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1. Introduction 

Advancements in theoretical research on new materials and the advancement of 

relevant technologies have enabled the creation of metallic alloys containing more than 

three primary elements known as high-entropy alloys (HEAs). These HEAs, rooted in 

the concept of multi-principal elements, represent an innovative category of materials 

with extraordinary physical, mechanical, and chemical properties, making them highly 

promising for a wide array of applications [1]. Diverging from conventional alloys that 

heavily rely on just one or two major elements, with minor alloying elements added for 

enhancement, HEAs adopt a distinct and pioneering design approach. By 

incorporating at least five elements, each contributing atomic percentages between 5 

and 35 at.%, This stability is achieved through the high entropy of mixing of the 

components (Smix > 1.61 R, where R = 8.314 J mol-1 K-1 is the universal gas constant) 

HEAs free themselves from the constraints imposed by traditional designs. This 

newfound flexibility in alloy formulation allows for the precise tailoring of 

microstructures and properties [1]. 

The idea of these multicomponent alloys, sometimes referred to as multicomponent 

alloys, was first introduced by Yeh and Cantor during the early 2000s [2,3]. Yeh aptly 

coined the term "high entropy alloys" due to their characteristic high entropy of mixing. 

This high entropy phenomenon effectively obstructs the formation of intermetallic 

phases, thereby favoring the emergence of simpler cubic or hexagonal solid solution 

phases instead [1]. The distinctiveness of HEAs and their remarkable properties make 

them a compelling and captivating area of research in materials science and 

engineering. 

Researchers have been enhancing the exceptional properties of HEAs, such as high 

hardness and strength, by incorporating nitrogen to form high entropy metal nitrides 

(HENs) [4]. This results in a NaCl-type fcc crystal structure, with N atoms occupying 

lattice voids and surrounding the metal atoms [4]. Ongoing research indicates a 

significant boost in hardness and elastic modulus as the N-content in the film 

increases. The enhanced hardness is attributed to the strong covalent bond between 

nitrogen and metallic elements, along with a higher degree of lattice distortion [4]. 

This thesis explores HEA and HEN thin films based on MoNbTaW and (MoNbTaW)N 

for a potential use as diffusion barriers in high power electronics, due to high melting 

point of the individual elements. These films are alloyed with a fifth element, specifically 
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Ti, V, Cr, Mn, Zr, or Hf. The deposition of all films was carried out using high power 

impulse magnetron sputtering (HiPIMS). Initially, the chemical composition, 

microstructure, mechanical and physical properties of the as-deposited MoNbTaW-

based films were thoroughly examined. This investigation involved various techniques 

such as confocal 3D laser-scanning microscopy, energy-dispersive X-ray 

spectroscopy (EDX), transmission electron microscopy (TEM), X-ray diffraction (XRD), 

residual stress measurements, and resistivity measurements. 

To evaluate the thermal stability of the films, annealing was performed in a vacuum 

furnace at temperatures of 500 °C, 700 °C, and 900 °C. After each annealing step, the 

same properties were reevaluated. Furthermore, in-situ stress measurements were 

conducted upon 810 °C to gain additional insights into the residual stresses of the films. 

The thesis structure is as follows. Following the introduction, Chapter 2 provides a 

concise review of the PVD process, with particular emphasis on HiPIMS, HEAs, and 

an overview about residual stresses in thin films. This chapter also covers fundamental 

aspects of thin film growth. In Chapter 3, a comprehensive description of the 

experimental setup, deposition procedure, and characterization techniques is 

presented. The findings are then showcased and analyzed in Chapter 4. Lastly, 

Chapter 5 offers a summary of the main discoveries from this study and outlines 

potential directions for future research. 
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2. Theoretical background 

2.1. Magnetron sputtering 

Physical vapor deposition (PVD) methods are used to deposit films from a solid or 

liquid source. The vaporized material transfers to the substrate surface and the inner 

walls of the vacuum chamber where it condensates [5]. 

In case of sputter deposition, the target acts as the material source and cathode. The 

chamber walls and the substrate (mounted opposite of the target) act as the anode. 

During the process (Figure 2-1), a working gas is fed into the chamber and a negative 

potential is applied to the target. For the working gas, argon is typically used, as it is a 

noble gas with a comparatively large mass and rather low cost, compared to other 

noble gases (Ne: 0.9 g/dm³, 50 $/m³; Ar: 1.8 g/dm³, 68 $/m³; Kr: 3.7 g/dm³, 200 $/m³ 

[6]). The positively charged ions are mostly produced by impact ionization, which 

occurs when an electron knocks another one out of its atomic shell and the resulting 

ion is then accelerated towards the target [7].  

 

 

The ions kinetic energy is primarily lost as heat after colliding with the target surface, 

and to a smaller amount, it is transmitted to the target atoms, which may be ejected. 

Since the ejected atoms are mostly neutral, they are unaffected by the electric field. 

Secondary electrons are also emitted from the target surface as a result of the ion 

bombardment. These secondary electrons further ionize the working gas [8]. 

  

Figure 2-1: The basic sputtering process [8].  
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The secondary electrons emitted from the target surface are trapped in the field due to 

the Lorentz force: 

�̅� = 𝑞(�̅� + �̅�  × �̅�) ,   (3.1) 

where �̅� is the Lorentz force acting on a particle with an electric charge 𝑞 moving with 

a velocity �̅� in an electric and magnetic field �̅� and �̅�. Therefore, the electrons are 

forced to move in a cycloidal orbit parallel to the target and normal to the electric and 

magnetic field, resulting in a higher plasma density and increased ionization. Due to 

the higher ionization, an increased ion bombardment can be noticed, which results in 

higher sputtering and therefore deposition rates [8]. The plasma hovers in a torus-

shape above the target leading to a non-uniform erosion pattern, resulting in a reduced 

(~26 – 45 %) target usage [9]. Magnetron sputtering can be further differentiated in 

conventional magnetron sputtering and unbalanced magnetron sputtering, shown in 

Figure 2-2. While all magnetic field lines are closed by the opposite pole of the other 

magnet in the conventional mode, within the unbalanced mode a part of the magnetic 

field lines is not closed. The plasma in conventional magnetron mode is tightly 

contained close the target surface. Thus, the substrate is positioned outside of this 

area and will not be bombarded with ions. In unbalanced mode, the magnetic field lines 

are directed to the chamber (Type-1) or to the substrate (Type-2), depending on the 

relation of strength between the central and outer magnetic pole. The advantage of the 

Type-2 configuration is that it also increases the ion and electron density close to the 

substrate. As a result, higher quality films can be deposited [10]. 

 

 

2.1.1. High power impulse magnetron sputtering 

During high power impulse magnetron sputtering (HiPIMS), short electrical impulses 

are applied to the target. This results in a much denser plasma and a higher sputtered 

material ionization of up to ~70 %, compared to ~1 % in conventional magnetron 

Figure 2-2: Schematic illustration of the plasma in conventional and unbalanced magnetrons [10]. 
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sputtering [8,11]. The ions bombarding the target surface in HiPMS can be separated 

into three different groups: primary ions of the working gas, recycled ions of the working 

gas, and ions of the target material, shown in Figure 2-3. Which types of ions are 

primarily present, depends on the target material, the pulse length, or the applied 

power and results in a large variation of current waveforms in HiPIMS pulses [12,13].  

 

Therefore, HiPIMS can be categorized according to the current pulses of the HiPIMS 

discharge into the five different discharge modes shown in Figure 2-4, depending on 

the occurring ions [13]: 

• Working gas sputtering: This process involves primarily the use of working 

gas ions, without any recycling of either the working gas or target ions (two 

bottom curves of Figure 2-4). 

• Working gas sustained self-sputtering: The ionization of the working gas is 

necessary in order to sputter enough target atoms, which will then be ionized 

and drawn back to the target, initiating a cycle of recycling of the target atoms 

(middle curve of Figure 2-4). 

• Self-sustained self-sputtering: The sputtered species undergo significant 

ionization, with a large portion of the ions being drawn back to the target to 

sputter more target atoms, which are then ionized as well. This process of 

target atom recycling allows the discharge to be sustained solely through the 

sputtered species, meaning that it can operate without the use of a working 

gas (two top curves of Figure 2-4). 

Figure 2-3: Schematic of the combined processes of process gas recycling and self-sputter recycling [12]. 
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• Self-sputter runaway: The self-sputtering process is amplified due to a 

positive feedback loop, in which the self-sputter parameter surpasses unity 

and causes the self-sputtering to accelerate or become uncontrolled. 

• Working gas recycling: During the pulse, some of the neutralized working 

gas ions return to the discharge and become ionized again. This initiates a 

series of gas recycling as these newly ionized gas particles are drawn back to 

the target (two top curves of Figure 2-4). 

 

In comparison to conventional magnetron sputtering, high-quality thin films with 

superior adhesion, denser structure, higher hardness, and a smoother morphology can 

be obtained, due to high ionization rate of the sputtered species [15]. A disadvantage 

of HiPIMS is the lower deposition rate compared to direct current magnetron sputtering. 

