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Abstract

High-entropy alloy (HEA) thin films are new in the field of research for surface
engineering, garnering great interest due to their unique properties. HEA is a material group
consisting of five or more constituent elements with equal or nearly equal atomic ratios.
High-entropy nitride (HEN) thin films represent a novel ceramic thin film pioneered upon the
foundation of the HEA concepts, exhibiting a series of outstanding properties, such as
exceptional strength, high thermal stability, and excellent electrochemical properties.
AlICrFeCoNiCuy s nitride thin films are one of the surface layer materials of interest, which
was reported to be extraordinarily hard. However, limited work has been done to deposit
AlICrFeCoNiCuy s nitride thin films by physical vapour deposition (PVD). In this thesis,
AlICrFeCoNiCuy s nitride thin films were fabricated on Si (100) substrates using a filtered
cathodic arc deposition (FCAD). The nitrogen concentration of the HEN thin films was
adjusted by changing the nitrogen partial pressure ratio (Rn) from 5% to 100% in the FCAD
system during the deposition. The arc discharge in different nitrogen partial pressure
conditions was studied, and the variations in deposition rate were analysed based on the
discharge energy. SEM-EDS revealed that the nitrogen composition increased from 0.5 + 0.1
at.% to 18 + 1.6 at.% for Rx increased from 5% to 100%. XPS confirmed the existence of
CrN at the surface and AIN beneath the surface. No AIN signal was observed at low Ry,
showing that a portion of nitrogen occupied the interstitial sites without forming nitrides.
Moreover, XPS after etching showed that CrN tends to appear only on the surface due to
chemical vapour deposition. XRD demonstrated a transition in HEN thin film's crystallinity
from a single cubic FCC phase to an amorphous structure with increasing Rn. The XRD peak
analysis of the FCC phase demonstrated a crystal lattice expansion and a grain size reduction.
AFM revealed a reduction of surface roughness from 0.51 to 0.29 nm at maximum Rn. Based
on the nanoindentation results, a 23% enhancement in hardness was achieved, reaching a
maximum of 9.6 = 0.1 GPa at an Rn of 50%. The hardness of HEN thin films is superior to

the HEA thin films with similar compositions deposited by FCAD.
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Chapterl

Introduction

1.1. Research motivation

Alloys were used in manufacturing, mechanical industries, and aeronautical industries for
decades. The development of advanced alloys with tuneable properties was of interest in the
field of novel material design for their applications in scientific research and real-world
scenarios. The traditional concept of alloy manufacturing, based on one or two constituent
elements, is reaching its bottleneck in meeting the demand for more complex and challenging
engineering applications such as nuclear and aerospace industries. Yeh et al. [1]. promoted a
new approach to alloy design in 2004, defined as high entropy alloys (HEAs) or multi-
component principal element alloys. HEAs expand the field of alloy design by consisting of
five or more principal elements with an equiatomic ratio, in which the concentration of each
element could vary in a range of 5 to 35 at% [1]. The tuned microstructure and composition of
the HEAs allow them to establish improved properties in previous research, including high
yield strength [2, 3], exceptional stability and durability [4, 5], and promising electrochemical
properties [6, 7]. HEAs have shown great potential in a wide range of applications, such as
aerospace and aeronautical components [ 1], biomedical applications [8], and nuclear industries
[9].

The recent studies of HEAs focus on bulk form, which has already promoted alloys with
numerous compositions, and many have established superior properties [10]. However, HEAs
in the form of thin films are a recently promoted scenario of alloy design that is of great interest
to material science. In this phenomenon, HEAs thin films with desirable mechanical, thermal
and electrochemical properties, are fabricated on surfaces in dimensions of micrometres or
nanometers, which aims to protect surfaces under harsh environments [11]. Various physical or
chemical techniques, including laser cladding, magnetron sputtering, and cathodic arc
deposition, could be used to deposit the thin films. Therefore, it is worth investigating the

variations in thin film composition and microstructure to optimise HEA thin film performance
12
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by controlling the deposition parameters. The HEA thin films under investigation include both
HEA-based composite thin films and HEA-based ceramic (HEC) thin films such as high
entropy oxides (HEOs) and high entropy nitrides (HENs) [13].

1.2. Problem statement

HEAs have offered great potential in future industrial applications so far, but there is still a
lack of investigation in HEA and HEC thin film deposition. For the system of AICrFeCoNiCuy s,
although the synthesis process of bulk HEA has been well-developed, there was a lack of
research to fabricate HEA and HEC thin films with desired properties [10]. The deposition
process and the effect of deposition parameters, such as arc current, working pressure, partial
pressure of reactive gas, etc, are worth studying.

Moreover, exploring the numerous combinations of compositions and microstructures that
the HEAs could offer is challenging, as the properties depend on these features [12]. Changing
the composition and microstructure of HEAs could offer possible improvements in
performance, such as enhanced mechanical properties [13], thermal stability [14], and
electrochemical properties [15]. There is still a minor understanding of the HEC thin films
compared to HEA thin films [16]. Characterising and analysing the nanoscale features could
give an insight into when and how these thin films might promote superior properties. In this
thesis, HEN thin films with various nitrogen partial pressures are deposited by FCAD. The
surface morphology, composition, surface chemistry, crystal structure and hardness of the
deposited thin films are investigated. Therefore, the thesis aims to explore how the deposition
conditions, such as nitrogen partial pressure and deposition rates and so on, affect the
mechanical properties, surface chemistry and microstructure of AICrFeCoNiCuyg s nitride thin

films.

1.3. Research objectives

In this thesis, HEN films based on the AICrFeCoNiCuos system were chosen to be
fabricated due to the benefits that the system has been well investigated in the form of both

bulk alloy and alloy thin films, which have already established excellent mechanical properties,

13
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superior thermal properties, and outstanding oxidation resistance [17-19]. In addition, the
constituent elements are relatively abundant and low-cost. Filtered cathodic arc deposition
(FCAD) is used to fabricate thin films on silicon wafers due to its advantages, such as high
deposition rate, convenient control of composition and microstructure, and capability to
provide dense and smooth thin films [20]. The nitrogen atoms are incorporated into the thin
films by introducing N> gas into the system during deposition.

The main objective of this thesis is to study the effects of nitrogen partial pressure during
the film deposition on the composition, surface chemistry, and microstructure of
AlCrFeCoNiCug s nitride thin films. To conduct this research, a bulk form of AICrFeCoNiCuo:s,
a high-entropy alloy that has been well-studied, is used as a source for the thin film preparation
by FCAD. The specific objective of this thesis includes:

I.  Study the influence on the deposition process and film growth through variation of the

partial pressure of the nitrogen by introducing a binary gas mixture.

[1. Study the effect of incorporating various nitrogen concentrations at different nitrogen
partial pressure ratios (Rn) on the evolutions of microstructure and surface chemistry
of the AICrFeCoNiCuyg s nitride thin films.

I1l. Investigate how the changes in microstructure and chemistry of HEN thin films with

various nitrogen concentrations could impact the thin film's properties.
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Literature Review

1.4 High entropy alloy (HEA)

Metals and alloys have been used by human civilization as materials for different tools
since ancient times. The use of alloys in developing more capable heat engines, aerospace
equipment, and biomedical materials is essential. Alloys with higher strength, higher wear
resistance, optimum heat resistance, and electrochemical properties are of interest. The
traditional alloy design is based on a ‘base element” approach, by choosing one or two principal
elements to meet specific property requirements and one miner element or a few alloying
components to enhance the alloy performance [21]. This traditional principle is approaching a
bottleneck in that most possible recipes have been investigated, and the optimized properties
have been obtained. To further improve the alloying material, one of the major approaches is
increasing the number of principal elements.

High entropy alloys (HEAs) represent a relatively new concept proposed by Yeh ef al. 14
years ago [1]. HEA, also referred to as multicomponent alloys and concentrated solid solutions,
usually contain more than five principal elements in an equimolar ratio. The concentration of
each element is generally in a range of 5 - 35%, but this is not always the case. They could be
considered as “dissolved” in an ideal solution in which solvent and solute are both metals.
Atoms of each element are randomly distributed in the lattice, forming a fully disordered solid
solution phase, as illustrated in Figure 1. Therefore, the configurational entropy of mixing of
the system is enhanced, potentially providing more stable and durable materials than the
conventional binary and ternary alloys.

The HEAs generally form solid solutions with the crystalline structure of body-centred
cubic (BCC) and/or face-centred cubic (FCC) phases [21]. It was reported that FCC-type HEAs
usually establish high plasticity but lower strength [22]. In comparison, the BCC-type solid
solutions were reported to have superior strength and reduced plastic deformation at room
temperature. To achieve desirable HEA performance, BCC structure is one of the dominant
factors to be introduced for higher hardness and toughness [23]. Intermetallic phases might

also form for a lower level of disorder at a lower temperature, as the high entropy effect might
15
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not be sufficient to overcome the enthalpy barrier of the Gibbs free energy. Intermetallic phases
would cause instability and deformation in uses, weakening the applicability of the material,

which has to be limited in alloy design.

Figure 1 Atoms are randomly mixed in the lattice of a multicomponent alloy, each element
presented by different colours. Equal atomic size and loose packing are assumed [21].

The major potential of HEAs is the enormous combinations of alloy recipes, most of which
are rarely investigated. Figure 2 represents the relationship between the number of equatomic
compositions and the number of principle elements in multicomponent alloys. The insert
reveals the location of HEAs in a ternary phase diagram. Researchers usually focus on the
edges of a phase diagram for conventional alloy design, and the base element would be
dominated. The HEAs should be at least a quinary system. It only included a small percentage
of the design space. By introducing the concept of HEA, the investigated region starts to shift
to the centre of the diagram. From the ‘base element’ principle, only N alloys could be obtained
by N base elements. However, for any combination of elements to form an equiatomic alloy
selected from the total of n elements, the total possible alloys N increase fromnton=2"-n -
1. It doesn’t make much difference for N < 3, but the number N would grow exponentially and
go beyond 100 when n > 6. Since there are 118 elements in the periodic table classified as metal,
it would be a great challenge to study HEAs both theoretically and experimentally, to find out

the recipes that present valuable properties for real-world applications.

16
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Conventional alloys

High-entropy alloys

Conventional alloys

N, Total Number of Equiatomic Compositions

1 1 R | -] (| 1
2 4 6 8 10 12 1416 20 24 30

n, Total Number of Principal Elements

Figure 2 Schematic diagram of the variation in the total equiatomic compositions with the
total number of principle elements. The insert shows the location of conventional alloys and
high-entropy alloys in a ternary diagram [21].

Based on current research, HEAs and their ceramics have presented some desirable
properties. They showed superior mechanical properties, excellent thermal and chemical
stability, and outstanding corrosion resistance [24]. For example, HEAs consisting of FCC
phases have comparable yield strength and similar microstructures to those Ni-based
superalloys. An increase in yield stress with increasing temperature has also been observed
[25]. It is reported that at 1100 °C, refractory HEA VNbMoTaW is able to maintain a yield
strength of 400 MPa, which is superior to the conventional Inconel 718 Bi-based alloy, which
the yield strength reduces to 200 MPa at 1000 °C. Another reason to study HEAs is that they
might be able to simultaneously obtain reasonable strength and good ductility [1]. The
traditional materials could only choose to optimize one of those properties. Meanwhile, the
current trend of high entropy material has allowed the development of an ultimate material
with high performance in both fields [25, 26]. Figure 3 shows the current trend of HEAs in
obtaining mechanical properties. It shows that the groups of conventional alloys reveal
relatively smaller yield strength than the metallic glasses, while the metallic glasses obtain less
ductility than the conventional alloys. The HEAs tend to sit close to the middle of the diagram,

which balances the two distinct properties.



[Type here]

4000
Bulk metallic glasses

3500

High-entropy alloys
3000

2500
Titanium alloys
2000 Nickel alloys
Carbon-fibre reinforced composites s

- Aluminium alloys

Yield strength /MPa

-~
1500 | Silicon carbide Tungsten alloys )
. 7 Stainless steel

Copper alloys
1000

Magnesium alloys
500 -

L = — — Lead alloys
0 " Glass-fibre reinforced composites RSN
1 1 | L L ) . 1 . L
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

Ductility (%)

Figure 3 Current trend of high-entropy alloys in a Yield-strength VS Ductility diagram
compared with other materials [21].

1.5.Four core effects of HEAs

15.1. High entropy effect

High entropy alloy tends to obey the Gibbes phase rule (P = C + 1 - F, where P is the
number of phases, C is the number of elements, and F is the maximum degrees of freedom)
that predicts the phases of a given alloy in an equilibrium state [12]. For example, it is expected
that a maximum of 7 equilibrium phases could form in the case of a 6-element system [1].
However, a single-phase solid solution is observed for an HEA system instead of intermetallic
phases, with the components chosen that satisfy the HEA-formation critical. The main concept
of HEAs formation is the increased configurational entropy (Sconsic) Of a single-phase crystal
structure.

