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We present nanoscale friction measurements performed on sputter-deposited high entropy alloy 

(HEA) sulfide thin films ((VNbTaMoW)S2) via atomic force microscopy. Results reveal (i) the 

influence of deposition time on film morphology and (ii) the presence of isolated areas of low 

friction on film surfaces. We compare the friction results on HEA sulfide thin films with those on 

a prototypical solid lubricant, sputter-deposited molybdenum disulfide (MoS2), and find that they 

are superior in terms of lubricative performance. Variable temperature X-ray diffraction, 

performed up to 973 K, reveals that HEA sulfide thin films exhibit improved oxidation resistance 

when compared with MoS2 films. Combined, our results show that HEA sulfide thin films 

have considerable potential as oxidation-resistant solid lubricant coatings. 

 

 

 

 
a) Authors to whom correspondence should be addressed: kodambaka@vt.edu, mehmet.baykara@ucmerced.edu 
 



 

2 
 

High entropy alloys (HEAs),1 consisting of five or more principal elements in similar 

ratios, are gaining rapid attention from the scientific community thanks to their intriguing 

combination of mechanical properties with high thermal and chemical stability.2 While the exact 

physical mechanisms that lead to this attractive suite of material properties are still under active 

investigation, it is established that the “high entropy effect” prevents the formation of intermetallic 

compounds and thus leads to simple solid solutions, and that significant lattice distortion plays a 

role in improving mechanical strength and limiting mass transport in the form of diffusion.3 

While a significant portion of HEA research is devoted to the bulk form of these materials, 

HEAs exhibit significant potential to be employed as mechanical component coatings in thin film 

form, specifically for applications where mechanical strength and wear resistance are required in 

combination with thermal and chemical resistance. Consequently, several recent studies have been 

performed to evaluate the structural, mechanical and tribological properties of HEA thin films.4 In 

particular, HEA thin films have been generally found to exhibit high wear resistance5 as well as 

high temperature stability6 and in certain cases, relatively low friction.7 On the other hand, the 

question of whether HEA thin films can act as effective solid lubricant coatings (i.e. exhibit low 

friction) under dry contact conditions has not been investigated yet from a fundamental point of 

view. Specifically, a nanoscale analysis of the structure-friction relationship in HEA thin films, 

which could enable the rational design of solid lubricant HEA coatings, is lacking. 

Motivated as above, we present here nanoscale imaging and friction measurements 

performed on thin films of (VNbTaMoW)S2, an HEA sulfide, by way of atomic force microscopy 

(AFM). The concept of entropic stabilization has been applied to compounds (borides,8 carbides,9 

nitrides,10,11 and oxides12) with five or more cations. Recent density functional theory (DFT) 

calculations13 of transition-metal alloy disulfides, with five cations selected from nine of the group 
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4-6 transition-metals, predict that the alloy disulfides are energetically stable. Other studies have 

suggested that HEA transition-metal dichalcogenides are likely to exhibit superior properties and 

attractiveness for a variety of applications.14–22  

Our results reveal that HEA sulfide thin films exhibit a non-uniform morphology whereby 

isolated areas of low friction are surrounded by areas of relatively high friction. Remarkably, the 

overall friction values measured on HEA thin films are lower than those measured on MoS2 thin 

films, supporting their potential to be used as solid lubricant coatings in mechanical applications. 

Complementary measurements of X-ray diffraction (XRD) at variable temperatures additionally 

show that HEA sulfide thin films exhibit superior oxidation resistance than MoS2, with 

implications of applicability in harsh environmental conditions. 

 The (VNbTaMoW)S2 and MoS2 thin films are grown via magnetron sputter-deposition of 

a 50.8 mm diameter circular equiatomic HEA (VNbTaMoW) target (Plasmaterials Inc.) and a Mo 

(99.95%, Plasmaterials Inc.) target, respectively, using an ultra-high vacuum (UHV) deposition 

chamber.23–25 A 2×10×0.5 mm3 Al2O3(0001) substrate is cleaned by ultrasonication for 10 minutes 

sequentially in acetone, isopropanol, and deionized water, and blow-dried with nitrogen gas. The 

substrate is then mounted to a heating stage. The substrate/stage assembly is introduced into a 

load-lock chamber, which is pumped down to ~ 10-8 Torr, and then transferred to a UHV chamber. 

The substrate is degassed at 1273 K until the base pressure pB is below 6×10-9 Torr. The substrate 

temperature Ts is set to 1073 K. The HEA sulfide films and MoS2 films are deposited for different 

deposition times (between t = 9 minutes and 60 minutes) in 1% H2S/Ar gas mixture, with a total 

gas pressure of 20 mTorr.  

