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Abstract: In the present study, novel AlCoCrNi high entropy nitride (HEN) films were deposited
on Si substrate by a reactive direct current magnetron sputtering system. In order to investigate
the influence of sputtering parameters on the microstructure and mechanical properties of the
film, nitrogen flow ratio (RN: 25–100%) and process pressure (1.33 × 10−1–1.33 Pa) were controlled,
respectively. All the films were identified as an amorphous phase with composition of near equiatomic
ratios, regardless of the conditions of nitrogen flow ratios and process pressures. However, the limited
mechanical properties were found for the films deposited under different nitrogen flow ratios with
retaining the process pressure of 1.33 Pa. To enhance the mechanical properties of the AlCoCrNi HEN
film, process pressure was adjusted. From the transmission electron microscopy (TEM) observation,
the structure of the film deposited at the process pressure of 1.33 Pa is identified as a porous and open
structure with a number of density-deficient boundary and nano-scale voids. On the other hand,
densified morphology of the film was observed at pressure of 1.33 × 10−1 Pa. As a result, the hardness,
elastic modulus, and H/E were improved up to 16.8, 243 GPa, and 0.0692, respectively.
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1. Introduction

In 2004, Cantor et al. and Yeh et al. proposed a new alloy design concept called high-entropy
alloys (HEAs), which is composed of multiple major elements in equiatomic or near equiatomic
ratios. [1,2]. The basic idea of HEAs leads to high mixing entropy, sluggish diffusion, and severe lattice
distortion, which tend to form the solid-solution phases rather than intermetallic compounds [3–5].
For those reasons, novel HEAs exhibit special and outstanding properties, such as high hardness and
strength, high corrosion and wear resistance, and characteristic electrical properties [6–10]. It has been
extensively studied for potential application in diverse areas, such as hard coatings, and diffusion
barriers [11–18].

Specifically, in order to improve mechanical properties and oxidation resistance of the metal
substrate in hard coating community, the film deposition for HEAs has been applied using the
magnetron sputtering process [19–22]. It is known to be effective in optimizing the microstructure
and mechanical properties of HEA and high entropy nitride (HEN) films by controlling the process
parameters, such as sputtering power, substrate temperature, reactive gas flow ratio, and process
pressure [23–25]. Especially, controlling the reactive gas (N2 or O2) flow ratio can easily produce
various high entropy nitride (or oxide) films [26,27]. It has been reported that Chen at al. has deposited
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an amorphous (FeCoNiCrCuAlMn)N HEN film, which exhibits maximum hardness of 11.8 GPa [28].
Furthermore, the structural quality of thin films deposited at low temperature is strongly affected by
the process pressure, which establishes the mechanical properties of the films despite the formation
of same phases [29,30]. For instance, Tsai et al. successfully fabricated dense and smooth TiZrHf
multicomponent nitride films by adjusting the process pressure [31].

In a previous study, Jumaev et al. developed quaternary AlCoCrNi high entropy alloy fabricated
by the arc-melting method, which exhibits the high strength and plasticity at wide temperature
ranges [32]. The remarkable mechanical properties of the AlCoCrNi HEA provide promising potential
for films applications. Based on the previous study, the AlCoCrNi HEA was selected as a target of
sputtering deposition. The aim of present study is to optimize the sputtering parameters for the
AlCoCrNi HEN system. To understand the effect of sputtering parameters on the microstructure and
mechanical properties of the AlCoCrNi HEN films, the nitrogen flow ratio and process pressure were
systematically controlled.