The Sconfic could be enhanced by raising the number of elements in the system, as well as
having each element randomly distributed in the lattice with equiatomic fractions. For example,
for a schematic ternary alloy system, the entropy of mixing at the centre of the contour plot
will reach a maximum of 9.15 J/molK [1]. In most cases, the total energy gain will be sufficient
to stabilise the single-phase solid solution. The entropy of mixing is highly related to the Gibbs

free energy of mixing, which is a factor that contributes to the stability of a crystal structure.

18



[Type here]

Gibbs free energy amounts to the maximum amount of work that could be performed by a
thermodynamically closed system, which in this case is the ability of the crystal to transform
from one phase to another. The free energy of mixing is also dependent on the entropy of
mixing and melting point, expressed as follows:

AG = AH — T,,AS;ix (1)
Where 4G is the change in Gibbs free energy; 4H is the change in enthalpy; 7, is the melting
point; ASyix is the entropy of mixing. The entropy of mixing per mole for an equiatomic HEA
is expressed as follows:

ASpix = Rin(n) 2)

Where R is a global constant; # is the number of elements.

As the number of principal elements increases in a multi-component alloy, the Gibbs free
energy reduces dramatically due to the logarithmic relationship, which allows the 7,,4Six term
to overcome AH. For example, /.6/R is the maximum entropy that could be obtained
theoretically in a five-element equiatomic system. Any system with a ASmix > 1.5R was usually
considered ‘“high entropy”. Based on the equations, it can be predicted that elevated
temperature will favour single-phase alloy formation. The alloys formed at a relatively lower
temperature might favour an intermetallic phase instead of a single-phase solid solution. HEA
system might shift to metastable phases like intermetallic compounds at room temperature.
These criteria do not guarantee the formation of a single-phase solid solution. Several other
factors, such as the atomic size difference (), valence electron concentration (VEC) and the
enthalpy of mixing (44,) , would have a substantial impact. § accounts for both the component
composition and the radii difference of atoms. The VEC indicates the crystalline structure and
AH, determines the minimum energy gain for the solid solution to be thermodynamically stable
[21]. There is a stabilization factor £ usually used to predict the solid solution, which gives the
ratio between 7,,4Snix and AH. Overall, the higher entropy of mixing does expand the solubility

limit of the solid solution [21].
1.5.2. Severe distortion

The severe distortion effect of HEAs is based on the comparison with the crystalline
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structure of the conventional alloys with one or two based elements [27]. Since each element
in HEAs has a relatively close molar ratio, they have a roughly equal chance to occupy the
lattice sites. Due to the mixture of atoms of different sizes in a concentrated solid solution, the
formation atoms in HEAs are displaced away from the ideal lattice sites so that the crystal
lattice can be distorted on an atomic scale. Another result is elastic residual stress passed from
one atom to another. The distortion effect will enhance the energy barrier between atoms,
preventing the dislocation movement. Therefore, it partially explains the strengthening effect
obtained by the current research on HEAs, especially BCC-structured solid solutions. The
effect also explains how the atomic size difference is able to affect the formation of solid
solution and crystal structure, which is proportional to the lattice strain and the hardness [27].
It indicates that ideally, the atomic size difference between constituent elements should be
identical in HEA design. Due to the oversized lattice distortion, significant size differences
could lead to the formation of an amorphous structure or metallic glass as a metastable phase.

The severe distortion in HEAs has been confirmed by applying X-ray diffraction (XRD)
from Yeh et a/ [1]. They studied the reduction of XRD peak intensity of a series of alloys from
binary to multicomponent alloys by systematically adding elements [24]. The aim is to conform
the effect of lattice distortion to the Braggs diffraction and compare it with the thermal effect.
The result has shown that with the addition of the constituent elements, the intensity of the
peak refers to the crystal lattice, has further decreased beyond the reduction of the thermal
effect. Figure 4 compares a perfect crystal lattice and a lattice with severe distortion, and their
impact on the x-ray diffraction. The work has indicated the presence of the distorted lattice in
the solid solution, where difference-size atoms are expected to be randomly distributed in the

lattice according to the equal probability of occupancy.
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Figure 4 Schematic representation of @) a perfect crystal lattice, and (b) a crystal with severe
lattice distortion [24].

1.5.3. Sluggish diffusion

The atomic diffusion of HEAs is usually slower than in conventional alloys, due to the
large diffusion barrier caused by mixing different atomic sizes and the fluctuation of bonds
between atoms to atoms [28]. The atoms in a high entropy system tend to occupy positions
according to the minimum free energy. Therefore, the electro-potential energy varies from one
lattice to another, resulting in a higher energy barrier for diffusion. This feature contributes to
the superior properties of HEAs in thermal stability and corrosion resistance. Several studies
have shown that the diffusion coefficient of atoms could be impacted by the randomly
distributed crystalline structure created by HEA at a higher temperature. For example, Dabrowa
et al. studied the interdiffusion in a group of AICoCrFeNi alloys with an FCC structure in the
temperature range of 1273-1373 K [28]. The experiment has shown that the crystallographic
structure has more significantly impacted the atom diffusion than the chemistry condition
created by the nearby atoms. The sluggish diffusion also favours the single-phase solid solution,
as it creates an energy barrier for atoms to displace from their lattice sites, avoiding the
formation of metastable intermetallic phases with a higher degree of order. The sluggish

diffusion also explains the appearance of nanoprecipitation in the solid solution [26].

1.5.4. Cocktail effect

The cocktail effect describes the fact that HEAs are able to obtain unexpected properties
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and variations in phases that any individual metal could not provide. It indicates that the
property could be improved by adjusting the amount of each constituent element, like
increasing the composition of one particular element. For example, the hardness of the alloy
could be dramatically enhanced by adjusting the Al composition in the CuCoNiCrALFe HEA,
as demonstrated by Zhang et al. [24]. The increase in Al composition would favour the phase
transformation of crystalline structure from FCC to BCC. Due to the lattice distortion effect
mentioned before, the BCC structure further prevents the dislocation of atoms, increasing the

hardness and plastic deformation resistance, as shown in Figure 5.
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Figure 5 Schematic diagram of hardness and lattice parameters of FCC and BCC phases for
different Al composition in a series of CuCoNiCrALFe alloy, A represents hardness, B
represents lattice parameter for the FCC phase, C represents lattice parameter for the BCC
phase [24].

1.5.5. HEA thin films

The current research and application of HEAs are usually bulk alloys prepared by
traditional methods like casting and arc melting. However, several problems are stopping bulk
HEAs from being widely used. Elements in the HEAs are rare on earth and hence expensive,
so the cost of bulk HEAs could be much higher than the conventionally used alloys, and the
size of the bulk alloy prepared by arc melting is limited [21]. In addition, it is difficult to obtain
both uniform and dense bulk HEAs with a perfect single-phase solid solution structure using
traditional techniques. Metastable phases like intermetallic phases could form during arc
melting, reducing the material's mechanical performance, thermal resistance, and corrosion

resistance [12].
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Therefore, investigations of HEA thin films have recently been garnering attention. The
alloy thin films have a broad conventional application, such as a protective shell for aecrospace
and aeronautical vehicles, depositing thin films on the components' surface to increase surface
strength and minimise thermal corrosion. The thickness of the HEA films usually ranges from
nanometres to micrometres, depending on the deposition method and requirement [27]. The
object whose surface is to be coated by the thin films is generally referred to as the substrate.

One of the major advantages of thin film over bulk alloy is the “rapid quenching” effect,
which occurs during the preparation stage [29]. Due to the small thickness, HEA thin films
cool rapidly compared with the bulk alloy, which is beneficial to the phase transformation of
HEA. The rapid quenching effect also favours the thin film's atomic mobility and residual stress
release. Therefore, the HEA thin films are worth investigating due to their potentially optimized
properties and lower cost.

HEA thin films with an AICoCrFeNi system have recently been studied by adding elements
such as Cu, Ti, Mn, Mo, and W to alter the microstructure and promote better properties based
on the lattice distortion and the cocktail effect. Simple FCC or BCC structure, or dual-phase
structure have been established depending on the constituent elements, and properties like
hardness and thermal stability were superior to their bulk counterpart. Table 1 lists some HEA

thin films and their physical properties in the current literature.
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Table 1 HEA thin films deposited by various techniques and their physical properties in the

literature.
Composition Depo;ition Crystal Physicg 1 Reference
techniques structure properties
. Magnetron Maximum
AlxCrFeCoNiCu sputtering FCC + BCC hardness of [30]
11.2 GPa
. Magnetron Goo‘d'therme'll
AlCrFeCoNiCu . FCC + BCC stability until [31]
sputtering °
510 °C
. Magnetron . Maximum
FeCoNiAIMnW sputtering Single BCC hardness of [32]
8.08 GPa
N Magnetron . Maximum
AICrMoSiTi sputterin Single FCC hardness of [33]
& 11.5 GPa
. Magnetron Maximum
AlCrFeCoNiCug s } FCC + BCC hardness of 13 [34]
sputtering
GPa
Good thermal
FeNiCoAlCu Laser cladding FCC + BCC stablhty and [35]
wear resistance
below 780 °C
Maximum
FeCoNiCrALSi  Laser cladding Single BCC hardness of [36]
8.83 GPa
s Maximum
(i‘ ILCOO?;EIZI\S?) Laser cladding Single BCC hardness of [37]
' ' 6.97 GPa
Cathodi Maximum
AICrFeCoNiCugs ~ ~AROCICAre  poc L BCC  hardness of 6.8 [19]
deposition
GPa
Maximum
AICoCrCug sFeNi Cathodic arc Single FCC hardness of 8.4 [38]

deposition

GPa via 700 °C
annealing

1.6.High entropy nitrides (HEN)

1.6.1. Fundamentals of HEN

HENS, or multicomponent nitrides, are ceramic materials developed by adding nitrogen
into HEAs. Unlike the metallic HEA, the nitrides have a mix of metallic, covalent, and ionic

bondings. They have also shown interesting properties, such as high hardness, excellent
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electrical and outstanding thermal resistance [39]. The ability of a transitional metal to form a
stable nitride compound changes along the periodic table. The bonding strength of nitrogen
with a transition metal, and thus the ability of a transitional metal to form a stable nitride,
decreases from the left to the right of the periodic table. Figure 6 shows the capability of
transition metals to form thermodynamically stable multicomponent nitrides with simple
crystal structures. It shows that the elements in groups 3—5 form strong ionic bonding with
nitrogen, while groups 6—11 show relatively weaker bonding. Since the multicomponent
nitrides usually contain elements varying across the table, the difference in nitride forming
capacity could cause numerous combinations of microstructures, leading to different properties

that may apply to different applications [40].
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Figure 6 A periodic table shows the elements generally used to synthesise HENs with simple
crystal structures and their nitride-forming characteristics [16].

High-stable transition metal nitrides, typically so-called interstitial components, could
form during the synthesis of HENs, in which the nitrides occupy voids in the close-packing
structure of the metal [16]. There is a variation in the bonding and phase structure of these
compounds compared to the metals, so they are distinctly different to the solid solution of non-
metals such as N or C in the metallic phases. The solubility of nitrogen in the HEAs is relatively
low in the metallic phases, but in the form of components, about half of the atoms are nitrogen.
Interstitial nitrides typically form a NaCl-type (B1) structure, with an octahedral orientation
surrounding both elements. These compounds promote a mixture of covalent, metallic and
ionic bondings with the metals, enabling them to achieve properties such as high hardness,
good electrical and thermal conductivity, and outstanding corrosion resistance, a typical sample
is TiN. It is worth noting that the NaCl-structure nitrides with group 3 elements are semi-

conductors compared to those formed with group 4 or 5 [41].
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The standard enthapy of formation of the NaCl-type nitrides increases as the strength of
nitride bonding with transition metals decreases among the periodic table. The increase in
valence electron concentration of elements in higher groups fills the anti or non-bonding
electronic states, resulting in other more complex structures and alternative stoichiometries
[42]. For instance, FeN (AH¢= -47 kJ/mol) is significantly less stable than CrN (AHr=-117.15
kJ/mol) or TiN (AHr=-338 kJ/mol) [43]. Therefore, various metastable FexNx compounds with
different structure and stoichiometries could co-exist, such as FesN (AHr=-10.46 kJ/mol) [43].
In addition, the enthalpy of formation of nitrides becomes positive for the metals sitting further
to the right of the periodic table, such as CusN (AHr= 71 kJ/mol), which are usually metastable.

Moreover, the Al and Si, together with other p-elements from 13—15 groups, form covalent
bonds with nitrogen, as indicated by the blue section in Figure 6. They could form very stable
nitrides with hexagonal (B4) or SizNy structures, such as AIN (AHr = -318 kJ/mol) and SizNs4
(AH¢=-743 kJ/mol) [44]. The nitrogen atoms surround the metal by a tetragonal orientation in
both structures. However, Al and Si do not establish extra solubility in the transition metal
nitrides due to the difference in bonding and structure. Adding Si to transition metal nitrides
such as TiN would result in a dual-phase structure of nanocrystalline TiN and an amorphous
silicon nitride tissue phase [45]. In addition, metastable solid solution phases such as cubic (Ti;-
xAx)N can be formed when working with kinetically constrained techniques such as physical
vapour deposition [46].

