fractal behaviour was evaluated through fractal dimension and multi-fractal 
characterisation using FIJI (formerly known as ImageJ) with FracLac plug-in for fractal analyses. 
A complete methodology for the analyses has been extensively presented in the literature by the 
authors of this article [16] and other researchers [17, 18].    

3 Results and Discussion  
Figure 1 represents 3D AFM topography maps of the CrCoCuFeNi thin films deposited on 
stainless steel substrates. It can be observed that films deposited at low deposition times, i.e., 30 
minutes (A, B, and C) exhibit well-developed grain structures whereas those obtained at 90 
minutes (G and H) of sputtering exhibit highly interconnected grain structures. It can also be 
deduced that HEAs thin films grown at room temperature, RT (°C) have large surface grains with 
sharp-pointed peaks and pits. In particular, samples A, F and H have sharp and large surface grains 
and visible pits on their surfaces. Thin films deposited at high temperatures are shown to exhibit 
finer grains with less surface pits and better surface coverage (samples B and D). The influence of 
sputtering power on grain evolution is not clear in these results, although, it can be deduced that 
films prepared at high powers and high temperatures exhibit large surface structures (e.g., samples 
C and E). 

 
Figure 1. 3-D Atomic force microscopy (AFM) images for CrCoCuFeNi high entropy thin films sputtered on 
stainless steel 

The density distribution histograms corresponding to the topography maps in Figure 1 are shown 
in Figure 2 including the Gaussian function fitting. These histograms are the representation of the 
peak counts against the height of peaks; the peak count implies the number of peaks per unit length 
whereas the peak height is the vertical deviation of the maximum points from the mean height of 
surface features. The general indicatation of these results is that the lowest average peak height 
from the distribution is ~ 10 nm with a maximum peak height of ~ 65 nm. The histograms further 



show that structures in samples B, C, D, G and H exhibit an accurate Gaussian distribution with 
one strong peak and several weak peaks (not shown). The strong peak (depicting a nearly unimodal 
structure) is an indication of less heterogeneity in the structures. It also indicates  a better surface 
coverage of the coating onto the substrate. This is very important especially for protective thin 
films/coatings such as these HEA thin films. All the histograms exhibit near bell-shaped profiles 
and are tall and narrow, indicating a small standard deviation of the distribution of the surface 
peaks. However, the histograms for samples A and F are slightly shorter and wider compared to 
the rest of the samples, which indicates a larger standard deviation of the distribution of the sizes 
of the surface peaks. These histograms (with Gaussian function fits) are a depiction of statistical 
surface roughness and uniformity of surface structures of the thin films. 

The statistical surface roughness characteristics of the samples were computed based on existing 
equations [19] and represented in Table 2. From the table, it is evident that surface roughness (both 
interface width and average) generally decreases with deposition time. It is also shown that films 
deposited at room temperature, generally, exhibit the highest surface roughness (A, F and H). Thin 
films grown at 200°C can be seen to exhibit the lowest surface roughness (e.g. samples B and D). 
The radiofrequency sputtering power does not exhibit a predictable relationship with the surface 
roughness of the deposited thin films. Similar observations were reported for aluminium thin films 
prepared on the same sputtering facility [9] and the contrary for Ti thin films prepared via DC 
magnetron sputtering [18]. It implies therefore sputtering power is a subject for process 
optimization in further studies and scienfitic representation of the influence of sputtering power 
on surface roughness characteristics. The samples deposited at room temperature (e.g. A and F) 
show the largest values of maximum peaks and pit depths. The values for skewness, for all the 
samples, except for sample D, are positive, which agrees with the histograms and Gaussian 
function fitting in Figure 2. The negative values for D indicate that the surface is nearly a perfect 
Gaussian function (since its kurtosis and skewness values are very close to 3 and zero respectively) 
and exhibits the tallest and narrowest histogram profile. The coefficient of kurtosis, generally, 
increases with the deposition time and it is highest on samples deposited at high substrate 
temperatures (e.g. samples G and E). It means that as the deposition time and temperature increase 
there is the formation of bumpy surfaces of the thin films.       
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Figure 2. The peak count histograms showing the height distribution of peak count per unit length (ρ) against the 
peak height (z) for sputtered thin films A, B, C, D, E, F, G, and H. The continuous white line represents the 
Gaussian function fit to the data. 