2. Experimental

AlCoCrNi high entropy nitride films on Si (100) wafer were fabricated in a reactive direct current
(D.C.) magnetron sputtering system with high vacuum (KVS-4006L, Korea vacuum tech. Gimpo-si,
Republic of Korea). The Si wafer was chosen for the investigation of the structural and mechanical
properties of the thin films because of thin thickness and flat surface of substrate. The target with
a dimension of 101.6 mm and thickness of 6.35 mm, which was synthesized by powder metallurgy,
was produced from Plansee SE. As a preliminary process, the Si substrates were rinsed with acetone,
ethanol, and distilled water. The base pressure below 3.33 × 10−4 Pa was maintained before the mixture
gas of Ar and N2 was allowed into the vacuum chamber. In the previous study, we have reported that
the high sputtering power (such as 300 W) is an important factor to achieve the high entropy thin films
utilizing the multi element target fabricated by powder metallurgy. Pre-sputtering process under Ar
atmosphere was conducted at D.C. power of 300W for 10 min. A sputtering power was constantly
retained at D.C. 300 W and total gas flow (Ar + N2) was controlled on 20 standard cubic centimeter per
minute (SCCM). During the deposition process, the nitrogen flow ratios (RN = N2/[Ar + N2]) were
varied from 25% to 100% and the process pressures were controlled from 1.33 × 10−1 Pa to 1.33 Pa.
To reliably evaluate the mechanical properties, the thickness of the films was endeavored to set above
1 µm. The rotation speed of the substrate stage was 10 revolutions per minute. The present conditions
for the deposition of the AlCoCrNi HEN films are summarized in Table 1.

Table 1. Deposition parameters of the AlCoCrNi high entropy nitride (HEN) films.

Parameters Conditions of
Nitrogen Flow Ratio Conditions of Process Pressure

Nitrogen flow ratio, RN (%) 25, 50, 75, and 100 25
Process pressure (Pa) 10 1.33 × 10−1, 3.33 × 10−1, 6.67 × 10−1, and 1.33

Total gas flow (SCCM) 20
Base pressure (Pa) <3.33 × 10−4

Sputtering power (W) D.C. 300
Rotation speed (rpm) 10

Deposition temperature Room temperature

The thickness from the cross-section and relative chemical composition of the AlCoCrNi HEN
films were determined by field-emission scanning-electron microscope (S-4700, Hitachi, Tokyo, Japan)
with energy-dispersive X-ray spectroscope (EDS). The thickness obtained from the cross-sectional
images and EDS measurements were determined at least for five times to ensure reliability, respectively.
The deposition rate was calculated by dividing the film thickness by the deposition time. A structural
analysis of the films was examined using X-ray diffractometer (Empyrean, Malvern Panalytical,
Malvern, UK) with Cu Kα1 radiation (λ = 1.5406 Å). For the TEM analysis of AlCoCrNi HEN films,
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focus ion beam thinning (Helios NanoLab 600, FEI, Hillsboro, USA) was conducted with Ga+ ions.
A transmission electron microscope spectroscope (TecnaiF20, FEI, Hillsboro, USA) was employed to
specifically investigate the microstructure of the films. The mechanical properties were measured
by using a nanoindenter (NHT-X, CSM, Needham, USA) at room temperature. During the tests,
indenter displacement was controlled to about 1/10 of the film thickness, which could reliably evaluate
the properties of the AlCoCrNi HEN films [33]. The indentation depth control mode was used to
obtain the load-displacement curves and loading and unloading rates were controlled with 10 mN/m.
The hardness and elastic modulus were derived from the Oliver-Pharr method and then the ratio of
hardness and elastic modulus (H/E) was calculated [34]. Despite being empirically calculated, the value
of H/E is used to provide some information of mechanical property, such as the fracture toughness of
films [35]. The indentation tests for each sample were conducted at least 20 times and the average
values excluding the maximum and minimum values were obtained.