Based on the current information, it can be predicted that the HENs constructed by the
transition metals would form solid solutions with NaCl-type structures. HENs constructed by
the intermediate or later transition metals would form more complex metastable nitrides or
remain in the metallic phase due to weaker bondings. For vapour deposition methods to
produce thin films, the limited adatom mobility during film growth will not favour the
formation of such a complex system. Therefore, it is expected that vapour deposition of thin
films composited of later-stage transition metals in a nitrogen environment is more likely to
form an amorphous phase [47]. However, there is still a lack of insight into microstructure
formation and increment of configurational entropy due to the different combinations of strong,

weak, and non-nitride-forming metals in the multicomponent nitride aspect.
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1.6.2. HEN thin films

Transitional metal nitride thin films, including both binary and ternary nitrides, have been
widely used as a protective coating for cutting, milling, and drilling tools, which require high
performance in their mechanical properties. For example, transition metal nitride coatings, such
as TiAIN and CrAINd, have higher hardness than the binary nitrides usually used for protective
applications [16]. Aluminium is typically substituted to form a single-phase cubic sodium
chloride structure. For a similar reason, multicomponent nitride thin films are worth
investigating to determine how the high entropy effect could improve the microstructure and
the mechanical properties for future applications.

To fabricate HEN thin films, it is important to combine both strong nitride-forming
elements such as Al, Cr, Si and Ti and non-nitride-forming elements like Fe, Co, Ni and Cu to
study how these affect structural stability and to explore properties suitable for real-world
applications. Most HEN coatings were recently fabricated by reactive magnetron sputtering or
vacuum arc deposition by introducing pure nitrogen gas or a binary gas mixture of nitrogen
and argon during the deposition. Table 2 lists some of the HEN thin films reported in the
literature that contain nitride-forming species like Al and Cr. It could be seen that the HEN thin
films tend to promote either a single NaCl-type FCC orientation with binary nitrides, or an
amorphous phase due to the severe lattice distortion. Most of them have demonstrated hardness
greater than that of the corresponding metallic HEAs due to solid solution strengthening, grain
boundary strengthening and nitride precipitation strengthening. A lack of fundamental
understanding exists to enable successful material design, and experimental work can only

represent a small part of possible compositional space.
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Table 2 Microstructure and mechanical properties of HEN thin films reported in the literature.

Deposition Crystal Maximum
Composition pos Y hardness Reference
technique structure
(GPa)
. Magnetron
(FeCoNiCrCuAlos)N Sputtering Amorphous 10.4 [48]
(AICtMnMoNiZoN ~ Magnetron FCC 18.0 [49]
Sputtering
(AICTMnMoNiZnN ~ Magnetron FCC 11.9 [50]
Sputtering
. Magnetron
(FeCoNiCuVZrAIl)N Sputtering Amorphous 12.0 [51]
- Cathodic Arc
(AICrMoSiTi)Nx Deposition Amorphous 19.8 [52]
) Cathodic Arc
(AICrMoTiV)Nx Deposition Amorphous 34.1 [53]
(FeCoCrNiAl )N Cathodic Arc FCC 32.9 [54]
Deposition
(TiZiNbAlYCpN  CathodicAre g, peg 47.0 [55]
Deposition

1.7.HEA fabrication

1.7.1. Synthesis of Bulk HEAs

Most bulk HEAs in the report are prepared by melting and casting processes, including
two types, induction melting and vacuum arc melting, which are liquid-state methods. Arc
melting is more commonly used than induction in this case because it is more efficient in
melting constituent metals with a temperature above 3000 °C [56], which is above the melting
point of most conventional metals. Figure 7 shows the schematic diagram of the vacuum arc
melting process, in which the melting temperature is adjusted by changing the current supplied
to the electrodes. This process is more feasible for synthesizing HEAs containing elements with
high melting points, such as Ti. However, the negative side is that the process could cause
evaporation for metals with lower melting temperatures, such as Mg and Al. Induction heating
or resistance heating is usually used instead to produce HEAs consisting of these metals. They
would be able to achieve better control of the HEA composition. After melting, The HEAs are
cast into shapes for various applications such as robs and cathodes. For example, the HEA bulk
targets of AICrFeCoNiCuos used in this project are made using arc melting and casting.
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Composition is controlled by adjusting one element at a time. The alloy obtains a single solid
solution with FCC and BCC orientation. Co, Cu, and Ni tend to favour the FCC phase
formation, while Al and Cr are BCC-favouring elements. The addition of the BCC phase was
reported to enhance the solid solution strengthening and improve the mechanical performance

of AICrFeCoNiCug s alloy [57].
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Figure 7 Schematic representation of the vacuum arc melting [24].

positive electrode

1.7.2. Synthesis of HEA thin films

1.7.2.1.Laser cladding

Laser cladding is a surface coating technology that combines a material feeding process
and a laser beam. It is used to fabricate film thicknesses of 1 to 5 pm, larger than magnetron
sputtering and cathodic arc deposition. [58]. The thickness it obtains is larger than magnetron
sputtering and cathodic arc deposition. Figure 7 shows a schematic representation of the laser
cladding process. The deposited material in powder form is first introduced into the cladding
heads carried by Argon gas, then sprayed by the nozzle on the substrate. A high-energy laser
beam is applied to the surface to melt the powder instantly to form a liquid metal layer. The
material is then solidified to form homogenous coatings with good adhesion to the substrate as
the laser beam moves across the surface. The composition of the thin films could be precisely
controlled by adjusting the powder recipe. The disadvantages of this method include the

difficulty of avoiding defects on the surface as it is not always flat and the possible
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incorporation of substrate material into the coating for substrates with a low melting point [59].
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Figure 8 Schematic diagram of the laser cladding technique [60)].
Laser cladding was used by Yue et al. to fabricate the AICrFeCoNiCu system on

magnesium substrates in 2014, which achieved a dual solid solution with FCC and BCC phases
as measured by XRD [61]. The interface of the HEA coating and the Mg substrate was observed
to be metallurgically bonded due to Partial Mg melting. In addition, Zhang et al. deposited
CoCrCuFeNi HEA thin films by laser cladding in 2014 onto Q235 steel substrates [62]. The
thin films were tested by annealing with various temperatures up to 1000 °C. FCC phase was
observed with no phase transition after annealing. The hardness and elastic modulus were

barely reduced after 750 °C, indicating outstanding thermal properties.

1.7.2.2.Magnetron sputtering

Magnetron sputtering is a physical vapour deposition technique frequently used to
fabricate HEA thin films, in which the material is vapourised onto the substrate by high-energy
ion bombardment. HEC thin films could also be deposited by introducing reactive gas like
oxygen or nitrogen into the chamber, referred to as reactive sputtering [12]. The base material
used to deposit thin films in a sputtering system is known as the target, which is bulk form
alloy fabricated by vacuum arc and casting [24]. Figure 9 shows a schematic representation of
the magnetron sputtering system. The target and an adjacent electrode are the cathode and

anode of a magnetically enhanced low-pressure glow discharge. A strong magnetic field at the
30



[Type here]

cathode enables a thin cathode fall region to form at low pressures so that ions generated at the
top of the cathode fall can be accelerated to the cathode with few collisions to eject material
from the cathode surface. Magnetron sputtering provides benefits including precise adjustment
of deposition parameters, low-temperature deposition and good control of film stoichiometry
[63]. The disadvantage of this process is that different atoms in HEAs have different sputtering
yields, so the equiatomic composition of the thin films is challenging to achieve. The film
growth rate is relatively slow, so thicker films in the five to ten micrometres range are hard to

synthesise.
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Figure 9 Schematic diagram of the magnetron sputtering technique [62].
For instance, Cheng et al. deposited (AlICtMoTaTiZr)Ny thin films in 2011 using reactive

magnetron sputtering by introducing an argon/nitrogen binary gas mixture in the chamber [64].
The thin films were deposited at various nitrogen partial pressure ratios Rn, which is the
percentage of nitrogen partial pressure over the working pressure. A phase transformation from
amorphous to FCC orientation through increasing Rn was observed by revealing XRD and
TEM. A superior hardness of 40.2 GPa was exhibited at Rn = 40%, and it showed excellent
thermal stability without decomposition after annealing at 1000 °C for 10 h. AICrFeCoNiCuos
nitride thin films were also successfully deposited by Khan ez al. in 2020 for various RN values.
Binary nitrides, including AIN and CrN, were observed via XPS spectra, and the phase
transition from FCC to amorphous was obtained at high R due to the severe lattice distortion
by nitrogen doping. The study achieved a hardness of 9.8 GPa at the highest gas fraction of
25%, which was superior to the hardness of AICrFeCoNiCuo.s HEA thin films in a range of 6 -
8 GPa [7, 19, 65]. The annealing test and water contact angle exhibited excellent oxidation

resistance and high hydrophobicity, respectively.
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1.7.2.3.Pulsed laser deposition

Pulsed laser deposition is a high-energy physical vapour technique frequently used in thin
film fabrication. Figure 10 gives the schematic representation of the pulsed laser deposition
process, showing that a lens focuses the high-power pulsed laser beam on a HEA target. The
surface material of the target is vapourised by the high energy beam, which emits a plasma
plume that flows onto the substrate surface. The HEA target used in pulsed laser deposition is
generally produced by sintering a HEA powder. It has several benefits for HEA thin film
deposition. The characteristics of the laser beam could be precisely adjusted to control the
deposition rate and thin film thickness. Moreover, the plasma plume induced by the laser
erosion allows the composition and stoichiometry of deposited thin films to be very similar to
the original HEA if the deposition takes place in a vacuum environment [59]. The fact that the
process could be conducted in a vacuum also allows the formation of ceramic materials by

introducing a reactive gas such as oxygen or nitrogen in the chamber.
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Figure 10 Schematic diagram of the pulsed laser deposition [66].
CrCoFeNiAlps HEA thin films were deposited by Lu ef al. onto silicon substrates using
pulsed laser deposition [67]. A single FCC crystal structure has been achieved, similar to the
bulk form HEA. The hardness and elastic modulus by nanoindentation increased initially but
eventually decreased with increasing deposition time. The maximum hardness of the thin film

after two-hour deposition is more than twice as large as the bulk form HEA.
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1.7.2.4 Filtered cathodic arc deposition (FCAD)

Cathodic arc deposition is a high-current electrical discharge. It aims to improve the
density, adhesion strength, composition and stoichiometry of the deposited film. FCAD
consists of a vacuum chamber with an anode adjacent to a cathode and a curved solenoid to
guide the plasma ejected from the arc to a substrate at the far end of the coil. [20, 68]. Figure
11 provides the schematic representation of the FCAD, demonstrating the motion of ejected
particles and ions from the cathode towards the substrate. The general principle of an FCAD is
that a high current arc discharge of material takes place in a vacuum comprising the cathode
through the arc current input, forming a plasma plume. Extremely high energy needs to be input
to transform the material to the plasma state. The electrons are pulled away from their shells
around atoms and freely move, leaving over the positive charge ions [27]. During discharge, a
highly energetic emitting area called a cathode spot is formed, which emits small blobs of very
dense plasma. Highly ionized ions of cathode material are ejected from the cathode spot with
very high energy, travelling through a magnetic filter towards the substrate. Small blobs of
molten cathode material named macroparticles could be ejected simultaneously as the arc
discharge due to the high current heating the cathode surface.

FCAD provides multiple advantages over competing techniques. For example, the thin
film deposition rate is greater than those achieved with magnetron sputtering [69]. The thin
films generated by the FCAD give outstanding adhesion force at the substrate interface due to
the highly energetic ion bombardment of the substrate [70]. The FCAD also achieve high
density and smoothness of the thin films because the energetic plasma plume gives relatively
larger atomic mobility. Moreover, the vacuum environment of the FCAD enables the synthesis
of high-entropy ceramic thin films by introducing a background reactive gas during the

deposition, a so-called reactive cathodic arc.
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Figure 11 Schematic diagram of an FCAD system.
Some of the HEA and HEN thin films recently reported in the literature have been

deposited by vacuum arc deposition. (TiHfZrVNb)N thin films were synthesized by
Pogrebnjak et al. in 2014 using reactive vacuum arc deposition [71]. The coatings have shown
an FCC phase with grain size in a range of 40-60 nm. It established better wear resistance than
Steel 45 and achieved a maximum hardness of 44 GPa at a nitrogen composition of 51 at%.
Chen et al. fabricated AICrNiTiSi HEA thin films by a multi-arc magnetic-filtered cathodic arc
system in 2021 [72]. They altered the substrate bias from 0 V to 200 V and achieved an
enhanced hardness of 15.63 GPa at 200 V. FCAD could also synthesise multi-layered alloy
coatings. In 2022, Chang et al. managed to synthesise AITiSiM/CrVN/ZrN multilayer coatings
by a multi-arc cathodic vacuum arc system on Si (100) and Tungsten carbide substrates [73].
Three phases, including AlTi FCC, CrV BCC and Zr HCP, were observed in the multilayer
coatings, forming a hierarchical gradient. The coating obtained a maximum hardness of 31.5
GPa. Zhao et al., using an FCAD, investigated the effect of changing substrate bias on the
properties of AICrFeCoNiCuos HEA thin films deposited on 304 stainless steel [29]. A
transition of the coating-substrate interface from an incoherent to semi-coherent was observed
for bias change from 0 V to 50 V. High-strength HEA coating of 8 GPa with a semi-coherent
interface was obtained with a substrate bias of 50 V.