One explanation for the decreased deposition rate during HiPIMS is the back attraction 

of a certain fraction of the ionized part of the sputtered atoms [11,15]. 

2.1.2. Reactive magnetron sputtering 

Reactive magnetron sputtering is applicable to deposit non-metal thin films by using a 

reactive gas, which is mixed with the inert working gas and then reacts with the 

sputtered metal atoms [16]. Commonly used reactive gases are N2, O2, CH4, etc. to 

produce nitride, oxide, oxynitride or carbide films [7]. 

In general chemisorption of the reactive gas on the surface of the substrates takes 

place and can be characterized by the sticking coefficient 𝑆, which depends on the 

materials used for the chamber wall, the substrate and the target surface [17]. Another 

Figure 2-4: Different HiPIMS discharge waveforms. The current discharge can be separated into five phases: (1) 

ignition, (2) current rise to first maximum, (3) transition phase, (4) plateau/runaway, and (5) afterglow [14].   
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mechanism observable is the direct implementation of reactive gas ions. The 

combination of both mechanisms is referred as ion impact enhanced chemisorption 

and was reported to take place in HiPMS mode [17]. The reaction always takes place 

on the substrate, the surface of the target or the walls of the chamber, where the energy 

of production may be easily dissipated without breaking down the newly created 

compound. Complex molecules tend to break down spontaneously in the gas phase, 

because the atoms and products have too much kinetic energy and cannot disperse it 

[17]. 

One important aspect of reactive sputtering is the formation of a hysteresis, which can 

be observed in the deposition rate, discharge voltage and the partial pressure of the 

reactive gas. Thus, three main regions of operation can be defined dependent on the 

reactive gas flow, shown in Figure 2-5 [18]. A metal mode is maintained with a high 

rate of substoichiometric compound deposition for low reactive gas flows. The sputter 

process is not considerably impacted by the addition of the reactive gas, since all the 

provided reactive gas is completely incorporated in the film. As the flow of the reactive 

gas rises, the mass of the gas atoms contributes to the mass of the deposited metal, 

increasing the mass deposition rate considerably [18,19]. The deposition rate rapidly 

decreases when the reactive gas flow increase triggers the change to the compound 

mode (point A – B in Figure 2-5). All the sputtered metal is transformed into compound 

material at this rate of reactive gas flow, and the reactive gas reacts with the surface 

of the target. Further increasing the reactive gas flow has no impact on the mass 

deposition rate. After decreasing the gas flow again, the compound mode is still 

present up to point C, when another rapid transition to metal mode can be observed 

(point C – D in Figure 2-5). When depositing in transition region (A – B – C – D in 

Figure 2-5), it is possible to tune the film stoichiometry and the deposition rate, 

depending on the process history [18,19].  

The first transition from metal into compound mode (point A – B in Figure 2-5) can be 

explained by reduction of the fraction of sputtered metal surface on the target in 

comparison to the formed compound fraction. This results in a reduced consumption 

of reactive gas. The second transition (point C – D in Figure 2-5) can be observed, 

when the reactive gas flow is getting reduced so that not enough reactive gas is 

available to form the compound. Consequently, much more metal is deposited, and 

the systems shifts to the metal mode again [18]. 
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Several investigations have shown that using HiPIMS reduces hysteresis in reactive 

sputtering. From a technical perspective, the potential of a high deposition rate of a 

stoichiometric compound in the transition mode or near to the transition from metal 

mode is the most significant result of hysteresis-free operation utilizing HiPIMS [18]. 

2.1.3. Thin film growth and structure zone models 

When vaporized atoms reach the substrate, they can either be quickly reflected or 

absorbed as adatoms on the surface. Adatoms spread throughout the surface of the 

substrate before either re-evaporating or interacting with one another to create 

metastable clusters. Once they reach a threshold size, these clusters also known as 

nuclei, become thermodynamically stable. Afterwards the growth stage follows, during 

which the nuclei expand either as a result of adatoms diffusing over the surface or as 

a direct result of the incident species impinging on them [8,20]. The formation steps of 

a polycrystalline film are shown in Figure 2-6. 

 

 

In general, three growth modes of thin films can be differentiated (Figure 2-7): Volmer-

Weber growth which is also called island-growth, Stranski-Krastanov growth, or Frank-

van der Merwe growth which is also called layer-growth. The adsorbate-adsorbate 

interactions in the Volmer-Weber growth are stronger than the adsorbate-surface 

Figure 2-5: Deposition rate evolution with reactive gas flow. Pronounced hysteresis (wide transition region) defined 

by the transitions A–B and C–D is shown [18]. 

Figure 2-6: Schematic illustration of thin film formation stages [20]. 
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interactions. Therefore, three-dimensional islands of adatoms are formed and 

consequently grow together as they increase in size. In the Stranski-Krastanow growth, 

the opposite can be observed, as the adsorption energy is larger than the bonding 

energy of the adatoms. Thus, joints-islands or layer-islands are formed. Adsorbate-

surface and adsorbate-adsorbate interactions are balanced in the Frank-van der 

Merwe growth mode, which is also known as layer-by-layer growth. Given that it needs 

perfect lattice matching between the thin film and its substrate, the Frank-van der 

Merwe growth model is frequently restricted to homoepitaxy. The depositing atoms are 

equally attracted to the substrate and the already condensed adatoms for Frank-van 

der Merwe growth to take place [21,22]. 

 

The properties and microstructure of thin films are highly dependent on the deposition 

parameters, leading to a wide range of characteristics and properties. To summarize 

the influence of deposition parameters on microstructure or morphology, structure 

zone models (SZM) were developed. The first SZM was introduced by Movchan and 

Demchishin [24], who connected the microstructure to the homologous temperature 

𝑇𝑠/𝑇𝑚, where 𝑇𝑠 is the substrate temperature and 𝑇𝑚 is the melting temperature of the 

deposition material [24]. By incorporating the working gas pressure dependence, 

Thornton modified this SZM for sputter-deposited films, which was later replaced with 

the bias voltage by Messier et al. [25,26]. The most recent SZM was proposed by 

Anders [27] (Figure 2-8) and incorporates a generalized temperature, 𝑇∗, a normalized 

energy flux, 𝐸∗, as parameters, resulting in net film thickness 𝑡∗. 𝑇∗ includes the 

homologous temperature as well as the potential energy of the arriving ions. The 

energy flux 𝐸∗ can be described as displacements and heating effects caused by the 

kinetic energy of bombarding particles [27]. 

Figure 2-7: Modes of growth of film: (a) Volmer–Weber growth, (b) Frank-van der Merwe layer growth, and (c) 

Stranski-Krastanov layer plus island growth [23]. 
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This SZM is defined by four zones which describe the formed film morphology. Zone 1 

is characterized by a high nucleation density, due to a low surface mobility of adatoms. 

This results in a fine-grained, fibrous-like structure with a high density of lattice 

imperfections, such as voids [7]. In the second zone, also called transition zone T, 

crystal growth is the dominant structure forming phenomena in the growth of V-shaped 

grains. In comparison to zone 1, surface diffusion of adatoms can be observed but is 

still limited [26]. Zone 2 is mainly driven by grain growth, due to surface diffusion. Films 

deposited in this zone show a columnar structure with dense grain boundaries. In zone 

3, also bulk diffusion occurs, which causes recrystallization, grain coarsening, and 

densification, which has a significant impact on the film formation. The film morphology 

shows large equiaxed grains [7]. 

  

 

2.2. High entropy alloys 

2.2.1. Definition 

High-entropy alloys (HEAs) are often defined by the mixing entropy and consist of at 

least 5 elements, with a concentration between 5 and 35 at.% [28,29]. The mixing 

entropy consists of four contributions: configurational, vibrational, magnetic dipole, and 

electronic randomness, whereas the configurational entropy is dominant and is often 

used as the mixing entropy [1]. The configurational entropy per mole of an n-

component solid solution with 𝑋𝑖 as the mole fraction of the 𝑖th component equals: 

Δ𝑆𝑐𝑜𝑛𝑓 = −𝑅 ∑ 𝑋𝑖 ln 𝑋𝑖
𝑛
𝑖=1  ,   (3.2) 

where 𝑅 is the gas constant. The configurational entropy achieves its maximum for an 

equimolar alloy. With increasing number of elements in equimolar and non-equimolar 

Figure 2-8: Structure zone model for depositing thin films and coatings as proposed by Anders [27].  



Michael Tabelander  Theoretical background 

11 

ratios, the configurational entropy grows. E.g., for a 5-element based alloy, with all 

elements in equimolar composition, the calculated configurational entropy equals 

Δ𝑆𝑐𝑜𝑛𝑓 = 1.61 𝐽𝐾−1 [1]. 