3. Results and Discussion

3.1. Effect of Nitrogen Flow Ratio

Figure 1 displays the deposition rate of the AlCoCrNi nitride films, according to the nitrogen
flow ratio (RN). The AlCoCrNi nitride film deposited at RN of 25% exhibits the deposition rate of
15.9 ± 0.6 nm/nm. As the nitrogen flow ratio increases step-by-step, the deposition rate of the films
accordingly decreases to 10.8 ± 0.3 nm/min for RN of 50%, to 8.3 ± 0.2 nm/min for RN of 75%, and to
6.3 ± 0.2 nm/min for RN of 100%, respectively. The reduction in deposition rate can be probably
attributed to target poisoning phenomenon which can be formation of nitride on the surface of metal
target [36]. Moreover, the sputtering efficiency of reactive gas ions, such as nitrogen, have lower as
compared with that of inert ions, such as argon [37]. Therefore, the deposition rate of AlCoCrNi nitride
film decreases with increasing RN during the reactive sputtering process.
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Figure 1. Deposition rate of the AlCoCrNi HEN films deposited under various nitrogen flow ratios,
RN (%).

Figure 2 shows the relative chemical compositions of the AlCoCrNi nitride films deposited at
various nitrogen flow ratios (RN), obtained from SEM energy-dispersive X-ray spectroscopy (EDS).
For all the nitride films deposited under various RN conditions, the relative concentration between the
metallic elements was rather close to equiatomic ratios, regardless of RN variation. As RN increases
from 25% to 100%, it is identified that the concentration of nitrogen element in the films is contained
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from 20.0 to 38.3 at %. On the other hand, it is clearly observed that all the nitride films contain high
amount of oxygen element over 10 at%, irrespective of RN conditions. The occurrence of unforeseen
oxygen content in the films during sputtering process has been rarely discussed in previous studies,
and the effect of a large amount of oxygen contamination on structure and mechanical properties will
be discussed in Section 3.2.
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Figure 2. Relative chemical composition of the AlCoCrNi HEN films deposited under various nitrogen
flow ratios.

Figure 3 shows the X-ray diffraction (XRD) patterns of AlCoCrNi HEN films deposited at various
RN. The XRD result of the Si substrate is also added, because of the thin thickness of the film inducing
the inclusion of the structural information of the Si substrate. All the XRD patterns are identified as
the broad halo pattern. These results indicate that the AlCoCrNi HEN film has a distinct tendency
to form an amorphous structure at the present conditions of RN (25–100%). Generally, high mixing
entropy and kinetic effect could affect the formation of the amorphous phase in the HEA or HEN film.
The high mixing entropy effect could improve the mutual solubility between the constituent elements
and suppress the formation of the crystalline structure [25]. Moreover, the rapid quenching effect
during the sputtering deposition could effectively restrain the chemical fluctuation and suppression
of crystallization [38]. With increasing RN up to 100%, the center of the wide broad peak is shifted
toward lower angles and intensity is decreased, gradually. The shift to lower angles of XRD peak relate
with increased incorporation of nitrogen atoms in the amorphous structure, as the RN is gradually
increased. Moreover, an increment of incorporation of nitrogen atoms gives rise to an indication of
increase of the degree of structural disorder [39].

To evaluate hardness (HIT), elastic modulus (EIT) and H/E of the AlCoCrNi HEN films deposited
under different RN, nanoindentation tests were conducted. The mechanical properties of the films are
summarized in Table 2. For the AlCoCrNi HEN film with RN of 25%, the hardness, elastic modulus,
and H/E are measured as 8.2 ± 0.9, 142 ± 11 GPa, and 0.0577 ± 0.0018, respectively. It is observed that
the values of hardness and elastic modulus on the AlCoCrNi HEN films with amorphous phase reveal
similar characteristic, regardless of RN conditions. For the film deposited with RN of 100%, it is not
possible to obtain a reliable mechanical properties because it has insufficient film thickness caused by
the target poisoning phenomenon and the lower sputtering efficiency. Under the present conditions of
RN, all the deposited AlCoCrNi HEN films reveal limited mechanical properties compared with other
HEN films [25,28,40]. It has been reported that high oxygen contamination in the films deposited at
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high process pressure could result in inferior mechanical properties caused by the low film quality [31].
In order to enhance the mechanical properties of AlCoCrNi HEN film, the process pressure was
controlled at a constant nitrogen flow ratio (RN = 25%).
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Figure 3. X-ray diffraction (XRD) patterns of the AlCoCrNi HEN films deposited under various
nitrogen flow ratios.