The production of plasma in a cathodic arc is generally provided by high current density

input. Applying thermal energy and a magnetic field to the cathode could enhance the ion
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emission. The emission is an explosive process, so it could not continuously generate plasma.
Instead, the emission concentrates on one centre once at a time. The emission centre is called
the cathode spot. The next spot usually developed at a random edge of the previous spot. The
cathode spot size is in a range of 1 - 10 um, and the current density is in a range of 1 x 10° to
1 x 10% A per cm. The lifetime of a cathode spot is 10 nanoseconds to one millisecond [20].
The plasma emission, magnetic filtering and film growth mechanisms are introduced briefly in
the following sections.

Plasma emission mechanism

For the plasma emission to proceed, a potential barrier between the cathode and the
vacuum must be overcome. It is the potential difference between the fermi level inside the
metal and the potential in a vacuum. The height of the barrier is called the “work function”.
Energy is required to overcome the work function by some mechanisms. The diagram plots a
negative potential to account for the negative charge. The barrier appears as a hill, and the
electron potential gradient goes downhill. The anode could also have a work function [74].
Usually, the electrons could simply fall into the fermi level of the anode, and it explains why
the anode gets hot. But if there are excess electrons or the anode is very large, the anode work
function could also be significant.

One of the mechanisms to overcome the barrier is thermal emission. The electrons in a
metal follow the fermi energy distribution function. At sufficiently high temperatures, the
electron may have enough kinetic energy to overcome the work function. The electron emission
density could be determined by integrating the distribution in three directions. The result is
called the Richardson-Dushman equation :

()
Bjthermionic = AT?e KT 3)
Where 4 = 1.202 x 10°° A/m°K? is the universal Richardson constant; ¢ is the work function
of the cathode material; 7 is the temperature.

For the cathodic arc, the effect of the electric field near the cathode surface should also be
considered. The strong electric field may narrow the potential barrier, so the electrons have a
chance to go through a quantum-mechanical tunnel instead of the classic pathway. In a cathodic

arc, both high temperature and field are present, which leads to a nonlinear amplification of the
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emission process. The above mechanisms didn’t take the time factor into account. In reality,
heating and cooling play an important role, and generally, they do not balance, making the
temperature a time-dependent variable. A positive feedback loop could form if the field and
emission are already highly intense. The Joule heating becomes significant, further enhancing
the emission and heating. The location of this occurs to end up in an explosive manner, emitting
electrons and plasma.

Cathode spot formation

The explosive emission ends up with the formation of a cathode spot. The spot lifecycle
involves four stages: the pre-explosion stage, the explosive emission stage, the immediate post-
explosive stage, and the final cool-down stage. Initially, some locations favour spot formation
more than others. They usually satisfy features like dielectric contamination or protrusions,
which lower the work function [20]. Suppose these features are combined with high field
strength and intensity of ion bombardment. In that case, it leads to thermal runaway, which is
the positive feedback mentioned before, and the explosive emission starts [20].

The thermal runaway rapidly heats up the cathode spot, eventually evaporating the material
and transforming it into plasma. The minimum amount of energy and explosion delay time
satisfy this relationship. H is a specific factor dependent on the cathode material but
independent of the arc current or any other quantities. Explosions cause the destruction of the
macroscopic crater on the surface [75]. In the immediate post-explosion stage, the surface is
still hot and molten, with dense plasma near the spot. The thermal-field emission could not be
maintained, but the thermal emission remains as the work function barrier is still reduced.
Metal vapour starts to form, which “chokes” the emission. The plasma pressure acting on the
molten metal causes the formation of microparticles. In the final stage, the emission would
reduce exponentially as the temperature decreases, as the Richardson equation suggests. The
lower plasma density and neutral vapour further “choke” the emission to a complete stop. The
next spot will start forming at a random edge, with a lower barrier and resistance.

The emission could not be maintained for four reasons. Firstly, heat conduction expands
the emission area, reducing power density over time. Secondly, the current would choose a
more conductive pathway around the spot, as the resistance is the largest at the bulk directly

under the spot [74]. In addition, the emission spot itself forms the highest resistive barrier due
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to the phase change that chokes the emission, further reducing the current transfer ability.
Finally, a new spot comes into play, which takes over the current. The motion of the apparent
cathode spot is random without the presence of a magnetic field. A new spot could be formed
in any direction of the existing emission centre with equal probability. However, random
motion only appears if no disruptions exist, such as external magnetic fields, scratches,
contaminations, or interfaces between different materials on the cathode surface [74].

Macroparticle filtering

Metal droplets called macroparticles are formed during the emission process, which flow
toward the substrate with the plasma. These are liquid metals initially and cool down on their
way toward the substrate. The collision between the macroparticles and substrate causes
roughness and defects on the surface. It will impact the film’s strength and mechanical
properties in most cases. There are two ways to remove the macroparticles. The first thing is to
reduce them in the first place, which means during the emission process, the second is to
separate them from the plasma field using a filter [74].

Reducing the lifespan of apparent spots is an essential way to limit macroparticles. It could
be done by manually increasing the resistance, increasing the arc current, and using a pulse arc
instead of a DC arc. Figure 12 compares the copper macroparticle distribution for DC arcs and
high current pulse arcs, which shows that pulse arc generates fewer macroparticles in most
cases. High currents could also bring drawbacks, such as breaking down the anode and chamber

wall.
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Figure 12 Comparing the copper macroparticle distribution for DC and pulsed high current
arc [68].

The fundamental concept of a macroparticle filter is to guide the plasma flow along the

magnetic field line. The field hardly affects Macroparticles with larger mass, even with some
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charges. They will move in a relatively straight line. The classic filter design is a part of the
vacuum chamber with the guiding field coils. There is still a chance for the macroparticles to
reach the substrate with the presence of a filter. They could bounce the chamber wall several
times. They could also be carried by the plasma field, which fast plasma past momentum to the
particles. Another drawback is that there will always be plasma loss during the filtering.
Therefore, the filter quality is determined by the ratio between the ion current of the filtered
ions and the arc discharge current, usually in the range of 1% to 4% [74].

Film growth factors

For the cathodic arc, most film-forming ions exceed the displacement energy, so they will
penetrate the surface and rest under it. The penetration makes the film rigid and shows high
intrinsic stress. The defect of the film may also be higher [76]. If the stress is too excessive, it
might result in catastrophic failure. If the kinetic energy is reduced so that ions cannot penetrate,
the film defect could be lower, and adatom mobility could be enhanced. Therefore, the arrival
energy of ions should be an important feature to be considered in film deposition.

The ion arrival energy could be written as the sum of the kinetic energy, ionization energy,
and cohesive energy. lon kinetic energy includes the natural kinetic energy gained from the
cathode spot and the kinetic energy due to the negative substrate bias. The ionization energy
takes up a major part of the potential energy of the arriving plasma. There are multiple charge
ions, so the cumulative ionization energy is used. Moreover, the energy of a bound electron at
the excited state, the presence of molecules in the plasma field, and the cohesive energy
released should also be considered in the arrival energy. The substrate is usually applied with
a negative potential referred to as substrate bias. It aims to control kinetic energy to utilise the
film property. Macroparticles could be further removed since particles with different charges
and masses would experience different accelerations. If the bias is too high, it could result in
sputtering on the surface or bouncing back from the surface, slowing down the deposition [74].
Another parameter is the substrate temperature. The ion bombardment could cause a
temperature rise comparable to conventional heating. The heating effect helps to form dense
film, higher adatom mobility, and enhanced surface reactions. However, if the substrate

temperature is too high, it might cause the melting and reevaporating of material [76].
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Chapter 2

Material and Methodology
2.1.AICrFeCoNiCuos nitride thin film deposition

2.1.1. AICrCoFeNiCuos HEA cathode

The cathode used in this thesis to fabricate HEN thin films was a vacuum arc melted
stoichiometric AICrFeCoNiCuy.s target, see details in chapter 4, Table 5 Composition of the
AlCrFeCoNiCuos HEA cathode used for FCAD. The cathode was selected because the
composition of the thin films could be altered precisely by varying the FCAD parameters to
achieve a wide range of possible microstructures. For example, changing the composition of
Al would determine the crystal phase of the fabricated thin films in between the BCC and FCC.
The composition of Cu in the cathode was half of the rest of the elements so that the phase
segregation could be avoided. Fe, Cr, Co, and Ni were included in the cathode due to their
excellent mechanical properties and exceptional oxidation and corrosion resistance that has
been well demonstrated. The elements used were also relatively ambient and cheap, and the
process of target formation was industrially optimized. Therefore, the film could be fabricated
commercially in many scenarios. The HEA target used in this thesis was made by ACI Alloy
Inc. using vacuum arc melting and casting techniques. It obtained a purity of 99.95%, and the
impurities detected were carbon and oxygen. The cathode was an alloy cylinder with a diameter

of 44 mm and a height of 36 mm.
2.1.2. Substrate preparation and cleaning

The silicon wafers used as the substrate for the thin films were washed and cleaned before
being loaded to the substrate sites of FCAD. In this experiment, commercially used single-
crystal silicon wafers with an orientation of (100) were applied to deposit the high entropy

nitride thin films. The wafers were 800 pum thick and polished on one side where the thin films
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were deposited. The wafers were cut into 50 mm % 25 mm pieces with a diamond pan to fit the
substrate holder.

Surface contamination of the substrate, such as dust, organic material, and silicon particles,
could affect the roughness of deposited thin films, as well as cause surface delamination and
segregation. To remove the surface contamination, the cleaning followed a process of acetone-
ethanol-deionized water washed in an ultrasonic water bath in a flame hood. Substrates were
washed in each solution for 15 min, dried in compressed nitrogen for 30 s to ensure no residual

liquid, and then rested in the air for 10 min before loading into the substrate holder.

2.1.3. Thin film deposition

AlCrFeCoNiCug s nitride thin films were deposited by an FCAD at various nitrogen partial
pressures using a magnetic-filtered high-voltage arc system. It comprises an electrode with a
pulsed trigger and a quarter-torus magnetic filter. The detailed configuration of the FCAD
system was shown by Marcela et al. [77]. The thin films were deposited via plasma
bombardment created by the cathode material from applying a high-voltage current pulse at the
centre of the cathode. The potential difference between the cathode and anode causes an
explosive process that evaporates the cathode material. HEA cathode was mounted in the centre
of a hollow copper anode with an inner diameter of 44 mm, an outer diameter of 33 mm and a
length of 42 mm. The outlet of the anode pointed towards the duct. A half semicircle torus
current-carrying coil (duct) with 22.5 turns, 440 mm in radius, and 140 mm in cross-sectional
diameter was used to filter the neutrally charged particles from the plasma by creating a
magnetic field [65]. The substrate was held by a stainless-steel holder at the exit of the magnetic
filter.

In this thesis, the HEN thin films were deposited in a reactive FCAD, in which a binary gas
mixture of nitrogen and argon was introduced into the vacuum chamber. Therefore, two gas
pipelines of nitrogen and argon were connected to the chamber at the substrate side, in which
the flow rate was controlled by the flow meter installed in the pipeline. The nitrogen partial

pressure was controlled by adjusting the flow ratio between the two gases.
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2.2.Characteristic techniques

To study the effect of nitrogen addition in-depth, several characteristic techniques were
applied to evaluate surface geometry, topography, surface chemistry, microstructure, and
mechanical properties. The film's thickness contributing to the deposition rate was measured
by profilometry. Scanning electron microscope and atomic force microscopy were used to
determine the surface morphology of the films, such as the density of macroparticles and the
columnar structure of the metal nitrides. Energy dispersive spectroscopy was applied to map
the constituent element composition over the deposited film. X-ray photoelectron spectroscopy
monitored the binding energy and investigated the film chemistry at various nitrogen
concentrations. The crystallography of thin films was evaluated by X-ray diffraction. The

hardness and elastic modulus were measured by nanoindentation testing.

2.2.1. Profilometry

A stylus profilometer is a physical scanning probe that is used to detect the surface
topography and roughness of an object. Figure 13 gives a representation of a profilometer in
which a diamond tip measures the film thickness through step height monitored by a computer.
The measurement takes place by contacting and moving a needle-like diamond stylus vertically
across the selected surface of the sample. By recording the position of the stylus, it aims to
measure small variations in a vertical direction, which produces a pattern with a change in
position over the scanned distance. The profilometer does this by monitoring the force that the
sample is pushing up onto the stylus and creating a feedback loop as the response to the change.
A computer controls the x-y stage of the tip at the surface of the sample. The scan length,
duration time, stylus force and vertical scan range, which determine the resolution, could be
manually set in the software. The film thickness (d) was measured by the height difference
between the film and substrate surface, which was created by covering up a part of the substrate

with a mask during deposition.
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Figure 13 Schematic features and working principles of a stylus profilometer.
A DektakXT stylus profilometer (Bruker, USA) was used to measure the thickness of HEN

thin films. Sharp steps were created between the thin film surface and substrate using a physical
mask during the deposition. The average thickness was taken at 20 distinct positions evenly
distributed on the sharp steps for each sample using a standard stylus. A scan length of 1 mm

and a scanning speed of 30 um/s were used.