High entropy effect 

The stability of phases increases with the decrease of the Gibbs free energy of mixing 

Δ𝐺𝑚𝑖𝑥 and can be calculated using: 

ΔGmix = Δ𝐻𝑚𝑖𝑥 − 𝑇Δ𝑆𝑚𝑖𝑥,    (3.3) 

where Δ𝐻𝑚𝑖𝑥 describes the mixing enthalpy, 𝑇 the temperature and Δ𝑆𝑚𝑖𝑥 the mixing 

entropy [30]. When Δ𝑆𝑚𝑖𝑥 increases, ΔGmix decreases, therefore HEAs often consist 

mainly of simple bcc, fcc or hexagonal solid solution phases, instead to intermetallic 

compounds. This is called the high entropy effect, which is one of the core effects of 

HEAs. The other core effects are the sluggish diffusion effect, the severe lattice 

distortion effect, and the cocktail effect, which are described in the following 

paragraphs [1].  

Severe lattice distortion effect 

The severe lattice distortion can be explained by the fact, that HEAs consist of 

elements with different atomic radii occupying one single extremely distorted lattice in 

the crystal structure. For sufficiently significant atomic size differences, the deformed 

lattice will collapse into an amorphous structure as the lattice distortion energy would 

be too high to be maintained [31]. The lattice distortion effect , whether in crystalline or 

amorphous arrangements, impacts the alloy's mechanical, thermal, electrical, optical, 

and chemical characteristics. For instance, high solid solution hardening, high thermal 

and electrical resistivity [28] are directly linked to the lattice distortion effect. 

Sluggish diffusion effect 

The sluggish diffusion effect is theorized and states that a combination of atomic sizes 

will result in more pronounced diffusion barriers and slower diffusion than in other 

alloys or compounds [32]. 

For instance, this will have an impact on the characteristics of corrosion and transport, 

but it will also cause kinetic factors during sample synthesis, favoring the creation of 

simple solid solution phases [32].  

  



Michael Tabelander  Theoretical background 

12 

Cocktail effect 

According to the composition and processing, HEAs may consists of one or more 

phases. Consequently, the interplay of factors such as grain shape, distribution of grain 

sizes, interfaces between grains and phases, and the attributes of each phase, 

collectively shape the properties exhibited by the individual phases. It's important to 

note that each phase essentially constitutes a solid solution, comprising numerous 

elemental components, resembling a composite on the atomic scale. The composite 

characteristics arise from the interplay among all constituents, coupled with substantial 

lattice distortion, alongside the inherent elemental properties dictated by the mixing 

rule [1,33].  

2.2.2. Refractory High Entropy Alloys 

Refractory High Entropy Alloys (RHEA) were first introduced by Senkov et al. [28] in 

2010, who studied MoNbTaW and MoNbTaVW produced by vacuum melting. RHEAs 

are HEAs which are mainly containing refractory metals, i.e., Nb, Mo, Ta, W and Re. 

Additionally, RHEAs are frequently mixed with elements belonging to the broader 

category of refractory metals, such as Cr, Hf, Ti, V and Zr. Most of the synthesized 

RHEAs show a bcc structure, since metals of subgroups V and VI have a bcc lattice 

structure [34].  

MoNbTaW based alloys have gained significant attention in recent years due to their 

unique combination of properties. One of the main areas of research for MoNbTaW 

based alloys are the mechanical properties, including strength, ductility, and toughness 

[35]. Researchers have found that by tuning the alloy's composition and processing 

conditions, they can achieve exceptional mechanical properties that rival or exceed 

those of traditional high-strength materials [35]. Another area of research for 

MoNbTaW based alloys are their good high-temperature properties, including thermal 

stability and oxidation resistance [35]. Due to their refractory nature, MoNbTaW based 

alloys are capable of maintaining the strength and structural integrity at high 

temperatures, making them a promising material for high-temperature applications 

such as turbine blades and exhaust components [34–36].  

Magnetron sputtering is a commonly used approach for synthesizing HEAs. This 

method allows for the deposition of thin films by adjusting the process parameters and 

it is possible to manipulate the microstructure and properties of the deposited HEA 

films [1,28].   



Michael Tabelander  Theoretical background 

13 

Numerous studies have examined the potential applications of MoNbTaW-based 

RHEA thin films. In one such study, it was found that the hardness of nanocrystalline 

MoNbTaW films increased with longer annealing times at 800 °C in vacuum due to the 

formation of amorphous intergranular films [37]. Similarly, MoNbTaVW films, deposited 

using cathodic arc deposition (CAD), displayed an increase in hardness up to 1000 °C, 

but a decrease in hardness at temperatures up to 1300 °C. These films remained 

stable up to at least 1500 °C, making them ideal for high-temperature applications [38]. 

The properties of MoNbTaVW films were compared for different deposition angles and 

methods, with all films displaying a solid solution bcc crystal structure irrespective of 

the deposition angle or method [39]. The potential use of MoNbTaVW films for 

interconnects of solid oxide fuel cells and coatings for thermoelectric elements was 

investigated, and the influence of varying V content on the hardness and Young's 

modulus of the films was also studied [40,41]. Recent studies by Gruber et al. [42] also 

suggest a possible application as diffusion barriers in microelectronics, due to their 

good thermal stability.   

Overall, the state-of-the-art research on MoNbTaW based alloys is focused on 

developing a fundamental understanding of their structure-property relationships and 

exploring their potential for a wide range of applications in the aerospace, energy, 

microelectronic and automotive industries [35,36]. 

2.2.3. High entropy metal nitrides 

To further improve the excellent properties of HEAs, e.g., high hardness and high 

strength, researchers tried to incorporate nitrogen to form high entropy metal nitrides 

(HEN) [43]. The N atoms usually occupy lattice voids and form a NaCl-type fcc crystal 

structure, where the metal atoms are surrounded by N [4]. 

Ongoing research on HEN showed a significant increase in hardness and elastic 

modulus with increasing N-content in the film. The increased hardness can be 

explained as a result of the strong covalent bond between nitrogen and metallic 

elements. Further, the addition of nitrogen results in a higher degree of lattice 

distortion, which also leads to a strengthening effect [43,44]. Other research on 

(AlCrTiVZr)N films by Xu et al. [45] reported a decrease in wear rate with increasing 

N-content, which leads to a possible application as protective films.  

In RHEAs nitrides, based on MoNbTaVW and studied by Xia et al. [46], The addition 

of nitrogen markedly impacts the chemical makeup, structure, as well as the electrical 
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and mechanical traits of (MoNbTaVW)N films synthesized by CAD and direct current 

magnetron sputtering (DCMS). The metal ratio in the films remained constant despite 

the varying N content, reflecting the composition of the target. Only one phase at a 

time was detected in the films through XRD analysis and increasing N content led to a 

shift from a bcc to a fcc phase, occurring at a N concentration of 25 to 30 at.%. This 

transition was minimally influenced by film growth conditions and was primarily dictated 

by the metal to N ratio. Incorporating N also increased film hardness, reaching up to 

30 GPa, typical of fcc transition metal nitride phases, but adversely affected electro-

mechanical properties as the fcc nitride phase exhibited a lower crack onset strain, 

resulting in an earlier failure in tensile tests [46]. 

Another possible application for HEN and refractory HEN might be the use as diffusion 

barriers, which was already reported for (AlCrTaTiZr)N [47], (AlCrTaTiZrMo)N [48] and 

(TiVCrZrHf)N [49]. All studies concluded that inter-diffusion between Cu and Si was 

successfully suppressed. 

2.3. Residual stress 

2.3.1. Residual stress of thin films 

Generally, film stresses can be divided into three categories, intrinsic stresses, 

extrinsic stresses, and thermal stresses [50]. Intrinsic stresses are created during the 

growth of the film and strongly depend on the material, the substrate, the substrate 

temperature, the growth flux, the damage caused by the impinging ions and chamber 

conditions. Due to different lattice structures of substrate and film, residual stresses 

and lattice defects may arise during deposition. Extrinsic stresses emerge from 

changes in the physical environment. The mismatch between the thin film's and the 

substrate's coefficients of thermal expansion (CTE) causes residual stresses during 

cool down from the deposition temperature to room temperature. These stresses are 

also called thermal stresses [50]. 

2.3.2. Residual stress measurement with wafer curvature 

A convenient way to measure stress within thin films is the wafer curvature method. 

Depending on the deposition conditions, there can be a large initial stress present in 

the as deposited film. The stresses are leading to a curvature of the sample and can 

be measured, if the film or the back of the substrate is reflective, using laser-beams 

and photodiodes. Further limitations concerning the sample geometry can be found in 
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[51]. The average residual stress in the film can be calculated by the modified Stoney 

equation [52]: 

𝜎𝑓 = 𝑀𝑆
𝑑2

6 𝑡 𝑅
    (3.4) 

There, 𝜎𝑓 is the mean stress in the film, 𝑑 and 𝑡 the thickness of the substrate and film, 

𝑅 the radius of curvature and 𝑀𝑠 the biaxial modulus of the substrate. The curvature of 

the substrate itself must be measured and deducted from the curvature of the film 

substrate compound at the appropriate temperature if the absolute stress should be 

measured [53,54].  

With additional heating, the thermo-mechanical behavior of thin-films can be studied. 