Table 2. Hardness, elastic modulus and H/E of the AlCoCrNi HEN films according to the different
nitrogen flow ratios.

Process Pressure (Pa) Nitrogen Flow Ratio, RN (%)
Mechanical Properties

HIT (GPa) EIT (GPa) H/E

1.33

25 8.2 ± 0.9 142 ± 11 0.0577 ± 0.0018
50 7.7 ± 1.6 146 ± 20 0.0527 ± 0.0036
75 7.7 ± 0.5 146 ± 18 0.0527 ± 0.0028

100 - - -

3.2. Effect of Process Pressure

Figure 4 displays the deposition rate of the AlCoCrNi HEN films deposited under different process
pressures while retaining constant RN of 25%. The HEN film deposited at the process pressure of
1.33 × 10−1 Pa exhibits 17.9 ± 0.4 nm/min, as observed in Figure 4. With a rise of the process pressure to
1.33 Pa, it is observed that the deposition rate of the films slightly decreases to 15.9 ± 0.6 nm/min, except
for the process pressure condition of 3.33 × 10−1 Pa (deposition rate of 18.9 ± 0.8 nm/min). This trend
in which the deposition rate is decreased with a raise of process pressure is explained, as follows. First,
the emitted atoms from the surface on the target undergo many collisions with the process gases in
the chamber, such as argon and nitrogen, when the process pressure is increased from 1.33 × 10−1 to
1.33 Pa. The increased collisions between the emitted atoms and process gases result in the reduction
of the mean free path which is the average travel distance of the emitted atoms before a collision.
As a result, the sputtering yields decrease because of the scattering of sputtering atoms, and thus the
deposition rate is decreased [30]. Second, the scattering effect leads to the energy transfer from the
emitted atoms to the process gases (Ar or N2), which is called thermalization. Therefore, the energy
loss of the emitted atoms also results in the reduction of the deposition rate [41]. Consequently,
a higher deposition rate can be achieved at low process pressure. However, it should be noted that the
deposition rate is not changed significantly while the process pressure is reduced to 1.33 × 10−1 Pa.
It can be plausibly explained by introducing structure zone model which well-established the relation
between the microstructure of the thin film and the most prominent deposition parameters [29,42].
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According to structure zone model, the emitted atoms from the surface on the target are deposited to
substrate with high energy at low process pressure, and those arriving atoms on the substrate possess
high adatoms mobility. Therefore, the microstructure of the AlCoCrNi HEN film could reveal a denser,
as compared with high process pressure. Based on these results, it could be inferred that the process
pressure plays an important role on the structure of the deposited film.
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Figure 5 illustrates the relative chemical compositions of the AlCoCrNi HEN films under various
process pressures, as obtained from EDS quantitative analysis. The near equiatomic ratios of the
metallic elements are achieved at all the present process pressure conditions. As the process pressure
is decreased to 1.33 × 10−1 Pa, the content of oxygen element which is regarded as impurity during the
nitride deposition process be considerably influenced by the process pressure condition. Specifically,
at the low process pressures of 3.33 and 1.33 × 10−1 Pa, the oxygen content is detected in 1.9 ± 0.3%
and 0.7 ± 0.2%, respectively. This result can be explained by a reduction in probability of impurity
incorporation. Generally, the sputtered atoms at low pressure have a longer mean free path during
the travel to the substrate, because of the decrease of the collisions with the process gases (Ar or N2)
and develop a dense microstructure caused by the high adatoms mobility [29,31]. On the other hand,
the high process pressure during sputtering causes an increase in the collision between the sputtered
atoms and process gases in the chamber, and results in the decrease of the mean free path. The low
mobility of adatoms caused by the decrease of the mean free path lead to a less dense microstructure
(porous and open structure). Consequently, a large amount of the oxygen contamination could be
induced in the porous and open structure when the deposited film is exposed to the atmosphere after
process [43]. Based on the deposition rate and composition analysis, it can be deduced that controlling
a process pressure during the sputtering deposition plays an important role in density and the purity
of the AlCoCrNi HEN film.