2.2.2. Scanning electron microscopy (SEM)

SEM is applied to obtain the surface morphology of thin films. Other features such as
chemical composition could also be investigated by incorporating additional detectors. The
primary function of a scanning electron microscope, just like the optical microscope, is to
enlarge an object's surface feature and topography. The major difference is that SEM generates
an electron beam to scan the surface instead of the visible light used in an optical light
microscope. The SEM obtains higher resolution and finer detail of a feature, due to the much
smaller wavelength of the electron beam. In addition, by hitting the specimen with an electron
beam, an x-ray could be emitted due to the excitement of core-shell electrons, which is detected
to measure the element composition referred to as energy dispersive spectrometry (EDS).

The SEM scans the specimen by moving the electron beam side to side of the object and
gradually moving down to create a whole image. Figure 14 provides a visual representation of
an SEM. Electrons emit from an electron gun, pass through an anode and magnetic lenses in a
high vacuum column chamber and reach the sample surface. Electron detectors are installed to
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receive the scattered electrons from the sample. In most SEM systems, the electrons are
accelerated to a voltage of 30 kV. The scattered electrons emitted from the specimens generate
a wide range of signals, including secondary electrons, back-scattered electrons, transmitted
electrons, Auger electrons, and X-rays [78].

The secondary electrons are the electrons emitted due to the inelastic scattering between
the primary incident electrons and the atoms within the specimen. The number of electrons is
counted so that the intensity of the signal is dependent on the surface features. The SEs have
relatively lower energy, around 50 eV, which lowers their depth of pentation in a matter [79].
This concept allows the SEM to take images with a resolution below 1 nm since the SEs are
highly concentrated at the point of intersection between the electron beam and the surface [79].

Backscattered electrons are the electrons emitted due to elastic scattering, which causes
electrons to change their direction without changing the wavelength so that they do not lose
much energy. In comparison, the SEs undergo an inelastic scattering process in which the
primary incident electrons lose energy. They have larger energy than SE, emitting from a deeper
layer within the specimen. Therefore, the resolution of BSE is smaller than SE mode. However,
the benefit of the BSE is that it could provide information about the atomic number of the
sample, which could help to determine the distribution of components within the specimen in

analytical SEM.

43



[Type here]

Scannning Electron
Microscope (SEM)

Electron Gun

Anode

(accelerator)
/1] TRY Electron beam

Magnetic

lenses Detector

Figure 14 Schematic representation of SEM features with a secondary electron detector [80].
In this thesis, the HEN thin films were investigated by a SEM to study the surface

morphology, grain size and roughness. The thin film samples were cut into smaller 10 mm x
10 mm pieces and loaded onto the specimen tub. A Zeiss Sigma HD SEM operated at an Inlens
mode (SE detector), and a low accelerating voltage of 5 kV was applied to scan the surface of

the thin films. The aperture size was 30 um, and a working distance of 5 mm was maintained.

2.2.3. Electron dispersive spectroscopy (EDS)

EDS is used to determine the surface chemical composition of the HEN thin films in terms
of atomic % by measuring the characteristic X-ray signal generated by the electron interaction
in SEM. The EDS detector is installed in the SEM vacuum chamber. As mentioned above, the
electron beam generates a wide range of signals at the specimen surface, and the type of signal
detected depends on the interaction volume and the depth of the specimen. Figure 15 gives a

visual representation of the interaction volume in which various signals were emitted from the
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specimen. The characteristic X-ray signals are generated by the inelastic scattering of electrons
with sample atoms. The electrons of atoms are excited to higher orbitals by collision with the
incoming electron beam, which then lose their energy to produce an X-ray and drop down to
lower orbitals. The wavelength of the generated X-ray from an atom specifically characterizes
the element, and the intensity of the signals determines the composition. The X-ray signals are
more likely to escape than scattered electrons, even from the deep inside of the specimen, so a
higher accelerating voltage is needed to obtain reliable EDS X-ray signals. The depth of beam
penetration and interaction volume could be controlled by altering the accelerating voltage of
the SEM.

In addition to composition analysis, EDS maps, with coloured representations of individual
elements, could also be obtained from the acquired EDS data. It aims to study the homogeneity
of the sample surface. The maps are generated by acquiring X-ray signals from the regions on
the sample scanned by the electron beam over a set period depending on the resolution and
dead time. A layered image of the acquired region is produced by combining the EDS maps of
individual elements represented by various colours, which shows the spatial distribution of all
the elements at the surface in one image. The analytical software installed on the computer
linked with the instrument is used to analyse the EDS spectra and maps.

In this thesis, an Oxford instrument EDS was used to measure the element composition
of the thin film of AICrFeCoNiCuo s nitride deposited at different nitrogen fractions. The EDS
data was collected immediately after the SEM morphology images were acquired so that the
vacuum of the chamber was not broken, and the same sample surface was applied for EDS
analysis. EDS mappings were also performed to show the element distribution and
homogeneity. Each image has been taken within a scale of 100 nm, with a secondary electron
mode to ensure a maximum analyzing depth of 200 nm. The operating voltage was 20 KV, with
a working distance of 17 mm, an aperture size of 30 um, and a standard mode. The EDS
detector was fully inserted in the SEM chamber mentioned above. The compositions and EDS

mapping were processed by Aztec Analysis software.
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Figure 15 Schematic representation of the various signals generated at different interaction
depths and volumes by the SEM scanning electron beam [81].

2.2.4. X-ray photoelectron spectroscopy (XPS)

XPS is a surface analytical method using a high-energy X-ray, which determines the
chemical composition and surface chemistry of the samples. The photoelectrons generated
from the samples carry information about the bonding energy of elements such as metallic
bonds, ionic bonds, covalent bonds, etc, as X-ray irradiates the sample surface. A schematic
representation of an XPS system in which X-rays are produced by a metal anode excited by an
electron gun is shown in Figure 16. Since the photoelectrons have a short free mean path, XPS
is more surface sensitive, providing quantitative information from a depth of about 10 mm of
the samples [56]. The incident X-rays are positioned onto the sample by focusing optics. The
absorption of X-ray energy exceeds the binding energy of core-shell electrons, resulting in an
gjection of electrons. The kinetic energy of the emitted electrons is measured by a
hemispherical detector. The binding energy could be determined as follows:

Epinaging = v — (Ekinetic + ) ()

Where Epinging 1 the binding energy of a particular atom orbital; hv is the X-ray energy of
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incident specified by the instrument; Egieric 1S the kinetic energy of the detected electrons; and
¢ is the work function of the detector.
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Figure 16 Schematic representation of the XPS system and working principle [56].

This thesis performed an XPS to determine the surface chemistry and binding energy of
the HEN thin films using a Thermo K-Alpha+ instrument. Measurements were carried out
with monochromatic Al Ka radiation. The wavelength was 0.834 nm, and the probe size was
400 um. Ar" etching was performed to remove the surface contamination at 300 eV for 240 s.
The X-ray source was operated at 12 KV and 6 mA. The XPS survey spectra were obtained
with a step size of 1 eV, and high-resolution spectra for each element were obtained with a

step size of 0.1 eV. XPS data analysis was performed using ORIGIN analysis.
2.2.5. X-ray diffraction (XRD)

X-ray diffraction (XRD) is a commonly used analytical technique in material science,
which aims to identify a material's phases and crystal structure and provide information on the
unit cell parameters. The principle of XRD is generally the constructive interference between
the crystal sample and the X-ray. In an XRD analysis, X-rays are produced from a cathode rate
tube by bombarding a target material with electrons generated from a filament and accelerating
them by voltage [82]. Like in SEM-EDS, the primary electrons have sufficient energy to eject
the inner shell electrons. Character X-rays will be produced when the outer shell electron fills
the electron hole. The specific wavelength of the X-rays depends on the target (Fe, Cu, Mo, Cr,
etc), commonly referred to as Ka.
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The X-ray will be focused and directed to the sample, which scatters the crystal atoms,
excites the atom electrons through an elastic scattering process. The excited electrons then
produce regular sets of X-ray waves [83]. Two types of interference might occur. In most
directions, the waves cancel each other out, known as destructive interference. In a few specific
directions, however, the amplitude of each wave will be added up to reach a maximum, referred
to as constructive interference [84]. The output X-ray due to the constructive interference will
be collected and courted by an X-ray detector placed on the other side of the X-ray resource.
Normally, both the source and the detector will move simultaneously from various angles over
the sample surface to collect signals from every possible direction and produce a spectrum. The
relationship between the incident wavelength and the position of peaks satisfies Bragg’s law
[83]:

nA = 2dsin(0) (5)
Where n is an integer that represents the diffraction order; A is the wavelength of the incident
X-ray; d is the spacing of crystal layers; and 6 is the angle between the incident wave and the
scattering plane. From a common XRD spectrum, the signal positions are given in two-theta.
Therefore, the signal positions need to be halved for calculation.

There are normally three factors that are determined by the XRD. First is the lattice
parameter, which is the distance between two points on the edge of a unit cell and aids in
evaluating the symmetry of the crystal. D spacing in Bragg’s law is highly related to the unit
cell configuration, which could then be used to determine the lattice parameter once the
crystalline phase has been identified [84]. The second is the crystalline phases, which could be
determined by matching the spectrum with an existing database. For example, the common
way to identify an FCC structure is to fit the spectrum with the data of pure copper [40]. The
intensity of the peak measures the quality of the crystalline phases. Another factor that XRD

could demonstrate is the grain size (L), through the Scherrer equation [83]:

KA
L= 7 * cos (0) (6)

Where K is the shape factor, usually taken as 0.89; f is the full width at half maximum of the
peak. This equation gives the relationship between the position of the peak, the width of the

peak, and the grain size.
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In this thesis, the crystal structure investigation of HEN thin films was performed by an
X‘Pert Power XRD. The instrument was equipped with a copper X-ray source and a Bragg-
Brentano configuration, with an operating voltage of 45 V and a current of 40 mA. Each scan
analysis was taken in a range from 20" to 90°, with a step size of 0.0131°, and a counting time
of 219.045 s. The XRD spectra was processed by Origin software, and peak fittings were

carried out using a database installed in PDF4+ software.

2.2.6. Atomic force microscopy (AFM)

An AFM is like a stylus profilometer but with a higher sensitivity, which scans the sample
surface with a probe and measures the force between the sample and the probe. Due to the
larger sensitivity, it is primarily used to measure the surface roughness and build a 2d&3d map
representing the surface morphology. The schematic representation of the AFM system and the
working principle is provided in Figure 17. The samples are placed on a controlled piezo
platform, which can move in the horizontal x-y plane and vertical z-plane. The repulsive force
acting onto the tip is measured by the displacement of a reflected laser beam irradiating the
surface of the cantilever. A photodiode records the height movement in the z direction. A
feedback controller processes the laser signal and generates a topographic image of the area of

interest with computer software.
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Figure 17 Schematic diagram of the AFM system [85].

In this thesis, HEN thin film surface morphology and roughness measurements were carried
out using an AFM (Bruker, USA). The scanning area on the surface was set at 1 um x 1 um
and a scan rate of 1 Hz was used. The contact mode was used, and its amplitude setpoint voltage
was 250 mV. Surface roughness and three-dimensional images were determined by NanoScope

analysis software from AFM.
2.2.7. Nanoindentation

Indentation is a traditional probe to test a material's hardness and other mechanical
properties. The basic principle is pressing a well-known and hard material into the surface of
the unknown sample. The hard material is usually diamond and referred to as the indenter tip.
As the tip is pushed into the surface, the force referred to as the load on the tip builds up, until
the tip reaches a depth defined by the operator [86]. The hardness of sample H could be
quantified by recording and taking the ratio between the maximum load experienced by the tip
Pnax and the area of residual indentation, 4,. The hardness of the material could be calculated

by the following equation:
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H = Pyax/Ar @)

The elastic modulus is another important factor that contributes to the deformation
resistance of the thin film, as a part of its mechanical properties. It is a measurement of how
much the object can resist being elastically deformed from a force applied to it. It is defined by
the elastic deformation slope in a stress-strain curve and expressed as the ratio between the
stress, which, in this case, is referred to as hardness and strain [86]. Strain is a unitless factor
that accounts for some shape parameters that have been changed during the application of stress.
Young’s modulus E, which could be used interchangeably with elastic modulus in

nanoindentation, could be calculated by the following equation:
1 1-? N 1—v?
E,- E E, ®)

Where v is the Poisson’s ratio of the sample; the corner mark i represents the property of the

indenter; E. is the effective elastic modulus, which could be calculated by the equation below:
2
S:ﬁ\/_EEew/Ar )

Where S = dF/dh is the measured strain; f is a geographical constant. 4 representation of the
relationship between load F', indention depth / and strain S, is shown in Figure 18.