A typical stress-temperature curve of a Mo-Ag thin film on Si is shown in Figure 2-9 

[55]. The measurement starts at room temperature at the thermo-cycle point (I) until 

reaching point (II). In between point (I) and (II) only elastic deformation takes place and 

the slope can be calculated with: 

𝑑𝜎

𝑑𝑇
= Δ𝛼

𝐸

1−𝜈
,    (3.5) 

where Δ𝛼 describes the difference of the CTE between substrate and film, 𝐸 the 

Young’s modulus and 𝜈 the Poisson’s ratio of the film [55]. 

Further heating leads to non-elastic deformation, due to mechanisms such as grain 

growth or dislocation gliding and general healing of defects. When reaching point (III) 

shown in Figure 2-9, a plateau can be observed, due to the compensation of the 

material compaction with creep strain and thermo-elastic strain. Afterwards, the stress 

rises because of grain growth, diffusion, or changes in the dislocation structure. 

Cooling starts at point (V) shown in Figure 2-9 and a thermo-elastic line is found. 

Further cooling increases the stress, while decreases the creep-velocity [55,56].  
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 Figure 2-9: Thermal evolution of stress of a Mo-Ag thin film on Si [57].  
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3. Experimental methods 

3.1. Film deposition 

The films were deposited on polished B-doped (100) Si substrates (7 mm x 21 mm x 

0.3 mm). The used 10 substrates were ultrasonically cleaned in an acetone bath for 7 

min and then in an ethanol bath for the same amount of time. After cleaning, a blow 

dryer was used to dry the substrates before mounting them on a substrate holder. A 

lab-scale deposition system was used to deposit the films. For the deposition of the 

films, equimolar MoNbTaTiW, MoNbTaVW, CrMoNbTaW, MnMoNbTaW, 

MoNbTaWZr and HfMoNbTaW targets with a diameter of 76 mm were used. The 

targets were produced by Plansee Composite Materials GmbH. The pumping system 

of the deposition facility consists of two pumps working in tandem. A rotary vane pump 

(Pfeiffer Vacuum Duo 20) first evacuates the chamber to a base pressure of around 

90 Pa prior to deposition. Afterwards the chamber is further evacuated to roughly 10-4 

Pa using a turbomolecular pump (Pfeiffer Vacuum HiPace 700). Ar and additional N2, 

when depositing nitrides, were employed as working/reactive gases. The flow rates of 

Ar and N2 were changed using a Brooks Instrument thermal mass flow controller. 

During film deposition, a Baratron capacitance manometer (MKS Instruments) detects 

the gas pressure within the chamber. The Ar flow and N2 flow were set in standard 

cubic centimeter per minute (sccm) according to the deposition parameters shown in 

Table 1, which leads to a working gas pressure of 3 Pa or 2.5 Pa, respectively. A 

working pressure of 2.5 Pa was used for the metal MnMoNbTaW film, due to 

delamination of the film deposited at 3 Pa. The deposition chamber was equipped with 

an unbalanced magnetron sputtering source. The magnetron sputtering source was 

powered by an ADL GmbH DC power supply (type GS 30/1000) linked to a MELEC 

GmbH SPIK3000A-10 pulse power generator. With an average power of 400 W and a 

frequency of 100 Hz, the deposition was performed in HiPIMS mode. Furthermore, the 

current and voltage peak were recorded with an oscilloscope. The substrates were 

only heated by the plasma in the chamber, as no additional heating was applied to the 

substrate. Furthermore, the substrates were grounded and no bias voltage was 

applied. The temperature was measured with a thermo-couple nearby the samples and 

reached a maximum temperature of 90 °C within the first few minutes of the deposition. 

Following each deposition run, the chamber was vented with N2 to atmospheric 

pressure.  
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Sample ID Target 
Deposition 

time 
[min] 

Working 
pressure  

[Pa] 

Ar-
flow  

[sccm] 

N2 

flow  
[sccm] 

N2 
partial 

pressure  
[Pa] 

HEA_Ti_MT_01 MoNbTaTiW 90.0 3.0 190.0 0 0 

HEA_Ti-N_MT_08 MoNbTaTiW 90.0 3.0 187.2 2.8 0.09 

HEA_Ti-N_MT_09 MoNbTaTiW 90.0 3.0 178.0 12.0 0.36 

HEA_Ti-N_MT_12 MoNbTaTiW 4.5 3.0 187.2 2.8 0.09 

HEA_Ti-N_MT_13 MoNbTaTiW 4.5 3.0 178.0 12.0 0.36 

HEA_V_MT_01 MoNbTaVW 90.0 3.0 190.0 0 0 

HEA_V-N_MT_01 MoNbTaVW 90.0 3.0 187.2 2.8 0.09 

HEA_V-N_MT_02 MoNbTaVW 90.0 3.0 178.0 12.0 0.36 

HEA_Cr_MT_03 CrMoNbTaW 90.0 3.0 190.0 0 0 

HEA_Cr-N_MT_01 CrMoNbTaW 90.0 3.0 187.2 2.8 0.09 

HEA_Cr-N_MT_02 CrMoNbTaW 90.0 3.0 178.0 12.0 0.36 

HEA_Mn_MT_03 MnMoNbTaW 90.0 2.5 153.0 0 0 

HEA_Mn-N_MT_01 MnMoNbTaW 90.0 3.0 187.2 2.8 0.09 

HEA_Mn-N_MT_02 MnMoNbTaW 90.0 3.0 178.0 12.0 0.36 

HEA_Zr_MT_02 MoNbTaWZr 90.0 3.0 190.0 0 0 

HEA_Zr-N_MT_01 MoNbTaWZr 90.0 3.0 187.2 2.8 0.09 

HEA_Zr-N_MT_02 MoNbTaWZr 90.0 3.0 178.0 12.0 0.36 

HEA_Hf_MT_02 HfMoNbTaW 90.0 3.0 190.0 0 0 

HEA_Hf-N_MT_01 HfMoNbTaW 90.0 3.0 187.2 2.8 0.09 

HEA_Hf-N_MT_02 HfMoNbTaW 90.0 3.0 178.0 12.0 0.36 

 

3.2. Film characterization 

The film thickness was measured using a Keyence confocal 3D laser-scanning 

microscope (CLSM), VK-X1100 series, which was also used for surface images. 

Transmission electron microscopy (TEM) was used for analyzing the morphology of 

two (MoNbTaTiW)N films, deposited for 4.5 min on TEM-grids, using a Joel 2100 F 

TEM. In addition, both films were examined with selected area electron diffraction 

(SAED). 

The chemical composition of the films was determined by energy-dispersive X-ray 

spectroscopy (EDX) with a Bruker Type XFlash 6-60 detector, which is attached to a 

Tescan Magna scanning electron microscope (SEM).  

X-ray diffraction (XRD) was used to examine the microstructure of the films using a 

Bruker-AXS D8 Advance diffractometer equipped with parallel beam optics and a Cu-

Kα radiation source. All measurements were done in Bragg-Brentano geometry. With 

Table 1: Deposition parameter and sample IDs used in the present work. 
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a resolution of 0,02 ° and a step duration of 1 s, the films were scanned in the 2Θ 

diffraction angle range from 20 ° to 95 °. 

A Jandel Model RM2 cylindrical four-point probe was used to measure the resistivity 

of the films. Five measurements were performed on each sample, two crosswise to the 

long side of the sample and three lengthwise to the sample. The resistance 𝑅𝑠 of the 

films can be calculated according to [58]: 

𝑅𝑠 =
𝜋

ln(2)
(

Δ𝑉

𝐼
),    (4.1) 

were Δ𝑉 describes the measured voltage and 𝐼 the set current. Together with the 

thickness 𝑡, the resistivity 𝜌 can be calculated [58]: 

𝜌 = 𝑅𝑠𝑡.    (4.2) 

The laser-based wafer curvature measurement was used to detect the residual stress 

within the film at room temperature, the basic setup is shown in Figure 3-1. The sample 

surface first reflects two parallel laser beams with a set distance 𝑑, which are then 

reflected by a mirror at a height ℎ/2. The curvature radius 𝑅 of the sample can be 

calculated by measuring the separation 𝑑′ between the beams that are reflected on the 

measuring plate: 

𝑅 =
2ℎ𝑑

𝑑′−𝑑
 .    (4.3) 

With the help of the modified Stoney equation [52] 

𝜎𝑓 = 𝑀𝑆
𝑑2

6 𝑡 𝑅
 ,   (4.4) 

the residual stress of the film can be calculated. 
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Also, the stress evaluation while annealing of the samples was measured using the 

wafer curvature method. There, a k-Space Associates multibeam optical sensor 

system (MOS) was used. A systematic drawing is shown in Figure 3-2. The measuring 

principle of both wafer curvature methods are the same, just different devices were 

used. The MOS works by passing a laser through several etalons, which produce a 

variety of spots that bounce off the substrate's surface and are photographed by a 

charge-coupled device (CCD) camera. The substrate bends in response to the 

mechanical stress as the film is heated or cooled (equation 3.5), with the radius of 

curvature depending on the amount of residual stresses within the film (equation 3.5). 