The AFM measurements were performed under ambient conditions using a commercial 

AFM instrument (Asylum Research, Cypher VRS) and cantilever (Nanosensors, PPP-CONTR). 
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The normal and lateral calibration of the cantilever was performed by the Sader26 and the wedge 

methods,27 respectively. During all measurements, the scanning frequency was 1 Hz, and the 

applied normal load was zero, which resulted in a purely adhesive contact between the tip and the 

sample. Measurements were performed in contact mode, and maps of topography were recorded 

simultaneously with maps of lateral force, from which friction maps were generated.28 

Characterization experiments complementary to AFM included scanning electron microscopy 

(SEM) imaging (Zeiss, GeminiSEM 500), as well as XRD performed at variable temperatures 

(Bede, D1 diffractometer equipped with a non-monochromatic Cu X-ray source). 

In order to investigate the overall morphology of the HEA sulfide thin films, SEM imaging 

was performed. As shown in the representative image of Fig. 1(a), films exhibit a grainy 

morphology, with nearly homogenously dispersed grains of lateral size on the order of a few tens 

of nanometers. The occasional presence of elevated, flat regions that are a few hundreds of 

nanometers in lateral span is also noted (see the white arrow in Fig. 1(a)); the three-dimensional 

morphology of these is analyzed via AFM in the following parts of the manuscript. While the 

respective morphologies are quite different, the co-existence of two structurally distinct features 

on the films are reminiscent of a similar observation that was previously made on sputter-deposited 

films of (VNbTaMoW)N, an HEA nitride.10 Additionally, recent growth experiments have 

revealed that sputter-deposited (VNbTaMoW)Sx thin films are layered and composed of a 

homogenous mixture of transition metal disulfides VS2, NbS2, TaS2, MoS2 and WS2.29 

To draw conclusions about the crystalline structure of the (VNbTaMoW)S2 thin films, 

XRD was performed. Fig. 1(b) is a representative XRD spectrum obtained from an HEA sulfide 

thin film deposited for t = 30 minutes. In the spectrum, strong peaks are observed at 14.6°, 29.2°, 

44.3°, and 60.0°, which we attribute to 0002l (with l = 1, 2, 3, ...)  reflections of hexagonal-
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structured transition metal disulfide phases indicating that the sulfide phase is 0001-oriented. In 

addition to the basal plane reflections, a weak peak from 101!0 is observed at 31.6°. The 0001-

oriented growth is commonly observed in other transition metal disulfide materials such as 

MoS223,30 and HEA sulfides.29 

 

FIG 1. (a) Representative SEM image of the (VNbTaMoW)S2 thin film sputter-deposited on 

Al2O3(0001). The overall morphology is grainy, with the isolated presence of elevated flat regions 

(white arrow). (b) Typical XRD scan acquired from the (VNbTaMoW)S2 thin film. Peaks from 

HEA sulfide phases are indexed as shown. Asterisks denote reflections from the Al2O3(0001) 

substrate.  

 Following the global structural characterization of (VNbTaMoW)S2 thin films via SEM 

and XRD as described in Fig. 1, we performed AFM experiments to investigate their topographical 

and frictional characteristics on a local level. AFM experiments were performed on two types of 

(VNbTaMoW)S2 thin films, grown over a time span of 60 min and 9 min. Fig. 2 shows a summary 

of AFM results obtained on the 60-min (VNbTaMoW)S2 thin films. In particular, Fig. 2(a,b) 

confirms the morphological conclusions drawn from the SEM image in Fig. 1(a), in the sense that 
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the overall morphology seems to consist of a nearly homogenously dispersed grainy background, 

broken by the presence of isolated flat regions, i.e., plateaus, with a lateral span of a few hundreds 

of nanometers. Line profiles drawn over the plateaus (Fig. 1(c)) show that they are several tens of 

nanometers in height (up to ~60 nm), whereas the overall RMS roughness of the topography map 

in Fig. 2(b) is calculated as 13.2 nm. The friction map shown in Fig. 1(d), which is recorded 

simultaneously with the topography map in Fig. 1(b), comprises an interesting observation. The 

plateau regions exhibit significantly lower friction than the surrounding grainy background (with 

mean values of 0.44 nN and 1.85 nN, respectively). 

 

 

 

 

 



 

7 
 

 

FIG 2. (a) Three-dimensional (3D) representation of a topographical AFM map acquired on the 

60-min (VNbTaMoW)S2 thin film. Contrast range: 0 – 64.4 nm. (b) Zoomed-in topographical map 

on two of the plateaus observed in (a). Contrast range: 0 - 72.3 nm. (c) Line profiles along the 

three directions shown with black, red, and blue lines in (b). (d) Friction map acquired 

simultaneously with the topographical map in (b). Contrast range: 0.16 – 3.01 nN.  