The traditionally used macro & micro scale indentation has a relatively large tip, which
does not provide a good resolution for a nanoscale thin film. Nanoindentation improves the
measurement by using a nanoscale tip with a precise shape, obtaining better resolution in
positioning the indent and general real-time data on load displacement. It usually includes the
following components: a tip attached to a suspend shift, two transducers for the load and a
displacement measurement [87]. The measurement of hardness in nanoindentation is different
from the traditional method. The area of residual plastic indentation is replaced by the contact
area at maximum load. Therefore, the hardness could cover the resistance of the object to any

type of deformation, including elastic and plastic.
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Figure 18 Schematic representation diagram of loading and unloading curves in indentation

tests [88].
In this thesis, the mechanical properties of HEN thin films were determined by carrying

out nanoindentation with a Hysitron TI 850 Tribo Indenter. Tests were performed by applying
a maximum load of 4000 uN on the film surface using a conical tip indenter with a radius of
0.15 pum. The maximum depth of contact was controlled below 10% of the film thickness to
avoid the artifacts of the substrate on the measurements by a so-called thumb rule [89]. Sixteen
indents were made at different positions on the surface of each sample, and 10 um was applied
to prevent interactions between indents. A load-control feedback setting was used for each
measurement after trials. The hardness and reduced elastic modulus were obtained from each

indent and averaged.
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Chapter 3

Selections of Arc Discharge and Deposition Rate for

AICrFeCoNiCuos HEN Thin Films

A major factor that determines the deposition rate and thin film microstructure is the kinetic
energy of the plasma discharge delivered by the discharge current. The arc discharge also
greatly impacts the composition and stoichiometry of the as-deposited thin films. The discharge
current normally depends on multiple factors, including the arc capacitor bank voltage (Vc),
the cathode material, the pulse frequency, the pulse length and the pulse shape. For an reactive
cathodic vacuum arc deposition, the reactive gas could influence the stoichiometry of the
cathode surface throughout the deposition by forming a ceramic layer [16]. The variations in
the arc discharge were studied prior to the characterization of the as-deposited thin films. The

pulse shape selection, the arc current and the deposition rate are discussed in this chapter.
3.1.Deposition preparation and parameters

The silicon wafers used as the substrate were pre-treated by the steps described in section
2.1.2. Step heights for the profilometry measurements were provided by a physical mask
covering the substrates, made by drawing lines across the substrate at a distance interval of 15
mm with a marker pen. During depositions, the arc current, working pressure and duct current
were kept constant to avoid their effect on the ion energy. The arc current was obtained from
the oscilloscope measurement by wrapping a Rogowski coil around the cathode. The arc
current and duct current data of each pulse were recorded by the oscilloscope during the
depositions and processed by MATLAB software in a computer. Each pulse's electric charge
in Coulomb was calculated by integrating the current proportional to the total number of ions
ejected from the cathode. The arc current was 1100 + 100 A on average by applying a V¢ of
150 V. The arc current and duct current were chosen based on the system testing via experiment.
The chosen parameters ensure a sufficient, stable, and intense plasma flow, delivering a

reasonable deposition rate of 1.5 nm/min under a working pressure of 5 x 10 Pa. The substrate
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bias was grounded to reduce the impact of re-sputtering on the substrate surface.

HEN thin films of AICrFeCoNiCuo.s were deposited at various nitrogen partial pressures.
The vacuum chamber was first pumped down to a background pressure of 4.5 x 10" Pa prior
to the deposition to limit the effect of residual air. A nitrogen and argon binary gas mixture
flowed through the chamber during the deposition. The nitrogen partial pressure ratio Rn =
P(N2)/ (P(Ar) + P(N2)) was changed to adjust the nitrogen concentration in each thin film. The
nitrogen and argon flow rate was controlled by mass flow controllers installed in the pipeline
connected to the vacuum chamber. The total flow rate of the two gases was also controlled for
all depositions to ensure a constant working pressure of 4.5 x 1072 Pa in the chamber. The as-
deposited samples were treated again with the Acetone-Ethanol-Deionized water process to
remove the marker pen lines and thus generate profilometer steps. The nitrogen partial pressure
ratio, nitrogen and argon flow and the base pressure are given in Table 3.

Table 3 Deposition parameters for each deposition of AICrFeCoNiCuo.s HEN thin films

Nitrogen partial Nitrogen flow rate Argon flow rate Nitrogen partial
pressure ratio Rn (%) (SCCM) (SCCM) pressure (Pa)
5 0.178 3.382 2.25x 107
10 0.365 3.285 4.50 x 1073
20 0.765 3.060 9.00 x 1073
50 2.385 2.385 2.25x 102
100 7.350 0.000 4.50 x 102

The remaining deposition variables that are not adjusted are listed in Table 4. These parameters
were chosen based on the previous works on FCAD deposition completed by Zhen et al. [38]

and Zhao et al. [90].
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Table 4 The list of deposition variables of CAD chosen for HEN synthesis.

Variables Selected value
Arc capacitor bank voltage V¢ 150V

Duct capacitor bank voltage Vp 50V

Base pressure 45x10*Pa
Pulse length 600 ps

Pulse frequency 2 Hz

Substrate bias Vg 0.0 V (grounded)

3.2.Result and discussion

3.2.1. Pulse selection

A speed-up capacitor was connected to the cathode to ensure a constant and smooth release
of energy from the powder bank for each pulse. Prior to the actual deposition, test pulses were
taken, and the arc current was measured to evaluate the change in pulse shape by connecting
the speed-up capacitor in a reactive FCAD. Figure 19 compares the pulse shape with and
without the speed-up capacitor connected, using a nitrogen concentration of 100%. The pulse
without the speed-up capacitor connected showed a shark-fin shape, in which the current
reached its maximum of 1880 A at 600 pus. The current dropped rapidly after the crowbar was
fired at 600 ps.

The pulse with the speed-up capacitor connected shows a more square-like shape, and the
current reaches its first peak in 50 us as the capacitor is charged up. Then the current forms a
valley at 190 ps as the capacitor gradually releases energy. It forms a second high-end of 2327
A at 600 ps. The total charge in Coulomb (C) transferred by the pulse is determined by
integrating current over time, which in this case is represented by the area under the pulse curve,

calculated as follows:
tr
q= f Idt (10)
t

Where ¢ is the electric charge in coulomb; #; is the initial time; #is the final time; / is the net
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outward current; and dr is the change in time. By MATLAB integration, the average electric
charge of the shark-fin pulse and the square pulse given by 1000 pulses are 978 C and 1163 C,
respectively.

It indicates that the installation of a speed-up capacitor provides a significant increment of
the arc discharge without increasing energy stored in the cathode initial capacitor. The
increment in the discharge of each pulse could provide several advantages. In addition, more
electric discharge means a greater quantity of plasma generated in one single pulse, which

benefits the nucleation rate in thin films forming larger grains [91].
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Figure 19 Measured pulse shape with and without connecting the cathode to the speed-up
capacitor.

3.2.2. Arc discharge with controlled nitrogen partial pressure

To understand the deposition process in a reactive environment, the effect of nitrogen
partial ratio toward the discharge was studied. Figure 20 shows the pulse shapes at 200, 4000,
and 8000 pulses in a 100% nitrogen environment. The first pulse is given at 200 to minimise
the impact of the unstable stage of the deposition caused by the oxygen-enriching layer formed

on the cathode surface in the ambient air before being pumped down [75]. The electric charge
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at 200, 4000 and 8000 pulses are 1103, 1099 and 1112 C, respectively. Only small pulse shape
variations are observed throughout the deposition, indicating a stable and uniform discharge
for 8000 pulses. The results suggest that the reactive environment of FCAD in a pure nitrogen

atmosphere causes a minor effect on the pulse shape at the cathode in a continuous process.
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Figure 20 The Discharge current of the FCAD at pulse numbers 200, 4000, and 8000 at Ry =
100%.

Figure 21 gives the change in electric change in a set of depositions with 8000 pulses. The
data has been modified with a moving-average filter installed in MATLAB to smooth the noise.
It slides windowSize in length along the data, computing the average of the data contained in

each window. The difference equation defines the moving-average filter of a vector as follows:

y(n) = X(xm)+x(n—1)+-+ x(n — (windowSize — 1))) (11)

windowSize
Where y represents the filtered vector; windowSize represents the window of length; and x
represents the input vector. For our analysis windowSize was chosen to be 100. It is observed
that the electric charge first dropped to a minimum of 1091 C at a 1063 pulse, which is
suspected to be the energy degradation due to the removal of dielectric erosion on the cathode

surface [92]. The electric charge increased until the end after the arc discharge removed the
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oxidation layer. The increment of the discharge after 1063 pulses could be explained by the
reduction in the working pressure over time from 4.5 x 10" Pa to 3.8 x 10 Pa, as the material
sputtered on the vacuum chamber walls would tend to absorb a certain amount of reactive gas
during the deposition. The plasma ions either react with the nitrogen gas or simply incorporate
the nitrogen atoms into the thin films [16]. The smaller pressure would allow a greater
discharge since the energy barrier between the cathode and anode caused by the reactive gas
was reduced. Therefore, less energy is consumed in the plasma emission process given in
1.7.2.4, which agrees with the prediction from previous work on reactive FCAD [93]. By the
way, the overall change between the minimum and maximum data points is 23 C, above the
standard error of 2.0 C. Therefore, the discharge increment effect over time is a reasonable
factor to consider in reactive FCAD. However, the change is within 2% of the total discharge

(~1100 C), which does not cause a significant effect on the deposition.
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Figure 21 The variation of electric charge of the FCAD at Ry = 100%.

To further investigate the FCAD in a reactive gaseous environment, the average electric
charge per pulse was obtained based on the oscilloscope recording. The average was taken for

8000 pulses for depositions at Rn of 5%, 10%, 20%, 50% and 100%. Figure 22 shows the
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average electric charge with the standard error at various Rn. The electric charge experienced
areduction 0f4.5% from 1156 + 5.6 C to 1106 £ 2.0 C as the nitrogen partial pressure increased,
showing a smaller discharge at higher nitrogen concentrations. The result could be explained
by the cathode poisoning caused by the dielectric nitridation layer formed on the surface.
Cathode poisoning was known to have a significant impact on cathode spot ignition, especially
in reactive FCAD [92]. The explosive process of cathode spot and ion bombardment heats up
and melts the cathode surface, in which the nitrogen ions tend to form nitrides, particularly
with the Al in our material. It consumes extra energy from the system to remove the dielectric
cathode erosion by causing an electric breakdown for every cathode spot ignition. Therefore,
it is expected to have a reduced discharge at high Rn. However, considering the overall change
in electric charge is 50 C, which is less than 5% of the total charge, the effect on the deposition

rate and thin film properties would be tiny.
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Figure 22 The average electric charge of FCAD pulses at various Ry.

3.2.3. Deposition rate

The deposition rates of the HEN thin films using the FCAD were calculated by the fraction
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of the film thickness over the deposition time, in which the thickness was measured by the
profilometer, as mentioned in 2.2.1. Figure 23 shows the change in deposition rate in the five
different nitrogen concentrations from 5% to 100% by averaging and calculating the step
heights for 20 distinct points on the substrate. The error was caused by the uneven thickness of
the surface at different locations since the plasma flow would be more concentrated at the
centre of the substrate. The average deposition rate varied between 15.6 nm/min and 19.2
nm/min. Since the error bars of the data points all overlap, it is suspected that the variation of
the deposition speed is negligible for different nitrogen environments. An independent two-
sample T-test was conducted between Rx of 5% and 100% to confirm the observation using the
thickness measurement of 20 distinct points at the step height for a two-tailed distribution and
a two-sample unequal variance. The possibility that the two underlying populations have the
same mean is 87%, which is unlikely to be a reduction.

The deposition rate of FCAD is mainly determined by the discharge current, the kinetic
energy of ion flux, and the ion bombardment at the substrate [20]. The previous section shows
that the discharge current is reduced slightly with increasing nitrogen concentration, so this
effect is suspected to be limited. A loss in kinetic energy of ion flux in FCAD could be caused
by the emission of charge-neutral particles and the ion collision with reactive gas [75]. In our
case, the cathode material and initial capacitor voltage remained constant so that the amount of
charge-neutral particles is suspected to be uniform. The chance of ion collision in a reactive
FCAD depends on the quantity of reactive gas proportional to the working pressure [91].
Although the nitrogen partial pressure was changed, the overall working pressure was kept
constant by the binary gas mixture. Therefore, the chance of ion collision with gas molecules
during the deposition was maintained uniform. For comparison, the FCAD of
AICrFeCoNiCugs HEN thin films by Jiang et al. have obtained deposition rates that were
reduced rapidly by applying pure nitrogen due to the large difference in the system pressure
they have controlled throughout their depositions [94].