The positions of the reflected laser spots are altered by the substrate curvature. The 

stresses in the sample can as well be calculated using the modified Stoney equation. 

To study the thermomechanical behavior, all films were heated in vacuum from room 

temperature to 810 °C, cooled down to 80 °C, afterwards the heating and cooling cycle 

was repeated, with the difference that the samples were cooled down to room 

temperature in the end. Heating and cooling rates were kept constant at 9.6 K/min.  

Figure 3-1: Illustration of a basic wafer curvature setup [59]. 
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In addition, the films were annealed in a HTM Retz vacuum furnace at around 10-6 Pa. 

Initially, the films were heated to 250 °C at a rate of 20 K/min and held at this 

temperature for 30 min. Then, the films were heated to the annealing temperature at a 

rate of 30 K/min, and held at a constant temperature for 15 min. Annealing was 

performed at 500 °C, 700 °C and 900 °C. The films were afterwards cooled down to 

room temperature. 

 

Figure 3-2: Schematic drawing of the curvature measurement [50]. 
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4. Results and discussion 

4.1. Deposition 

4.1.1. Deposition parameter study 

The first set of (MoNbTaTiW)N depositions were conducted at a pressure of 1 Pa, but 

all the films produced at this pressure delaminated immediately. Thus, the pressure 

was increased to 2 Pa, but this did not solve the issue and the films delaminated as 

well. Ultimately, a pressure of 3 Pa was found to produce films, which adhere to the 

substrate, since higher pressures result in lower compressive residual stresses [8]. 

However, there was one exception with the metal MnMoNbTaW film, which had to be 

deposited at a pressure of 2.5 Pa as it was not possible to synthesize it at 3 Pa without 

causing delamination. Excessively high pressures may lead to higher tensile stresses 

in the films [8], which in turn leads to cracking. 

4.1.2. HiPMS discharge 

The current and voltage pulses of the HiPIMS discharge of the MoNbTaTiW, 

CrMoNbTaW and MoNbTaWZr targets are shown in Figure 4-1. The discharge pulses 

of the other alloys can be found in the appendix. In general, the voltage pulse, 

generated by the power supply, shows a near rectangular shape and reaches a plateau 

after approximately 25 µs of the 100 µs pulse on-time. The current discharge curves 

vary depending on the target-material and nitrogen flow. However, in all cases, the 

current reaches a maximum after 50 µs to 75 µs and decreases to lower values 

afterwards. For most of the depositions (Figure 4-1 (b), (c), (d), (e), (f), (i)) the pulse 

on-time was too short to exactly determine which deposition mode is present, since 

the current cut-off occurs shortly after reaching the maximum. However, in case of the 

metal films of MoNbTaTiW and MoNbTaWZr (Figure 4-1 (a), (g)) as well as the 

(MoNbTaWZr)N film deposited at lower nitrogen partial pressure (Figure 4-1 (h)) it was 

found that working gas sustained self-sputtering is most likely to occur, when 

comparing the discharge pulses with the literature [5]. Thus, the ionization of the 

working gas is necessary in order to sputter enough target atoms, which will then be 

ionized and drawn back to the target, initiating a cycle of recycling of the target atoms 

[13]. Gruber et al. [60] already reported the occurrence of working gas sustained self-

sputtering for similar deposition parameters.  
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In Figure 4-2 the discharge voltage is shown. It was found that the discharge voltages 

of the films range between 520 – 680 V. The lowest discharge voltages were found for 

the MoNbTaTiW and MoNbTaWZr films and the highest for the MnMoNbTaW films. 

The ionization energy of the metals has a significant impact on the discharge current 

as it affects how quickly metal ions can be produced to transport the current. Since the 

average power was kept constant, the current and voltage of the HiPIMS discharge 

are directly related. This assertion remains valid exclusively if a substantial portion of 

the current is derived from metal ion recycling. Therefore, the ionization energy of the 

fifth alloying elements is a key to understanding the variations in current as only one 

element was altered across the several HEAs [60]. Similar ionization energies and 

discharge voltages are found for the elements Ti (6.83 eV), V (6.75 eV), Cr (6.77 eV) 

Figure 4-1: Current and voltage pulses of the HiPIMS discharge of: MoNbTaTiW (a) p(N2) = 0.00 Pa, (b) p(N2) = 

0.09 Pa, (c) p(N2) = 0.36 Pa; CrMoNbTaW (d) p(N2) = 0.00 Pa, (e) p(N2) = 0.09 Pa, (f) p(N2) = 0.36 Pa and 

MoNbTaWZr (g) p(N2) = 0.00 Pa, (h) p(N2) = 0.09 Pa, (i) p(N2) = 0.36 Pa. 
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Zr (6.63 eV), and Hf (6.83 eV) [61]. The same correlation can be found for the 

MnMoNbTaW films, which had the highest discharge voltage and the highest ionization 

energy for Mn (7.43 eV) [61]. In case of the MoNbTaTiW and MoNbTaVW films the 

discharge voltage increased with increasing p(N2). A similar behavior was already 

reported for depositing TiN using DCMS [62]. In contrary, no significant increase of the 

discharge voltage was found for MnMoNbTaW and HfMoNbTaW.  

 

 

4.1.3. Film thickness and deposition rate 

The film thickness and deposition rates are shown in Figure 4-3. Depending on the 

alloy and N2 partial pressure, the film thicknesses range from 535 to 850 nm. Since the 

deposition time of 90 min was constant, the resulting deposition rate follows the same 

trend as the film thickness. 

In general, all metal films (p(N2) = 0.00 Pa) are showing a lower deposition rate, 

compared to the films deposited in an N2-containing atmosphere (p(N2) = 0.09 Pa or 

p(N2) = 0.36 Pa), with the exception of MoNbTaWZr and HfMoNbTaW deposited with 

higher N2 partial pressures. The higher deposition rates for the nitrides can be 

explained by the additionally incorporated N-atoms into the lattice [18]. It is not fully 

understood, why MoNbTaWZr and HfMoNbTaW behave differently, but the lower 

deposition rate of the film deposited with the higher nitrogen pressure can be a sign for 

Figure 4-2: Discharge voltage of HEA films deposited with HiPIMS at different N2 partial pressures after 30 min 

deposition time.  
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target poisoning occurring at the higher nitrogen pressure. Additionally, Zr and Hf form 

exceptional stable nitrides [63], which may also influence the deposition rate. Another 

exception can be observed for the MnMoNbTaW nitrides, where the highest deposition 

rates were achieved.  

 

 

4.2. Film characterization 

4.2.1. Chemical composition 

The results derived by the EDX measurements are summarized in Table 2. In general, 

all metals can be divided into light (Ti, V, Cr, Mn), medium heavy (Zr, Mo, Nb) and 

heavy (Ta, W) metal elements, due to their atomic mass. 

The concentration of the light metal elements in the alloys is always higher than the 

concentration of the medium heavy and heavy metal elements. This was also found by 

Xia et al. [39] when researching the angular-dependent deposition of MoNbTaVW HEA 

thin films. The authors have found an increased emission of lighter metal elements in 

the direction perpendicular to the target surface. Light metal elements are depleted at 

the target surface because they are scattered back by the heavy metal atoms after a 

single knock-on collision with the incoming ion. As a result, the lighter metal elements 

Figure 4-3: Film thickness and corresponding deposition rate of HEA films deposited with different N2 partial 

pressures. 
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are emitted from deeper regions within the target, leading to a more focused angular 

distribution [39]. 

For the films deposited with a low N2 partial pressure (p(N2) = 0.09 Pa), the 

concentration of nitrogen varies between 22 at.% and 44 at.%. The nitrogen 

concentration of the films deposited with a high N2 partial pressure (p(N2) = 0.36 Pa) 

indicates a nearly stoichiometric concentration of 50 at.% N2. The only exception is 

MnMoNbTaW with 44 at.% and CrMoNbTaW with 45 at.% N2. A possible explanation 

for the low nitrogen concentration in (MnMoNbTaW)N is the incorporation of nitrogen 

vacancies, as Mn prefers to form much more stable non-equimolar nitrides such as 

Mn4N or Mn3N2 as a result of the reactive deposition process [64]. This can also be 

observed for Cr, which also forms Cr2N in addition to CrN [65]. The small difference of 

the nitrogen concentration between both (MoNbTaTiW)N and (MoNbTaVW)N 

correlates with the similar deposition rates measured. 