Table 2 Computed values of the surface roughness parameters of the sputtered thin films 
Sample Average 

roughness 
Ra (nm) 

Interface 
width w 
(nm) 

Lateral 
correlation, 
ε (nm) 

Maximum 
peak 
height, Sp 
(nm) 

Maximum 
pit depth, 
Sv (nm) 

Maximum 
height, Sz 
(nm) 

Skew 
Ssk 

Kurtosis 𝜸𝜸

=
𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍
𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍

 

 
A 4.82 6.50 0.036 28.71 26.99 55.70 0.25 1.48 -0.56 
B 1.22 1.62 9.73 8.52 9.39 17.90 0.19 1.88 0.21 
C 1.73 2.37 29.12 14.43 12.63 27.6 0.60 4.63 0.26 
D 0.84 1.16 13.38 8.23 9.04 17.27 -0.11 3.31 0.06 
E 1.79 2.63 24.43 17.32 9.05 26.37 1.58 6.56 0.30 
F 4.16 6.00 39.68 39.42 27.11 66.53 0.67 6.15 0.49 
G 1.65 2.45 38.53 28.33 14.54 42.86 1.60 15.73 0.25 
H 1.25 1.68 18.98 11.00 8.11 19.11 0.10 1.35 0.18 

 

As mentioned in literature [20], average surface roughness and interface width are global 
parameters and they only provide information on the vertical deviation of surface features; they do 
not provide information on local roughness, lateral evolution and correlations of the surface 
features. Fractal tools such as autocorrelation (A(r)) and height-height (H(r)) correlation functions 
are employed to study these properties and are shown in Figures 3 and 4. The plots of A(r) show 
an exponentially decreasing behaviour, which indicates that all the surfaces exhibit self-affine 
fractal character. It can also be seen that samples such as F and G exhibit significant oscillatory 
behaviour, which indicates that the surfaces of these samples are mounded. The formation of the 
mounded surfaces may be attributed to the clustering of structures at high sputtering power and 
substrate temperature. From A(r) plots, the lateral correlations were determined, as can be 
observed in Table 2, and it is clear that sample A (prepared at the lowest time, 100 W and RT) 
exhibits the smallest length, indicating that it exhibits the highest lateral roughness. Despite having 
very high average surface roughness, samples F and G, exhibit very large lateral correlation length, 
indicating low lateral surface roughness across their surface.   
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Figure 3. Graphical representation of autocorrelation functions of high entropy alloy films A, B, 
C, D, E, F, G and H sputtered on the stainless steel substrate. 

The height-height correlation functions representations for the samples are shown in Figure 4. This 
technique determines the lateral properties based on power differences between points on various 
surfaces of structures. As shown, the function exhibits two regimes for all the samples; at small 



values of r, there is linear behaviour of the function indicating the scaling character of the films 
whereas at large values of r the plots exhibit nonlinear and oscillatory characteristics. These 
characteristics of the H(r) profile indicate self-affine surfaces. At larger r, there occurs saturation 
at 2ω2. These properties have been related to Gaussian noise attributed to the shadowing effect due 
to roughening effect of Kardar-Parisi-Zhang (KPZ) non-linearity. The shadowing effect results in 
the growth of taller surfaces with a high sticking coefficient at the expense of the shorter ones. 
This leads to the formation of mounded surfaces as depicted by the 3D topography AFM maps. As 
shown in Table 2, the computed values of γ are less than unity, which shows a faster rate of 
evolution of structures in the spatial direction.   
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Figure 4. Graphical representation of height-height correlation function of CrCoCuFeNi thin films A, B, C, D, E, F, 
G and H sputtered on stainless steel substrates 

The fractal characteristics in terms of the fractal dimension and lacunarity coefficient for the 
samples are represented in Table 3. The fractal dimensions were obtained from the height-height 
correction functions using a procedure described in our publications [21] whereas the coefficient 
of lacunarity was computed through a linear fit on a plot of log (lacunarity) versus log (size of grid 
of the box-counting method) as described by Das et al. [18]. For all the samples, the fractal 
dimensions indicate low spatial complexities (Df<2.5). The coefficients of lacunarity indicate gaps 
in the structure or the non-uniformity of the surface structures; it can be seen that samples C, H 
and D (prepared at sputtering power above 100 W) exhibit the lowest values. This indicates that 
an increase in sputtering power enhances the uniform spatial distribution of surface structures 
during sputtering. Samples B and D exhibit the highest fractal dimensions; this indicates that an 
increase in substrate temperature results in an increase in spatial complexity of the grown HEAs 
thin film materials. There is no clear relationship between the values of the fractal dimension and 
the deposition time (Table 3).  

The plots of generalized fractal dimension versus moment (Figure 5) exhibit a non-linear 
decreasing behaviour with a sigmoidal character at q=0, that indicates that all the surfaces are 
multifractal. It is also clear that for all the samples, Df (0) > Df(1) > Df(2) is true, which confirms 
the multifractal nature of these films. As such, the films’ structure can be described by the three 
dimensions, i.e. capacity dimension (q=0), information dimension (q=1) and correlation dimension 
(q=2) as shown in Figure 5. As expected, samples with higher complexity (deposited at high 
temperature), such as B and D, have their profiles shifting upwards as compared to the rest of the 
samples. The multifractal nature of these films can be confirmed by the scaling exponent, τ(q), 



versus moment order, q in Figure 6. The profile exhibits a non-linear relationship with modulation 
at q=0, a multifractal characteristic.         