The ion bombardment at the substrate could influence the film thickness through
backscattering and re-sputtering. Backscattering is defined as highly energetic ions reflecting
from the substrate surface, and the self-sputtering effect is the ejection of the surface atoms

from the film surface by the ion bombardment. An increment in ion flux or applying a negative
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substrate bias tends to enlarge these effects and decrease the deposition rate, such as the HEA
thin film deposited by Zhao ef al. with multiple arc currents [19] and multiple substrate biases
[65]. However, our experiment did not apply such a control, limiting the impact. The current

result did not suggest that a disparity in nitrogen partial pressure in the FCAD of HEN thin

films will significantly affect the deposition rate.
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Figure 23 Deposition rate of AICrFeCoNiCuo.s HEN Thin films deposited at various Ry.
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3.3.Conclusion

In this chapter, HEN thin films were deposited by FCAD at various nitrogen partial pressure

ratios. The deposition factors, including the pulse shape, the arc current and the deposition rate,

are studied to provide a fundamental understanding of the reactive FCAD. The findings are

given below:

Deposition pulses were selected between the shark-fin and the square shape. The
average electric charge of the two pulse shapes is 978 C and 1162 C, respectively,
which suggests an increase in charge per pulse by installing a speed-up capacitor in a
reactive FCAD.

Arc current per pulse shows no change at different stages in a deposition run of FCAD
with pure nitrogen showing a stable deposition environment.

The average electric charge was plotted against various Rn, which exhibited a smaller
discharge at a higher nitrogen concentration. This result is explained by the nitrogen
poisoning effect frequently occurring in a vacuum arc deposition with a gaseous
environment. The reduction in charge was tiny compared to the total charge, so the
effect on the deposition rate is expected to be weak.

The deposition rate shows a small decline at Rx of 20% and 100%. By performing the
Student T-test to the thickness measurement at Rn of 5% and 100%, the possibility of
the two groups sharing the same mean is 87%, so the variation is insignificant.
Although the Rn was changed at each deposition, the system pressure was kept
constant. Therefore, the kinetic energy loss of 1ons due to particle collision was likely
to be small. In conclusion, controlling the nitrogen concentration without changing the
total pressure in a reactive FCAD does not cause a severe impact on the deposition

rate.
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Chapter 4

High entropy nitride thin films of AICrCoFeNiCuos with
controllable chemical composition and microstructure by

regulating the nitrogen partial pressure

This chapter shows how the microstructure, composition, chemistry and hardness of the
AlICrFeCoNiCuo.s HEN thin films deposited by filtered cathodic arc deposition (FCAD) were
controlled by regulating the nitrogen partial pressure ratio Rn. The measurements were taken
using the samples described in Chapter 3, deposited at various Rx from 5% to 100%. The details

of the characterization techniques are described in 2.2.

4.1 .Results and discussion

4.1.1. Thin film composition and chemistry

The chemical composition of AICrFeCoNiCuo.s HEN thin films was obtained by scanning
electron microscope and electron dispersive spectroscopy. The EDS mapping of each element
at various Rn is shown in Figure 24. The EDS mappings show that the elements were well
distributed on the film surface. Visual inspection shows no significant phase segregation at the
surface of thin films at various Rn, demonstrating good adatom mobility at the surface during
the deposition. The good mobility could be explained by both the energetic ion bombardment
on the surface and the rapid cooling rate of the thin films due to the small thickness, known as
the rapid quenching effect, which restricts the diffusion of the elements and prevents the
formation of the intermetallic phases [12]. The surface oxygen-enriching layer caused the

oxygen observed at the surface due to the post-deposition atmospheric reaction.

63



[Type here]

(a) Al (b) Cr (c) Fe
100nm 100nm 100nm

Ry=10%

Ry=20%

Ry=560%

(d) Co Ry=100%

Figure 24 SEM-EDS mappings for (a) Al, (b) Cr, (c) Fe, (d) Co, (e) Ni, (f) Cu, (g) N, (h) O of
thin film deposited at various Ry.
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Table 5 reveals the atomic composition of the principal elements in the cathode for
reference. The elemental composition of HEN thin films at Ry of 5%, 10%, 20%, 50%, and
100% is given in Figure 25. The nitrogen concentration increased from 0.5 + 0.1 at.% to 18.0
+ 1.6 at.%, at which R increased from 5% to 100%. [16]. The oxygen concentration was below
1% for all the HEN thin films. The atomic composition of Cr, Fe, Co, Ni, and Cu in the HEN
thin films at various Rn was relatively close to the concentration in the cathode, while Al
concentrations in all thin films were lower than that of the HEA cathode. By introducing gases,
the working pressure was greater than general FCAD, leading to more ion collisions with gas
molecules during the deposition. The lighter atoms, such as Al, were more likely to be filtered
out in the duct due to their smaller mass, so the number of Al atoms arriving at the substrate
was reduced. However, the reduction in ion kinetic energy due to the scattering in the duct also
reduced the chance of preferential re-sputtering of Al at the substrate surface [95]. Therefore,
the average Al concentration (13.2 at.%) in the HEN thin films was higher than the Al
concentration (6 at.%) in AICrFeCoNiCuo s HEA thin films deposited by Zhao ef al. [19]. The
small reduction (5 at.% on average) of the metal composition was an outcome of the increasing

nitrogen concentration as the nitrogen pressure increased.
Table 5 Composition of the AICrFeCoNiCuos HEA cathode used for FCAD.
Elements Al Cr Fe Co Ni Cu

Atomic
ratio (%) 18.2 18.2 18.2 18.2 18.2 9.1
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Figure 25 Elemental compositions of thin films in the atomic percentage of AICr Fe
CoNiCuo.s HEN thin films deposited at various Ry measured by SEM-EDS.

XPS was used to investigate the surface chemistry of AICrFeCoNiCuos HEN thin films
made by FCAD at various Rn. XPS survey spectra are displayed in Figure 26. High-resolution
XPS spectra around the binding energy of the constituent metals at the surface of
AICrFeCoNiCuos HEN thin films are shown in Figure 27. The peaks around the metallic
binding energy could show the binding state of each metal with the non-metal elements (e.g. N
and O). The signal of Al2O3 and Cr203 was detected due to the oxide-enriching layer at the
surface, as illustrated by EDS. The AIN and CrN signal was also detected at the surface,
indicating the formation of the nitride precipitation at Rn above 50%. However, there is a
chance that CrN at the surface was formed by the chemical vapour deposition (CVD) caused
by the residual heat at the end of FCAD [96, 97]. Therefore, etching was performed to remove
the surface layer and study the change in chemistry beneath the surface. Figure 28 shows the

high-resolution XPS spectra of the present metals in AlCrFeCoNiCuos HEN thin films
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deposited at various Rn after the 240 s etching. Metallic peaks for Al, Cr, Fe, Co, Ni and Cu
were detected in HEN Thin films at various Rx. The small peaks at 711.5 eV and 712.6 eV in
Feyp spectra contributed to the Cu/Co LM5 and Ni LMS5, respectively [65]. No Al203, Cr20s3,
and CrN peaks were detected after 240 S etching, implying that the oxide-enriching and the
CrN layers formed at the surface have been removed.

Al instead of the Aly, pattern was used to avoid the potential impact of Cusp that might
overlap with the Al/Al,O3 peak [98, 99]. The Alxs spectra exhibited a peak due to the AIN at a
binding energy of 118.6 eV. The pattern showed minor variation as the Rn increased from 5%
to 20%. AIN peak was detected at Rx of 50% and overlapped with the metallic peak. At Ry of
100%, the AIN signal dominated, suggesting a full transition from the metallic bonds to the
metal-nitrogen bonds. There was still nitrogen concentration measured in HEN thin films at Ry
below 50% by the SEM-EDS (Figure 25), but since no AIN signal was observed at Ry under
50%, nitrogen atoms are suspected to be stored in the thin films without forming chemical
bonds with Al. The detection of AIN also explains the uneven variation of Al concentration,
which increased from 92 + 0.8 at% to 15 + 0.13 at% at Rn from 20% to 50%, given in Figure
25. Less preferential sputtering of Al atoms would occur at the substrate surface as more Al
atoms were bonded to the nitrogen. The stronger interatomic force tends to hold the atoms more

tightly to the substrate surface, preventing them from sputtering off the surface.
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Figure 26 XPS survey spectra for AICrFeCoNiCuo.s HEN thin films deposited at various Ry.
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Figure 27 XPS surface spectra of (a) Alzs, (b) Crap, (c) Fezp, (d) Cozp, (e) Nizp, and (f) Cuzp of
AlCrFeCoNiCuos HEN thin film deposited at various Ry.
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Figure 28 High-resolution XPS spectra after 240 s etching for (a) Alzs, (b) Crap, (c) Fezp, (d)
Coap, (e) Nizp, and (f) Cuzp of HEN thin films deposited at various Ry.
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Only the metallic peaks were detected in Crzp, Fezp, Cozp, Cuzp, and Nizp by XPS, which
suggests that they are unlikely to form metal-nitrogen bindings and remain in the metallic phase
underneath the surface [16]. The preference for nitride formation is referred to as the standard
enthalpy of formation for each metal, as listed in Table 6. The low reactivity of Fe, Co, Cu, and
Ni was most likely due to the higher standard enthalpy of formation. Thermodynamically, Al
and Cr are favourable for the formation of nitrides due to the negative standard enthalpy of
formation. At the same time, Fe, Co, Ni, and Cu tend to remain in a metallic phase in our thin
films, as shown in previous works [16, 54]. However, no CrN or Cr2N signal was detected in
the film after 240 s etching at any nitrogen partial pressure, implying that there were not many
chromium nitrides underneath the surface of the thin films. AIN formation was favoured
beneath the surface, which could be explained by the larger tendency of valence electron
donation of Al atoms than Cr atoms to achieve the noble gas electron configuration [100]. The
observation that the CrN formation was less favourable agrees with the HEN thin films
deposited by Jiang et al. at various working pressures [94]. The difference is that the working
pressure was kept constant in our work, leading to a relatively smaller variation in ion kinetic
energy for ion bombardment of the substrate. Therefore, the variation in adatom mobility on
the thin film tends to be smaller, resulting in less nitrogen diffusion and CrN detection
underneath the surface.

Table 6 Standard enthalpy of formation, AHr (kJ/mol) for selected binary nitrides of

constituent metals at 298 K [7, 44, 101, 102].

Compound AHs (kJ/mol)
AIN -317.98
CrN -117.15
CnN -125.52
FesN -10.46
Fe:N +12.60
CooN +8.40
CwusN +74.50
NizN N/A
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4.1.2. Microstructure

The crystallographic structure of HEN thin films was investigated by XRD. Figure 29
illustrates the XRD patterns of thin films and the substrate for 26 from 20° to 90°. The minor
peaks indexed as SiO> and Si are due to XRD penetration onto the substrate [103]. The peak of
an AICrCoFeNiCug s system located at 43.4° demonstrates the FCC phase [104, 105]. A single
FCC phase formed due to a relatively lower Al composition (approximately 12% on average).
It was reported that an FCC structure was favoured in an AICrCoFeNiCu0.5 thin film if the Al
composition was lower than 10 at% [65, 90, 106].

The intensity of FCC (111) peaks reduced, and the full width at half maximum (FWHM)
increased as Ry increased, suggesting a reduction in grain size and amorphization. This effect
became significant at Rx of 50%, and no FCC peak was exhibited at Ry of 100%. This
observation was likely due to the transformation of the crystal from a nanocrystalline structure
to an amorphous structure. The HEN thin films deposited by Jiang et al. showed a similar
nitrogen concentration ranging from 4.3 at% to 21.2 at%, and their HRTEM revealed a
transformation from a single FCC structure to a fully amorphized structure, with a dual-phase
at a moderate nitrogen concentration [53]. The mechanism of the crystal transformation is
suspected to be a decrease in Gibbs free energy of the HEA solid solution system. When the
nitrogen atoms are incorporated into HEA, they are suspected to act as a seventh element of
the solid solution by occupying interstitial sites [107, 108]. The smaller atomic size introduces
more disturbance to the crystal, enhances the lattice distortion, and eventually ends up with an

amorphization.
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Figure 29 XRD patterns of AICrFeCoCugs HEN thin films deposited at various RN.

The lattice parameters based on XRD patterns are listed in Table 7. The left shift of the
FCC (111) peak is due to a lattice parameter change. It first increased slightly from 3.623 A to
3.643 A for HEN thin films deposited at Rn from 5% to 20%, respectively. The interstitial
nitrogen expanded the unit cell of the lattice, further demonstrating the severe lattice distortion
effect [109]. The lattice parameter then dropped to 3.635 A at Ry of 50%, the point at which
AIN bonds were detected beneath the film. The strong covalent binding of AIN causes the

lattice to shrink, which reduces the lattice parameter.

Table 7 Lattice parameters of FCC phase in HEN thin films deposited at various Rn.

Rn (%) 20 () Lattice parameter (A)
5 43.217 3.623
10 43.006 3.640
20 42.964 3.643
50 43.057 3.635
100 N/A N/A
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4.1.3. Hardness

The correlation between the microstructure and mechanical properties of the HEN thin
films was investigated by performing nanoindentation. Figure 30 shows the hardness of HEN
thin films deposited at different Rn. It is observed that the hardness increased rapidly as Rn
increased. The hardness increment from 7.8 + 0.1 GPa to 8.8 + 0.1 GPa between Rn of 5% and
20% could be explained by the solid solution strengthening. SEM-EDS and XPS show that
nitrogen atoms were stored in the HEN thin film without forming nitrides. XRD shows that the
nitrogen atoms occupy interstitial sites in the crystal lattice and cause a lattice expansion at Ry
from 5% to 20% (Table 7). A severe lattice distortion was exhibited due to the significantly
smaller atomic size of nitrogen atoms than the metallic atoms in the AICrFeCoNiCug s system,
resulting in a higher internal strain, restricting the dislocation [110]. Moreover, the XRD pattern
transformed from a simple FCC phase to an amorphous structure, which provides further
evidence for solid solution strengthening [111].