 

 

 

  

MoNbTaTiW p(N2) = 0.00 Pa p(N2)=0.09 Pa p(N2)=0.36 Pa MoNbTaVW p(N2) = 0.00 Pa p(N2)=0.09 Pa p(N2)=0.36 Pa

Element [at.%] [at.%] [at.%] Element [at.%] [at.%] [at.%]

N 42 49 N 44 51

Ti 27 17 13 V 26 15 12

Nb 21 12 10 Nb 20 11 10

Mo 21 12 10 Mo 21 12 10

Ta 16 11 9 Ta 16 9 8

W 16 7 9 W 17 10 9

CrMoNbTaW p(N2) = 0.00 Pa p(N2)=0.09 Pa p(N2)=0.36 Pa MnMoNbTaW p(N2) = 0.00 Pa p(N2)=0.09 Pa p(N2)=0.36 Pa

Element [at.%] [at.%] [at.%] Element [at.%] [at.%] [at.%]

N 38 45 N 22 44

Cr 25 16 15 Mn 21 19 14

Nb 20 13 11 Nb 21 16 11

Mo 21 13 11 Mo 21 16 12

Ta 16 10 9 Ta 18 13 9

W 17 10 9 W 19 14 10

MoNbTaWZr p(N2) = 0.00 Pa p(N2)=0.09 Pa p(N2)=0.36 Pa HfMoNbTaW p(N2) = 0.00 Pa p(N2)=0.09 Pa p(N2)=0.36 Pa

Element [at.%] [at.%] [at.%] Element [at.%] [at.%] [at.%]

N 41 49 N 29 50

Zr 23 13 11 Nb 22 16 11

Nb 23 13 11 Mo 23 17 12

Mo 22 13 10 Hf 17 12 8

Ta 15 10 10 Ta 19 12 9

W 17 10 9 W 19 14 10

Table 2: Chemical composition of the as-deposited thin films.  
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4.2.2. Microstructure 

The microstructure of the films was obtained by XRD, the according diffractograms are 

shown in Figure 4-4. The theoretical peak positions, marked in Figure 4-4, were 

calculated assuming a Vegard’s like behavior, with the help of the lattice parameters  

aVegard = ∑ 𝑥𝑖𝑎𝑖,    (5.1) 

where 𝑎𝑉𝑒𝑔𝑎𝑟𝑑 describes the calculated lattice constant and 𝑥𝑖 the concentration of the 

element with lattice constant 𝑎𝑖 [66]. The peak positions 2Θ were calculated according 

to 

2Θ = 2 sin−1 (
𝜆𝐶𝑢 ∗ √ℎ2 + 𝑘2 + 𝑙2

2𝑎𝑉𝑒𝑔𝑎𝑟𝑑
) , (5.2) 

where 𝜆𝐶𝑢 = 1.5406 Å describes the wavelength of Cu-Kα radiation and ℎ, 𝑘 and 𝑙 the 

Miller indices of the diffracted plane [67]. The used lattice constants were reported by 

the International Centre for Diffraction Data (ICDD) for Ti [68], V [47], Cr [65], Mn [69], 

Zr [70], Nb [71], Mo [71], Hf [71], Ta [72] and W [73]. Since it is very difficult to 

distinguish between the different types of nitrides in the films, only MeN were used for 

the peak fitting. However, it should be noted that other nitrides, e.g., MeN2 or Me2N, 

are also possible and must be considered for further research. Just like the metals, the 

lattice constants of nitrides were reported by the ICDD for TiN [74], VN [75], CrN [76], 

MnN [77], ZrN [78], NbN [79], MoN [80], HfN [81], TaN [82] and WN [83]. 

The metallic films exhibit a bcc microstructure characterized by a favored orientation 

along the (110) plane.It was found, that the metal MoNbTaWZr film has an amorphous 

structure (Figure 4-4 (e)). Most of the HEA nitride films are characterized by a fcc NaCl 

structure. In case of the films deposited with a lower nitrogen partial pressure, mostly 

a dominant (111) peak and a less intense (200) peak was found. Only the 

(MnMoNbTaW)N and (HfMoNbTaW)N film show an amorphous structure. The 

microstructure of (MnMoNbTaW)N (Figure 4-4 (d)) is completely amorphous and in 

case of (HfMoNbTaW)N (Figure 4-4 (f)) partly amorphous. This, however, can be 

explained with the low nitrogen content within the film, see Table 2. An amorphous 

structure of HEN films with lower nitrogen contents was also found by Xia et al. [46] for 

(MoNbTaVW)N films. The films deposited with a higher nitrogen partial pressure also 

have a fcc structure but mainly the (111) peak can be seen in the X-ray diffractograms 

(Figure 4-4). In contrast to the fcc peaks of the films deposited with a lower nitrogen 
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partial pressure, the peak position of the films deposited deviates less from the 

calculated position gained by Vegard’s-like behavior. This can be explained with the 

lower nitrogen content found in the films deposited with a lower nitrogen partial 

pressure and therefore suggests nitrogen vacancies in the lattice structure.  

Figure 4-5 summarizes the dependency of the nitrogen-concentration of the films and 

the corresponding microstructure. It is worth noting that the colored areas were 

estimated, and the influence of the deposition parameters must be considered. 

Additionally, it was found that the MoNbTaWZr film has an amorphous structure in the 

metallic state. 

  

  

(a) (d) 

(b) (e) 
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In addition to the XRD investigations, two (MoNbTaTiW)N samples, deposited on TEM-

grids, were analyzed by TEM. In Figure 4-6 (a) and (c), bright field (BF) images of 

(MoNbTaTiW)N are shown. Both films show a dense, nanocrystalline microstructure.  

The SAED images in Figure 4-6 (b) and (d) reveal a fcc microstructure for both films, 

which is consistent with the results of the XRD measurements. A comparison of the 

Figure 4-4: X-ray diffractograms of the as-deposited films for (a) MoNbTaTiW, (b) MoNbTaVW, (c) CrMoNbTaW, 

(d) MnMoNbTaW, (e) MoNbTaWZr, (f) HfMoNbTaW deposited with different nitrogen partial pressures. Additionally, 

in (d), (e) and (f) enlarged inserts can be found. 

Figure 4-5: Comparison of N2-concentration and resulting microstructure. The metal MoNbTaWZr film shows an 

amorphous structure, since Zr suppresses the formation of a bcc microstructure.   

(c) (f) 
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lattice parameters obtained by SAED and XRD is shown in Table 3. It was found that, 

the difference in the calculated results is marginal.  

  

  

  

4.2.3. Electrical properties 

The results obtained by the electrical resistivity measurements are shown in Figure 

4-7. The resistivity of the metal films is the smallest and increases with the nitrogen 

content, as the ratio of the ceramic MeN bonds increases. This is expected, as 

MoNbTaTiW aSAED [Å] aXRD [Å]

p(N2) = 0.09 Pa 4.265 4.281

p(N2) = 0.36 Pa 4.245 4.311

Figure 4-6: TEM BF surface images of as-deposited (MoNbTaTiW)N films deposited with a N2 partial pressure of 

(a) 0.09 Pa and (c) 0.36 Pa. The corresponding SAED pattern are shown in (b) and (d). 

 

Table 3: Comparison of the lattice parameters obtained by XRD and SAED analysis for (MoNbTaTiW)N. 

(a) (b) 

(c) (d) 
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ceramics tend to have lower electric conductivity compared to metals [84]. It was found 

that the resistivity of the metal films ranges between 70 µΩcm for the CrMoNbTaW film 

and 175 µΩcm for the MoNbTaWZr film. An explanation for the higher resistivity of the 

MoNbTaWZr metal film might be its amorphous microstructure. According to 

Matthiessen’s rule, the resistivity of amorphous films is higher because of the stronger 

scattering of the electrons at defects [85]. In comparison, the resistivity of the films 

deposited at a low nitrogen pressure increases by a factor of 4 to values ranging from 

235 µΩcm for the (MnMoNbTaW)N film to 634 µΩcm for the (MoNbTaWZr)N film. 

Although the low nitrogen containing (MnMoNbTaW)N films shows an amorphous 

structure, the measured resistivity was the lowest compared to the other films 

deposited with the low nitrogen partial pressure. This can be explained with the low 

nitrogen content of 22 at.% in the film (Table 2). The electrical resistivity additionally 

doubles for the films deposited at the high nitrogen content. However, the 

(MoNbTaWZr)N and (HfMoNbTaW)N films with high nitrogen content showed 

extremely high resistivity values of 2564 µΩcm and 2132 µΩcm, respectively. It is 

currently not fully understood why these high values were measured but they may 

indicate underdense films. 

 

 

  

Figure 4-7: The electrical resistivity of the as-deposited HEA and HEN films. 
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4.2.4. Residual stress 

In Figure 4-8 the results of the residual stress measurements conducted by using the 

wafer curvature method are shown. All films have tensile stresses, which vary from 73 

MPa to 1376 MPa. These stresses were possibly caused by growth stresses, e.g. 

stemming from ion bombardment during film deposition, and thermal stresses. A trend 

in the residual stress was observed for the HENs containing Ti, V, Cr, and Mn 

deposited at the low nitrogen partial pressure, which could be explained by the 

decreasing atomic radii of the fifth element. The metal films generally displayed the 

highest tensile stresses, followed by films deposited at p(N2) = 0.09 Pa and the lowest 

for those deposited at p(N2) = 0.36 Pa. A possible explanation for the decrease of 

residual stresses with increasing nitrogen-content could be the incorporation of 

nitrogen interstitials, which cause compressive residual stresses that superimpose with 

tensile residual stresses [86]. In general nitride films tend to have compressive residual 

stresses [87]. Since no bias voltage was applied during deposition, the occuring tensile 

residual stresses can be explained.  However, there were some exceptions to this 

trend. For example, the (MoNbTaWZr)N film deposited at p(N2) = 0.09 Pa had the 

lowest residual stress compared to other Zr-containing films, while the HfMoNbTaW 

metal film had the lowest residual stress of all as-deposited metal films.  