 To evaluate the effect of deposition time on the topographical and frictional characteristics 

of the films, AFM measurements were repeated on the 9-min (VNbTaMoW)S2 samples (Fig. 3). 

In particular, it is observed that the 9-min films exhibit a significantly smoother morphology when 

compared with 60-min films. Specifically, while the overall morphology is still grainy, and 
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elevated regions (i.e., plateaus) can still be observed (Fig. 3(a,b)), these are much more shallow 

when compared with their counterparts in the 60-min films (on the order of a few nanometers high, 

up to ~10 nm; please see line profiles presented in Fig. 1(c)) and laterally span smaller distances 

(up to ~150 nm ). The former observation is supported by roughness calculations; the overall RMS 

roughness value of the topography map in Fig. 3(b) is calculated as 2.0 nm, nearly an order of 

magnitude smoother than the 60-min (VNbTaMoW)S2 film. On the other hand, it is again observed 

here that the elevated regions exhibit lower friction than the surroundings, although the contrast 

between the two regions is less significant when compared with the 60-min films (with mean 

values of 1.21 nN and 2.03 nN, respectively). 
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FIG 3. (a) 3D representation of a topographical AFM map acquired on the 9-min (VNbTaMoW)S2 

thin film. Contrast range: 0 – 12.6 nm. (b) Zoomed-in topographical map on the region shown in 

(a).  Contrast range: 0 – 14.5 nm. (c) Line profiles along the three directions shown with black, 

red, and blue lines in (b). (d) Friction map acquired simultaneously with the topographical map in 

(b). Contrast range: 0.83 – 2.56 nN. 
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 It has been established that actual friction force values recorded in nanotribology 

experiments such as the ones presented here bear little value by themselves, specifically because 

they are a strong function of the structure and chemistry of the tip apex.31,32 As such, in order to 

understand whether the friction force values measured on the HEA sulfide thin films are indicative 

of solid lubricative characteristics, we performed comparative experiments on sputter-deposited 

MoS2 thin films, the results of which are presented in Fig. 4. It is particularly interesting to note 

here that the sputter-deposited MoS2 films also exhibit a granular morphology, again highlighted 

by the presence of extended plateaus up to ~100 nm in height (Fig. 4(a,b)) and several hundreds 

of nanometers in lateral span. Perhaps more interestingly, plateau regions on MoS2 films also 

exhibit lower friction when compared with the surrounding areas (with mean values of 10.7 nN 

and 20.4 nN, respectively), quite reminiscent of the results obtained on 60-min (VNbTaMoW)S2 

thin films. Remarkably, the range of friction forces recorded on the MoS2 thin film, which is a 

prototypical solid lubricant system, are higher than both types of HEA sulfide thin films studied 

here.  
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FIG 4. (a) 3D representation of a topographical AFM map acquired on the sputter-deposited MoS2 

thin film. Contrast range: 0 – 89.8 nm. (b) Zoomed-in topographical map of the highlighted area 

in (a), focusing on a single plateau. Contrast range: 0 – 78.5 nm. c) Friction map acquired 

simultaneously with the topographical map in (b). Contrast range: 3.1 – 30.2 nN. 

 Complementing the fundamental topographical and frictional characterization of the HEA 

sulfide and MoS2 thin films, we performed variable temperature XRD (VT-XRD) measurements 

to gauge the high temperature oxidation resistance of the two types of materials in a comparative 

fashion (Fig. 5). In these measurements, HEA sulfide and MoS2 thin film samples deposited for t 

= 30 minutes were used. In both samples, peaks are observed at 14.6°, 29.2°, 44.3°, and 60.0°, 

which we attribute to 0002l (with l = 1, 2, 3, ...) reflections due to hexagonally-structured transition 

metal disulfide phases. In addition to the basal plane reflections, the HEA sulfide thin film shows 

another peak from 101!0 at 31.6°. In both samples, the peak intensities of the sulfide phases remain 

uniform below 673 K and then decrease at higher temperatures, presumably due to oxidation of 

the sulfide phase. The onset of the decay is observed at around 773 K for the MoS2 thin film along 

with the emergence of a new peak at 25.2° (labeled with o), which we attribute to either 040 of α-

MoO3 (JCPDS 05-0508) or 210 of h-MoO3 (JCPDS 21-0569). In contrast, the HEA sulfide thin 

film exhibits a higher onset temperature for oxidation, at around 873 K. The result suggests 
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superior oxidation resistance of HEA thin films when compared with MoS2 and as such, improved 

potential for tribological applications at elevated temperatures.  