The hardness increment at Ry from 20% to 50% contributed to both the nitride formation
and the transition of the crystal structure. The introduction of AIN is revealed by XPS patterns
for Rn above 20%. The stronger covalent bonding provides extra interatomic force, which
further restricts the atomic rearrangement and deformation, and leads to the increase in
hardness [112]. There was only a slight increase in hardness from Rn of 50% to 100% (0.1GPa),
even though the AIN signal is at its maximum at Ry of 100%. This observation could be
explained by the transition to the amorphous phase, so the strengthening due to the lattice
distortion was weakened, balancing out the effect of AIN precipitation. The maximum hardness
of 9.6 = 0.1 GPa at Ry of 100% is consistent with the AICrFeCoNiCuos HEN thin film
deposited by Khan et al., in which they achieved a maximum hardness of 9.8 GPa with a
nitrogen concentration of 10.6 at.% using RF magnetron sputtering [7].

For comparison, Zhao et al. deposited the HEA thin films of AICrFeCoNiCuos by FCAD
and achieved a maximum hardness of 7 GPa, which is below the hardness of 7.8 GPa at Ry of
5% [19]. The HEN thin films achieve a higher hardness than HEA at Rn above 50%, can be
due to the larger interatomic force caused by the stronger covalent bonding of AIN precipitates

in compare to the metallic bonding, impedes the atomic deformation. Another factor that
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enhances the hardness of HEN can be the interstitial solid solution structure. The nitrogen
atoms that occupy the specific interstitial sites, enlarge the effect of lattice distortion due to
their significantly smaller size, which further restrict the formation of dislocations and lattice
movement. Moreover, at maximum Ry, the hardness improvement of HEN can also be due to
the full transition to an amorphous phase. The result generally suggests that increasing the
nitrogen partial pressure in FCAD could generate HEN thin films with superior hardness than

the corresponding HEA thin films.
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Figure 30 Hardness of AlCoCrCug.sFeNi HEN thin films deposited at various Ry.

4.1.4. Surface morphology

The surface morphology and roughness of HEN thin films at various Ry measured by AFM
are given in Figure 31. The surface RMS roughness decreased from 0.51 to 0.37 nm at Ry from
5% to 100%. The roughness reduction at Rn from 5% to 50% was likely due to the reduction
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in grain size illustrated by the FWHM increment of FCC peak in XRD. The smaller grain size
of HEA thin films tends to reduce the surface deformation and the voids between them [34,
113]. The reduction of roughness from 0.37 to 0.29 nm at Ry from 50% to 100% could be
further explained by the crystal transition from the single FCC structure to the amorphous

structure revealed by XRD, the phase transition would lead to isotropy [114].
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Figure 31 AFM images for film surface roughness of AICrFeCoNiCuy.s nitride thin films at
various Ry, surface roughness R, was provided in the centre of the image.
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4.2.Conclusion

In conclusion, a new method to fabricate AICrFeCoNiCug s nitride thin films by FCAD on

silicon substrates was developed where the chemistry and microstructure of the film were

controlled by changing the nitrogen partial pressure ratio in a nitrogen and argon gas filling gas

maintained at constant pressure. The composition, surface chemistry, microstructure, hardness,

and surface morphology of HEN thin films were investigated, and the major outcomes are

listed below.

The elements of HEN thin films were uniformly distributed at the surface, as illustrated
by the EDS maps, exhibiting good homogeneity. The absence of phase segregation at
the surface could be explained by the good adatom mobility of FCAD and the rapid
quenching effect.

EDS composition analysis indicated a rapid increment of nitrogen concentration as Rn
increased. The Al concentration is below the atomic ratio of that of the cathode material
due to the interaction between ion loss, re-sputtering, and backscattering effects. The
Al increases above Ry of 50% could be explained by the AIN precipitation, which
enhances the interatomic force of Al and restricts the re-sputtering.

XPS revealed the existence of CrN and AIN at the surface of the thin films deposited
at high Ry, while the Fe, Co, Ni, and Cu remained in the metallic phase because of
their higher enthalpy of formation. XPS after 240 s etching suggested that the CrN
only exists at the surface due to the CVD effect, and the AIN is the only nitride beneath
the surface due to its extraordinarily lower enthalpy of formation.

The microstructure of thin films was revealed by XRD, which demonstrated a
transformation in the crystal structure from a single FCC phase to an amorphous phase
at high nitrogen composition. A reduction in grain size and an expansion of lattice
parameters have been observed due to the nitrogen occupying the interstitial sites,
causing a lattice distortion.

The hardness has increased to a maximum of 9.6 £ 0.1 GPa at Rn of 50%, and no
significant variation was observed above Ry of 50%. The performance improvement

is due to the solid solution strengthening of interstitial nitrogen and the strong
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interatomic force brought by binary nitrides. The average hardness is about 23%
greater than the HEA thin films with the same constitutional metals.

Vi. The surface roughness was reduced to a minimum of 0.29 nm as the Ry increased to
100%, which could be explained by both the grain size reduction and the transition

from the FCC phase to the amorphous phase.

4.3.Recommendations

The deposition condition, chemistry, microstructure, and hardness of AICrFeCoNiCuo s
HEN thin films were crucially investigated in this thesis, providing insights into the HEN thin
film fabrication by FCAD at different nitrogen partial pressures. However, the
multicomponent alloy nitride is a highly complex system, with variable compositions and
crystal phases. For these materials to be ready for industrial applications, it is essential to
further study the HEN thin films at various Ry in terms of the composition and phases
transition by various techniques, as well as the change in performance related properties.
Moreover, the effect of other fabrication-related parameters, such as substrate temperature,
substrate bias and substrate material, is worth investigating. Future works could be built on
the findings in this thesis to promote deeper insight into the HEN thin film fabrication,

characteristics and potential uses. Some possible research in the future is listed below:

4.3.1. Transmission electron microscopy (TEM)

TEM could be performed to investigate the composition and microstructure of the
AlCrFeCoNiCuo.s HEN thin films further in two different ways. High resolution transmission
electron microscopy (HRTEM) could be used to analyse the crystallinity of the sample, and
scanning transmission electron microscopy - energy dispersive x-ray spectroscopy (STEM-
EDS) installed in TEM could be used to map the cross-sectional chemical composition of the
thin films. TEM is a powerful analytical instrument that could provide microstructure
information, such as phase transformation and defect formation, with very high resolution
(below 1 nm). Figure 32 shows the microscope components and arrangement. It is set up in a
columnar structure under a high vacuum, in which an electron gun emits an electron beam
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(~100—300 KV) down the column onto the specimen focused by an electromagnetic condenser
lens. The electron beam is scattered from a small volume within the sample surface to create
an electron diffraction pattern (EDP) on a phosphor screen. The technique requires the
specimens to be extremely thin (< 100 nm) so a significant fraction of the electrons can pass
through. This requires the thin films to be polished to reduce their thickness before examination.

The EDP provides microstructure information by representing the atoms as bright dots on
the screen after constructive interference. The regularly spaced atoms act as diffraction gratings.
The interaction satisfies Bragg’s law (Equation 5), and by combining it with the geometric
relationship of TEM, the spacing of the crystal layers could be determined, contributing to the
lattice parameters [115]. The diffraction pattern shows sharp diffraction rings for a
polycrystalline sample, whereas an amorphous specimen forms diffuse rings, which could help
show the FCC to amorphous phase transition in HENs. Moreover, by choosing the appropriate
aperture settings, bright field images showing a visual image of the crystallographic orientation
could also be created. Therefore, the microstructure information such as the grain boundary
and grain size could be determined by processing the bright field images, further confirming

the result of XRD.
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Figure 32 Schematic representation of TEM showing the orientation of various components
and lenses, outlining the imaging system [116].
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4.3.2. Contact angle measurement

The wetting performance of a surface material is critical for protective coatings. The
contact angle (CA) of a water droplet on the surface could give a quantitative investigation of
the wetting behaviour. CA is defined as the internal angle between the surface and the water
droplet at the contact line. The size of CA defines the wettability where CA > 90° is referred to
as hydrophobic, and CA < 90° is considered hydrophilic [117]. Surfaces with CA > 150" are
considered superhydrophobic, which is extremely small wettability. The CA measurements is

performed based on Young’s equation as follows:

Ysv = Vs, + Viycost (12)
Where y represents the tension at the surface-water-vapour interface; @ is the CA between the

water droplet and the solid surface. The schematic representation is illustrated in Figure 33.
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Figure 33 Schematic representation of the contact angle (CA) of a liquid droplet on a solid
surface [118].

4.3.3. Electrical resistivity

Since the AICrFeCoNiCuos HEN thin films are recommended as protective coatings,
electrical resistance is critical for applications requiring electrical insulation. A four-point probe
method is frequently used to measure the electrical resistance of samples with small dimensions,
particularly in the form of thin films. Figure 34 illustrates the schematic representation of a
four-point probe on a sample with dimensions of A (length), D (width) and W (thickness). The
probe consists of four equally spaced metal pins contacting the surface. A high impedance
power source is applied to supply current to the two outer pins measured by an ammeter (I),

and a voltmeter (V) is connected to the inner pins to measure the voltage in between. The
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resistivity could be calculated by the following equation:
p =RA/L (13)
Where p is the electrical resistivity of the thin film; R is the measured resistance; 4 is the width

x thickness of the thin film, and L is the measured distance between the two probes.

Figure 34 Schematic representation of a four-point probe method to measure electrical
resistance on a surface [119].

4.3.4. Fabrication variables

The fabrication process by FCAD will substantially influence the characteristics and
improve the physical properties of the HEN thin films. The synthesis procedure could be further
explored by varying the deposition parameters to optimise the performance of these materials
for potential applications. The effect of various fabrication-related aspects, which could be
investigated in the future, is listed below:

Substrate bias

Substrate bias is a critical parameter to adjust the kinetic energy of ions travelling toward
the substrate. By creating a negative bias onto the substrate holder, ions can experience
differential acceleration based on their charge state [20]. The increased kinetic energy of ions
enhances the heat accumulation effect on the substrate surface, which improves the adatom
mobility that is highly related to the phase transformation and homogeneity of the thin films.
For example, larger grain size could be obtained as the number of nucleation sites is decreased

by the higher mobility of adatoms [120]. It has been reported that the negative substrate bias
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could cause a sufficient impact on the thin film microstructure and the adhesion force at the
interface between the substrate and the thin film deposited by FCAD [65, 121]. The preferential
sputtering of light elements such as Al in the AICrFeCoNiCuos system could be enhanced by
the larger kinetic energy, which alters the composition of the thin film. The variation of light
element concentration could possibly change the crystal structure and lattice distortion due to
large atomic size differences, which might provide enhanced properties. The deposition rate
could also be varied by applying a substrate bias, since the backscattering and re-sputtering
effect are depending on the ion energy. Therefore, it is worth to study the effect of tuning the
substrate bias on the fabrication of HEN thin films.

Substrate temperature

The temperature of the substrate is another critical factor that could impact the
homogeneity, microstructure and properties of the HEA thin films during the deposition.
Research shows that the change in substrate temperature can cause variation in aspects such as
film growth rate, grain formation, phase formation, surface diffusion and interface adhesion
force, which are highly relevant to the physical performance [76]. Increasing the substrate
temperature could enhance adatom mobility so that atomic diffusion occurs more frequently,
resulting in a more homogenous composition, better crystallization degree and rapid phase
transition [122]. Increased adatom mobility might also favour a higher nucleation rate, giving
larger grains and improved structure integrity [123]. Therefore, changing the substrate
temperature during the deposition could be a potential option to improve the quality of
AlCrFeCoNiCuo.s HEN thin films by FCAD.

Different substrates

The substrate material used for deposition can have a crucial impact on the quality of the
HEN thin films. The choice of substrate material influences a series of thin film-related aspects,
such as adhesion force, interfacial diffusion, internal tension and crystal orientation, which are
highly linked to the thin film performance and durability. Most research at the current stage
focuses on HEN thin film deposition on the surface of Si or Al,O3; wafer [112]. These surfaces
are usually not the case in the real-world application. Substrates can cause numerous effects on
thin films based on their distinct properties. The detects and roughness of the substrate surface

can affect the nucleation mechanism and hence influence grain formation. The substrate's
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density and chemical reactivity impact the atomic diffusion at the interface and the adhesion
strength. A change in the thermal expansion coefficient of the substrate could also result in a
variation in film stress, which directly affects the mechanical properties of the thin film.
Therefore, studying the AICrFeCoNiCuos HEN thin film deposition on the surface of

commercially used materials such as 304 stainless steel would be a potential opposition.
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