 

 Figure 4-8: Residual stress of the as-deposited HEA and HEN films. 
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4.3. Thermal stability 

4.3.1. Chemical composition 

The chemical composition of the (CrMoNbTaW)N films after annealing was measured 

using EDX. This was done to determine if the chemical composition changes during 

annealing in vacuum. The results of these measurements can be seen in Table 4. 

Despite minor deviations, caused by the measurement method and the deposition 

process, the overall composition of the films remained constant after annealing, 

indicating that these HEA nitride films are chemically stable up to a temperature of 900 

°C. MoNbTaTiW, MoNbTaVW, and CrMoNbTaW HEA films have already been 

reported by Gruber et al. [88] to be chemically stable up to 1000 °C, which corresponds 

to the results summarized in Table 4. 

 

 

 

4.3.2. Microstructure 

The X-ray diffractograms of the CrMoNbTaW based films after annealing at 500 °C, 

700 °C and 900 °C are shown in Figure 4-9.  These diffractograms are representative 

for the results obtained for the other alloys, which can be found in the appendix. The 

exceptions are described in the second part of this chapter. Generally, the 

microstructure of the films does not seem to be significantly affected by the annealing 

treatment. However, a noticeable trend, that can be observed in all the XRD-patterns, 

is a gradual peak shift towards higher diffraction angles. The peak shifts away from the 

projected peak position as temperature rises, contrary to what is anticipated. This may 

be explained by the fact that the peak location was calculated according to Vegard’s-

like behavior, and particularly in the case of films deposited at low nitrogen partial 

pressure, the equilibrium lattice constant already resides elsewhere since this lattice is 

smaller and contains vacancies. This shift is believed to indicate a stress relief in the 

N 38 38 39 39 45 46 45 44

Cr 16 16 15 15 15 14 14 14

Nb 13 13 13 12 11 11 11 11

Mo 13 13 13 13 11 11 11 11

Ta 10 10 10 10 9 8 9 9

W 10 10 11 11 9 9 9 10

(CrMoNbTaW)N, p(N2)=0.36 Pa

900 °C

[at.%]

700 °C

[at.%]

500 °C

[at.%]

25 °C

[at.%]

900 °C

[at.%]
Element

25 °C 

[at.%]

700 °C

[at.%]

500 °C

[at.%]

(CrMoNbTaW)N, p(N2)=0.09 Pa

Table 4: Chemical composition of (CrMoNbTaW)N films after annealing. 
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films, which may be caused by the relaxation of internal stresses and the elimination 

of defects during the annealing, resulting in a smaller volume of the lattice.  

  

 

The (MnMoNbTaW)N film deposited with a p(N2) = 0.09 Pa (Figure 4-10 (a)) and the 

metal MoNbTaWZr film (Figure 4-10 (c)) was initially found to have an amorphous 

microstructure. However, upon annealing at a temperature of 900 °C in case of 

(MnMoNbTaW)N the film crystallizes and forms a fcc structure. In contrary, the metal 

MoNbTaWZr film starts to crystallize in a bcc crystal structure starting at 500 °C, when 

a small peak can be observed. The (HfMoNbTaW)N deposited at p(N2) = 0.09 Pa was 

found to be partly amorphous at 25 °C. However, it was found that no significant 

crystallization of the film occurred (Figure 4-11 (b)). When annealing the high nitrogen 

containing (MoNbTaWZr)N film at 900 °C a peak separation of the (111) peak 

Figure 4-9: X-ray diffractograms of CrMoNbTaW in the as-deposited state (25 °C) and after annealing at 500 °C, 

700 °C and 900 °C for (a) p(N2) = 0.00 Pa, (b) p(N2) = 0.09 Pa and (c) p(N2) = 0.36 Pa. 

(a) (b) 

(c) 
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appeared. This may indicate the formation of a second phase or might be related to an 

inhomogeneous stress distribution, which was already reported by Gruber et al. [88] 

when investigating the thermal stability of MoNbTaTiW, MoNbTaTiW and CrMoNbTaW 

thin films. Another possibility might be the formation of an oxide, due to an insufficient 

vacuum during annealing. Thus, additional research is needed to fully understand this 

behavior. 

  

  

  

Figure 4-10: X-ray diffractograms of HEA and HEN films in the as-deposited state (25 °C) and after annealing at 

500 °C, 700 °C and 900 °C of (MnMoNbTaW)N deposited at p(N2) = 0.09 Pa, (b) (HfMoNbTaW)N deposited at 

p(N2) = 0.09 Pa, (c) MoNbTaWZr deposited at p(N2) = 0.00 Pa and (d) (MoNbTaWZr)N deposited at p(N2) = 0.36 

Pa. 

(a) (b) 

(c) (d) 



Michael Tabelander  Results and discussion 

36 

4.3.1. Surface morphology 

In Figure 4-11, the surface images of (CrMoNbTaW)N after annealing at different 

temperatures are shown. These images were obtained using CLSM. It was found that 

the nitride films experienced cracking during the annealing. The number of cracks 

increases with increasing annealing temperature. In addition, for some films deposited 

at higher nitrogen partial pressures local delaminations were observed (as seen in 

Figure 4-11 (b)). The formation of cracks is attributed to the presence of tensile residual 

stresses (see section 4.2.4), while delaminations are believed to arise from the 

contraction of the entire sample during the cooling process. Consequently, the cracks 

undergo closure, and in some instances, exhibit an enhanced closure beyond their 

initial state. The metal films did not crack during annealing. However, complete 

delamination was observed for the metal MoNbTaTiW and HfMoNbTaW films when 

annealed at 900 °C, as well as for the metal MnMoNbTaW film when annealed at 500 

°C.  

  

  

200 µm 200 µm 

200 µm 200 µm 

(a) (b) 

(c) (d) 

500 °C 500 °C 

700 °C 700 °C 



Michael Tabelander  Results and discussion 

37 

  

4.3.1. Electrical properties 

The electrical resistivity after annealing is shown in Figure 4-12. In some cases, the 

resistivity was too high due to crack formation or delamination during annealing. While 

the resistivity of the metal films remained widely unchanged after annealing, the 

resistivity of the nitride films significantly increased with annealing temperature. This 

increase can be attributed to the formation of cracks, as shown in Figure 4-11, which 

disrupt the smooth flow of electrons and increases the resistivity of the films. The 

current can only flow through the areas where the cracks are in contact, resulting in a 

reduction of the effective cross section area available for current conduction. It can be 

observed that the increase in electrical resistivity of the films deposited at higher 

nitrogen partial pressures is more pronounced compared to the films deposited at lower 

partial pressures nitrogen. This behavior can be explained with the higher crack density 

of the films deposited at higher partial pressure nitrogen (Figure 4-11 (a)) compared to 

the films deposited at lower nitrogen partial pressures (Figure 4-11 (b)) When 

annealing the metal MoNbTaWZr film (Figure 4-12 (e))  and the low nitrogen containing 

(MnMoNbTaW)N film (Figure 4-12 (d)) at 900 °C, a significant decrease in resistivity 

was observed. This can be explained with the transformation from amorphous to a 

crystalline bcc phase as observed by XRD shown in Figure 4-10 (c) for the 

MoNbTaWZr film and in Figure 4-10 (a) for the low nitrogen containing 

(MnMoNbTaW)N film.  

Figure 4-11: CLSM surface images after annealing of (CrMoNbTaW)N deposited at p(N2) = 0.09 Pa (a), (c), (e) and 

p(N2) = 0.36 Pa (b), (d), (f). 

200 µm 200 µm 

(e) (f) 900 °C 900 °C 
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Figure 4-12: Resistivity after annealing of (a) MoNbTaTiW, (b) MoNbTaVW, (c) CrMoNbTaW, (d) MnMoNbTaW, (e) 

MoNbTaWZr and (f) HfMoNbTaW films.  

(a) 

(b) 

(c) (f) 

(e) 

(d) 
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4.3.2. Residual stress 

In Figure 4-13 the residual stress of the metal films after annealing is shown. Since all 

the nitride films cracked during annealing, they are not presented in this section. 

Cracking leads to a stress relief in the films and therefore the results of those 

measurements are not representative of the residual stresses within the nitride films.  