 

FIG 5. Variable temperature XRD scans obtained from (a) HEA sulfide and (b) MoS2 thin films 

sputter-deposited on Al2O3(0001) substrates for 30 min. Intensities are plotted on a logarithmic 

scale. Reflections from hexagonally-structured transition metal disulfide phases and Al2O3(0001) 

substrates are denoted by s and asterisk, respectively. In the MoS2 thin film sample, the peak at 

25.2°, presumably from the oxide phase MoO3, is labeled as o. 

 At this point, it is important to re-iterate that direct comparisons of friction force values 

obtained on different samples via AFM need to be exercised with great caution, as minute chemical 

and structural changes of the tip apex (e.g., those induced by molecular adsorption and tip wear, 

respectively) can affect the value of the recorded friction forces, even on the same sample, to a 

significant extent.31,32 As such, in order to test whether substantial tip changes occurred during the 

course of our comparative friction measurements, we performed a control experiment. In 

particular, friction values were recorded on a mechanically exfoliated MoS2 flake deposited on a 

SiO2 substrate (i) before and (ii) after the set of consecutive measurements on the 60-min and 9-
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min (VNbTaMoW)S2 thin films and the sputter-deposited MoS2 thin film. The mean friction force 

values obtained on the exfoliated MoS2 test flake before and after the measurements were 0.06 nN 

and 0.05 nN, respectively. This confirms the validity of the comparative nanoscale friction analysis 

presented here as it shows that no substantial tip change took place during the experiments reported 

here. 

 A consistent observation associated with the results presented here (for both types of 

(VNbTaMoW)S2 thin films) is the presence of elevated plateau regions with low friction compared 

to their surroundings. Potential reasons for this observation could include (i) a lower degree of 

roughness on the plateau regions, (ii) varying chemical composition for the plateau regions when 

compared with the surrounding, grainy background, and lastly, (iii) a more “ordered” structure 

owing to different mode of growth for the plateau regions when compared with the grainy 

background. Measurements of topographical roughness performed on the plateau vs. grainy 

regions (with representative values of 7.3 nm and 4.7 nm for Fig. 2(b), respectively) do not explain 

the observed friction trends. On the other hand, it needs to be pointed out that the observation of 

elevated plateau regions with low friction is not exclusive to the (VNbTaMoW)S2 thin films and 

the same observation was also made for the sputter-deposited MoS2 thin films studied here (see 

Fig. 4(c)). Consequently, it is unlikely that differences in chemical composition are the main factor 

that leads to attenuated friction on plateaus of HEA sulfide thin films. Having said this, the 

literature on sputter-deposited MoS2 thin films includes frequent discussion of columnar vs. layer-

by layer growth (or transitions between the two structures) with the latter being attributed to as the 

low-friction configuration due to ease of sliding between extended layers stacked parallel on top 

of each other.33–35 Consequently, a likely scenario could involve that the HEA sulfide thin films 

studied here also grow in a similar fashion to MoS2, whereby isolated regions of layer-by-layer 
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growth (i.e., the plateaus) are surrounded by regions of columnar growth (i.e., the grainy 

background) with the former yielding lower friction values in a similar mechanism to MoS2 thin 

films. While recent XRD experiments support the idea of a layered morphology for HEA sulfide 

films,29 more experiments (e.g., cross-sectional SEM imaging) would need to be performed to 

further validate or refute this potential explanation. On the other hand, the observation of a less 

significant friction contrast between plateaus and grainy background on the 9-min 

(VNbTaMoW)S2 thin film when compared with the 60-min version, when evaluated together with 

the observation that plateaus are much more shallow on 9-min (VNbTaMoW)S2 thin film, support 

the idea of the formation of an ordered, layer-by-layer structure during extended film deposition 

playing the major role in friction measurements. Specifically, a longer deposition time would lead 

to the formation of higher, more extended plateau regions and the stacking of more HEA sulfide 

planes on top of each other, resulting in attenuated friction. 

While the results presented here are promising with respect to the potential of 

(VNbTaMoW)S2 thin films as high temperature, oxidation-resistant solid lubricant coatings, more 

work needs to be done to further explore this potential. In particular, a thorough characterization 

of wear characteristics on small length scales would be needed, in addition to the friction results 

here, to reach a complete nanotribological understanding. Another point to note is that MoS2 

performs best as a solid lubricant under conditions of low humidity and vacuum.34 As such, repeat 

measurements performed under dry nitrogen, or even vacuum conditions would be needed to 

determine if the favorable solid lubrication characteristics of (VNbTaMoW)S2 over MoS2 in thin 

film form would carry over to these operating conditions. Finally, thin films of sulfides of other 

HEA compositions need to be investigated with AFM, in order to determine if the sulfide 

formation is the key contributor to the solid lubricative performance observed here. 
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