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 We investigated the electrical properties and microstructures of high-entropy alloy 
NbMoTaW thin films prepared by radio frequency (RF) magnetron sputtering at different RF 
powers and substrate temperatures. Diffraction patterns indicated that the deposited films had a 
polycrystalline microstructure, and scanning electron microscopy results revealed that grain size 
was dependent on RF power and substrate temperature. The effects of processing parameters on 
the microstructure and electrical characteristics of the films were also investigated. The 
NbMoTaW alloy films are suitable for use as an electrode in sensors.

1. Introduction

 Researchers have increasingly used high-entropy alloys with more than four elements for 
their adjustability and high hardness.(1,2) The favorable mechanical properties of these alloys are 
related to the formation of stable solid solutions.(3–9) Studies have demonstrated that the 
conductive properties of high-entropy alloys can be improved by screening for the appropriate 
metal elements to include in the alloys and by adjusting the processing parameters to reduce 
lattice defects in the alloys.(10–12) According to a previous study, the resistivity of a film based on 
the quaternary alloy NbMoTaW prepared by DC sputtering was approximately 170 μΩ-cm, 
similar to that of a conventional nickel-chromium alloy.(12) Therefore, this alloy can be used for 
electrodes in sensing components.(13) 
 In this study, radio frequency (RF) magnetron sputtering was used to produce high-entropy 
NbMoTaW alloy films on silicon substrates by using different substrate temperatures and RF 
powers. We investigated the deposition conditions affecting the physical and electrical properties 
of high-entropy NbMoTaW alloy films, and evaluated the applicability of sich films for use as an 
electrode in sensing components.
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2. Experimental Procedures

 RF magnetron sputtering was used to prepare high-entropy NbMoTaW alloy conducting thin 
films on Si substrates. A RF magnetron sputtering system with a fixed working pressure of 5 
mTorr was used, and the films were prepared under different RF powers (100 and 200 W) and 
substrate temperatures (room temperature, 100, 200, and 300 ℃). An X-ray diffractometer was 
used to analyze the composition of the films and determine changes in their crystal structure. 
An electron microscope was used to observe the surface morphology and thickness of the films, 
and the findings were used to determine the crystallization of the films. Finally, the four-point 
probe method was used to measure the resistivity of the films.

3. Results and Discussion

 Figure 1 shows energy-dispersive X-ray spectroscopy (EDS) results indicating the films 
composition. According to these results, the relative content of each major element in the 
deposited films was maintained at 35%, which was consistent with the composition ratio of the 
target material.
 Figure 2 shows the X-ray diffraction patterns of NbMoTaW films under different substrate 
temperatures and RF powers. The films’ surface morphology and structural changes were 
observed by varying the RF power (100 or 200 W) and temperature. At the higher RF power, the 
incident ions bombarding the target had greater kinetic energy; this increased the overall 
sputtering efficiency and caused more particles to be deposited on the substrate surface to form 
a thin film. This also allowed for improved crystallinity and larger grain size in the entire film.

Fig. 1. (Color online) EDS data of NbMoTaW films at a power of 200 W and a substrate temperature of 300 ℃.
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Fig. 2. (Color online) X-ray diffraction patterns of NbMoTaW films at various RF powers and substrate 
temperatures.
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 Figure 3 shows the SEM images of the surface structure of the NbMoTaW films under 
different substrate temperatures and an RF power of 200 W. The films had a texture akin to that 
of a wood leaf at a substrate temperature of 300 ℃. This notable microstructural change was 
likely due to quicker particle diffusion on the substrate surface when the substrate was heated 
during film growth. This heating promotes grain nucleation and growth. When the substrate was 
heated to 300 ℃, the surface structure changed because of the increase in energy on the 
substrate surface. When the substrate reaches a sufficiently high temperature, the energy on the 
substrate surface causes grain growth or reordering as particles from the target are deposited 
onto the substrate surface to form a thin film.
 Figure 4 shows cross-sectional SEM images of high-entropy NbMoTaW alloy films under 
different substrate temperatures with a sputtering power of 200 W. According to these images, 
the films became thinner at higher substrate temperatures. 
 As illustrated in Fig. 5, resistivity was optimal (58 μΩ-cm) at a substrate temperature of 300 
℃ and an RF power of 200 W. This excellent resistivity performance can be attributed to this 
study’s precise control of RF power, which increased the sputtering rate and provided more 
energy for particle crystallization. Although the change in substrate temperature is limited by 
the lattice effect of high-entropy alloys, resulting in poor thermal conductivity, a sufficiently 
high substrate temperature can still provide more kinetic energy to the particles and promote 
nucleation and crystallization.

Fig. 3. SEM images of NbMoTaW films at an RF power of 200 W and various substrate temperatures.
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4. Conclusions

 In this experimental study, we prepared high-entropy NbMoTaW alloy films on silicon 
substrates by RF magnetron sputtering. The physical properties and conductivity characteristics 
of these films were analyzed at different substrate temperatures and RF powers. The films’ 
surface morphology and structural characteristics varied with deposition conditions, and the 
findings elucidated the growth mechanism and microstructural evolution of high-entropy alloy 

Fig. 4. Cross-sectional SEM images of NbMoTaW films at an RF power of 200 W at various substrate 
temperatures.

Fig. 5. (Color online) Resistivity of NbMoTaW thin films at various RF powers and substrate temperatures.
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films. Resistivity was optimal (58 μΩ-cm) at a substrate temperature of 300 ℃ and an RF power 
of 200 W. These films can thus be used as electrodes in sensing elements.
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