In case of MoNbTaTiW a significant increase of the residual stress was noticed after 

annealing to 500 °C. Annealing to higher temperatures resulted in a nearly linear 

decrease to the value measured for the as-deposited film. A similar but less 

pronounced trend was noticed for the HfMoNbTaW film but due to delamination a 

measurement after annealing at 900 °C was not possible. A slight decrease of the 

residual stress was observed for the MoNbTaVW film. The residual stress of the 

CrMoNbTaW film increased with increasing annealing temperatures. In case of the 

MoNbTaWZr the stress firstly peaked at 500 °C, dropped at 700 °C and peaked again 

at 900 °C. 

 

 

  

Figure 4-13: Residual stress after annealing. 
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4.3.3. In-situ Stress Measurements 

To better understand the stress relaxation mechanisms, in-situ stress measurements 

using the wafer curvature method were done. The results will be discussed on the 

basis of the CrMoNbTaW and (CrMoNbTaW)N films, since they are representative for 

the results of the other films. The results obtained for the other films can be found in 

the appendix of this thesis.  

Figure 4-14 illustrates the evolution of the residual stress in the CrMoNbTaW metal 

film. The measurement starts with an initial stress of around 1070 MPa and quickly 

decreases. At around 100°C, a small hump appears, indicating the end of the thermo-

elastic region. The stress further changes into the compressive region until reaching 

650 °C. At around 650°C a plateau is noticeable, which is followed by a stress decrease 

until the maximum temperature of 810 °C is reached. This decrease can be explained 

by non-elastic deformation, including annihilation of defects, gliding of dislocations, and 

relaxation of grain boundaries [56]. During cooling, the stress increases until 

approximately 780 °C and decreases until 630 °C. It is expected that thermal tensile 

stresses would build. However, the temperature is so high that stress relaxation is 

possible due to e.g., dislocation movement. Therefore, the system wants to be in a 

stress-free state as much as possible. Above about 650°C, thermal activation is no 

longer sufficient and thermal tensile stresses build up. After the stress decrease the 

stresses increase again according to a thermo-elastic behavior. The cycle ends at a 

similar stress value as it has started. The second thermo-cycle begins again with a 

thermo-elastic behavior, which lasts up to 650 °C. Although the stresses in the 

beginning of the second cycle are similar to the stresses at the beginning of the first 

cycle, the lowest compressive stresses, reached within the second cycle. are lower 

compared to the compressive stresses reached during the first one. When the 

temperature is further increased the stresses are decreasing again, indicating that 

stress relaxation processes were not completed after the first cycle. The reason for this 

inhibited stress relaxation behavior could be the sluggish diffusion effect of HEAs [32]. 

The cooling part of this cycle is quite similar to the one of the first cycle, but the tensile 

stresses in the end of this cycle were higher compared to the tensile stresses of the 

as-deposited films, which may be explained by a volume reduction during annealing. 
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The stress measurement of the (CrMoNbTaW)N film deposited with a nitrogen partial 

pressure of 0.09 Pa is shown in Figure 4-15. The stress quickly drops in the beginning 

of the thermocycle until approximately 150 °C, indicating the end of the thermo-elastic 

behavior. Even though no heating was involved during the deposition of the films, the 

temperature of the substrate increased during the deposition due to plasma heating. 

In case of the discussed (CrMoNbTaW)N the temperature reached about 120°C, which 

was measured with a thermocouple attached to the substrate holder. Once this point 

is reached, the stress continues to decrease until the temperature reaches 150°C. 

From 150 °C to 650 °C, the tensile stress level increases until it reaches a local 

maximum of 1175 MPa. This stress increase is most probably caused by defect 

annihilation, such as the combination of nitrogen interstitials into nitrogen vacancies, 

resulting in volume shrinkage. After reaching the local maximum, the stress decreases 

linearly until 810 °C with a similar slope as in the beginning of the measurement, 

indicating a thermo-elastic behavior. During cooling the stresses increase linearly, 

indicating a thermo-elastic behavior. Unfortunately, at 200 °C the measurement was 

terminated due to the high residual stresses. 

Figure 4-14: Stress-temperature curve of the metal CrMoNbTaW film. 
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Figure 4-16 shows the stress evaluation of the (CrMoNbTaW)N film deposited with a 

nitrogen pressure of 0.36 Pa during annealing. The stress decreases linearly up to 150 

°C according to the thermo-elastic behavior. After this decrease, the stress increases 

until reaching a stress maximum at 500 °C. Similar to the films deposited at a lower 

nitrogen partial pressure, a volume shrinkage of the film and annihilation of defects 

occurs. After further annealing, the stress decreases significantly, which is thought to 

be due to cracking. When the maximum temperature is reached, the cooling process 

proceeds linearly to room temperature. It was found that the cooling cycle slope had 

changed in comparison to the slope observed at the start of the annealing, thus 

providing evidence to support the notion of a cracked film. During the second thermal 

cycle, there were no significant alterations as the stress gradually decreased to 0 MPa 

and then increased to 260 MPa when cooled to room temperature in a linear manner 

due to cracking.  

Figure 4-15: Stress-temperature curve of the (CrMoNbTaW)N film deposited at p(N2) = 0.09 Pa. 
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As a conclusion, it was found that even at very low temperatures, all HENs exhibit 

some degree of recovery, which is surprising considering that these alloys consist of 

refractory metals and recovery processes typically require much higher temperatures. 

Thus, it is believed that mainly the thermal movement of nitrogen and vacancies during 

annealing is the driving force of recovery, leading to a volume contraction in the film, 

resulting in tensile stresses in the films. When comparing the film with low nitrogen 

content to the one with higher nitrogen content, this effect is even more noticeable due 

a higher amount of nitrogen. 

 

 

 

 

Figure 4-16: Stress-temperature curve of the (CrMoNbTaW)N film deposited at p(N2) = 0.36 Pa. 
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5. Conclusions 

This thesis primarily focuses on a comparative investigation of thin films based on 

MoNbTaW high entropy alloy (HEA) and (MoNbTaW)N high entropy metal nitrides 

(HEN) deposited using HiPIMS at varying nitrogen pressures. The study revealed a 

gradual transition in microstructure from a bcc (body centered cubic) to fcc (face 

centered cubic) lattice with the incorporation of nitrogen. Moreover, the incorporation 

of insufficient nitrogen resulted in an amorphous microstructure. 

Regarding the thermal stability of the films, all samples demonstrated chemical stability 

up to 900°C. However, the HEN films exhibited cracking during annealing due to high 

residual stresses, while the metal films experienced delamination in a few instances, 

but cracking was not observed in them. 

Based on the findings from this study, the nitride films exhibit promising potential as 

hard coatings due to their remarkable thermal stability. Further investigations are 

warranted to evaluate their suitability as diffusion barriers in high-power electronic 

applications. 
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7. Appendix 

HiPMS Discharge 

 

Figure 7-1: Voltage and current characteristics of the HiPIMS pulse of: MoNbTaVW (a) p(N2) = 0.00 Pa, (b) p(N2) 

= 0.09 Pa, (c) p(N2) = 0.36 Pa; MnMoNbTaW (d) p(N2) = 0.00 Pa, (e) p(N2) = 0.09 Pa, (f) p(N2) = 0.36 Pa and 

HfMoNbTaW (g) p(N2) = 0.00 Pa, (h) p(N2) = 0.09 Pa, (i) p(N2) = 0.36 Pa. 
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Microstructure after annealing 

  

  

  

(a) (b) 

(c) (d) 

(e) (f) 
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In-situ Stress Measurements 

  

Figure 7-2: X-ray diffractograms after annealing of MnMoNbTaTiW at (a) p(N2) = 0.00 Pa, (b) p(N2) = 0.09 Pa, (c) 

p(N2) = 0.36 Pa, MoNbTaVW at (d) p(N2) = 0.00 Pa, (e) p(N2) = 0.09 Pa, (f) p(N2) = 0.36 Pa,  MnMoNbTaW at (g) 

p(N2) = 0.36 Pa, MoNbTaWZr at (h) p(N2) = 0.36 Pa and HfMoNbTaW at (i) p(N2) = 0.00 Pa, (j) p(N2) = 0.36 Pa. 

(g) (h) 

(i) (j) 

(a) (b) 
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Figure 7-3: Stress-temperature curve of MoNbTaTiW at (a) p(N2) = 0.00 Pa,  

(b) p(N2) = 0.09 Pa and (c) p(N2) = 0.36 Pa. 

Figure 7-4: Stress-temperature curve of MoNbTaVW at (a) p(N2) = 0.00 Pa,  

(b) p(N2) = 0.09 Pa and (c) p(N2) = 0.36 Pa. 

(c) 

(a) (b) 

(c) 
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Figure 7-5: Stress-temperature curve of MnMoNbTaW at p(N2) = 0.00 Pa 

Figure 7-6: Stress-temperature curve of MoNbTaWZr at (a) p(N2) = 0.00 Pa,  

(b) p(N2) = 0.09 Pa and (c) p(N2) = 0.36 Pa. 

(a) (b) 

(c) 
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Figure 7-7: Stress-temperature curve of HfMoNbTaW at (a) p(N2) = 0.00 Pa,  

(b) p(N2) = 0.09 Pa and (c) p(N2) = 0.36 Pa. 

(a) (b) 

(c) 