 
Figure 5. Generalized fractal dimension Df(q) versus moment (q) of the sputtered CrCoCuFeNi thin films 

 

 
Figure 6. Mass exponent τ(q) versus moment (q) of the sputtered CrCoCuFeNi thin films 



The multifractal spectrum, f(α), plotted against the singularity exponent (α) (Figure 7) is an 
indication of the surface dynamics during thin film growth. As shown, the profiles are humped and 
strongly skewed to the right, which implies that these surfaces are multifractal. The spatial 
complexity of the surfaces is determined by the right shifts of the profiles, i.e. in this case, samples 
prepared at high temperatures, generally, have their profiles strongly shifting to the right whereas 
those prepared at low temperatures to the left. This is a confirmation of the increase in lateral 
complexity of the films with increasing deposition temperature. In addition, the multifractal 
spectrum indicates the evolution characteristics of the thin film surfaces during deposition, and as 
such, high temperature leads to coalescence and formation of complex surface structures. The 
multifractal measures obtained from Figure 7 are shown in Table 4. The highest peak of the 
spectrum (fmax) can be observed for samples B and D, which further confirms the multifractal 
strength of these samples and the strong influence of the deposition temperature on the spatial 
growth of HEAs thin films during a sputtering process. The width of the spectrum, ∆f(α), for all 
the samples is positive, indicating that the distribution of the surface structures depends on the 
maximum subset probability. Sample D has the lowest value of ∆f(α), which indicates that it has 
the smallest maximum peaks as compared to the rest; this agrees with the fractal and statistical 
results. Large values of ∆α are an indication of high lateral growth and non-uniform distribution 
of structures. In this case, samples prepared at high substrate temperature and sputtering power are 
seen to exhibit larger values of ∆α. It, therefore, indicates that high power and substrate 
temperature contribute to the lateral evolution of the thin film structures during sputtering.  

 
Figure 7. Multifractal spectra of the sputtered CrCoCuFeNi thin films 

 



Table 3 Fractal parameters of the sputtered CrCoCuFeNi thin films. All the values of D have an error of ±0.01 
Parameter  A B C D E F G H 
Fractal dimension (Df) 1.699 1.783 1.732 1.781 1.590 1.659 1.693 1.773 
Lacunarity coefficient  0.082 0.048 0.036 0.051 0.121 0.108 0.128 0.041 

 

 
Table 4 Multifractal spectrum measures of the sputtered CrCoCuFeNi thin films 

Samples αmin αmax ∆α fmin fmax ∆f 
A 1.49 2.151 0.661 0.873 1.704 0.831 
B 1.653 2.279 0.626 0.9671 1.758 0.7909 
C 1.529 2.282 0.753 0.8089 1.727 0.9181 
D 1.638 2.251 0.613 1.134 1.757 0.623 
E 1.397 2.100 0.703 0.983 1.636 0.653 
F 1.405 1.953 0.548 0.9034 1.545 0.6416 
G 1.490 2.235 0.745 0.8919 1.724 0.8321 
H 1.666 2.246 0.58 0.925 1.730 0.805 

 

4 Conclusions  
High entropy thin films of CrCuCuFeNi prepared through radiofrequency magnetron sputtering 
have been studied through nanoscale dynamic analysis in this article. The thin films were sputtered 
at different deposition times, substrate temperature, and radiofrequency sputtering power and their 
topographies were obtained via the AFM method. It was demonstrated that the surface roughness 
(average and interface width) decreases with the deposition time. It was also shown that the 
influence of the sputtering power cannot be predicted through the statistical approach rather than 
the fractal analysis. It was shown that higher sputtering power leads to spatial complex evolution 
during the sputtering of these films. The autocorrelation functions, for all samples, exhibit 
exponential decrease and at high substrate temperature and sputtering power, there is the formation 
of mounded surfaces, which is attributed to structural clustering. The height-height correlation 
function exhibit two regimes (linear and oscillatory regimes), which are typical characteristics of 
fractal surfaces. The spatial evolution of surfaces during sputtering, as depicted by the fractal 
dimension, determines the homogeneity of the thin film structures as demonstrated by the 
coefficients of lacunarity. The generalized fractal dimension and mass exponent against the 
moment orders are indications of self-affine surfaces whereas the multifractal spectrum measures 
indicated that the surfaces were multifractals. It was observed that samples prepared at high 
substrate temperature and power are strongly multifractal and therefore, this study concludes that 
the surface roughness and spatial evolution of high entropy thin films of CrCoCuFeNi are strongly 
influenced by the deposition temperature, sputtering power and insignificantly by deposition time. 
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