Figure 6 shows the XRD patterns of the AlCoCrNi HEN films deposited under various process
pressures, inclusive of the information of the Si substrate. All the XRD patterns are identified as the
broad halo pattern between 40◦ and 47◦. The non-shift of the center of the broad peak is observed
because the films contain similar level of nitrogen concentration (20.0 ± 0.3–21.7 ± 0.6 at %) at the
present conditions. It is obvious that all the AlCoCrNi HEN films tend to strongly give rise to the
formation of an amorphous structure at the present process pressures from 1.33 × 10−1 to 1.33 Pa,
in common with the conditions of nitrogen flow ratio (25–100%).
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For the detailed microstructural analysis, a transmission electron microscopy (TEM) analysis was
conducted on the AlCoCrNi HEN films. Figure 7a presents the bright-field (BF) image with inset of
selected area electron diffraction (SAED) patterns of the AlCoCrNi HEN film deposited at the process
pressure of 1.33 Pa. A thickness of the film is measured to be 1470 nm. From the two SAED patterns
acquired from the region (i) and region (ii), a diffuse hallow ring pattern is observed, which implies the
formation of a homogeneous amorphous phase. Additionally, any crystalline phases are not observed,
as shown high-resolution (HR) image of Figure 7b. These results of TEM analysis are consonant with
previous XRD result in Figure 6. A detailed investigation of the structure of the film in Figure 7a,c
reveal porous and open structure with a number of density-deficient boundary and nano-scale voids
along with the growth direction, similar to the observation of the previous study [44]. As mentioned in
Figure 5, the porous and open structure could include a large amount of the oxygen contamination
in EDS measurement. Figure 7d shows the BF image of AlCoCrNi HEN film at the process pressure
of 1.33 × 10−1 Pa, corresponding with inset of two SAED patterns. The featureless morphology is
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observed with a thickness of 1630 nm. The corresponding SAED patterns, acquired from the region (iii)
and region (iv) in Figure 7d, also reveal a diffuse hallow ring pattern which suggests that the amorphous
phase is similar to that observed in Figure 7a. It is also observed that the HEN film deposited at the
1.33 × 10−1 Pa is in fully amorphous phase, as shown in Figure 6. However, the structure of AlCoCrNi
HEN film deposited at 1.33 × 10−1 Pa is clearly observed with densified structure than the deposition
condition of 1.33 Pa, as shown in Figure 7f. It is supposed that the structural difference of the HEN
films, deposited at the 1.33 and 1.33 × 10−1 Pa, may affect the mechanical properties.Coatings 2019, 9, x FOR PEER REVIEW 9 of 13 
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Table 3 shows the hardness, elastic modulus, and H/E of the AlCoCrNi HEN films deposited
under various process pressures from 1.33 and 1.33 × 10−1 Pa. For the HEN film with less dense
amorphous structure including a number of density-deficient boundary and nano-scale voids (1.33 Pa),
the hardness and elastic modulus are estimated as 8.2 ± 0.9 and 142 ± 11 GPa, respectively. The limited
mechanical properties of the film deposited at 1.33 Pa can be explained as follows. The sputtered
atoms from the target at higher process pressures increase the probability of the collisions with gases.
The scattering effect by the collisions can introduce more impurities (such as oxygen) from the chamber
walls, and resulting in inclusion of a large amount of oxygen into the film. Moreover, the short mean
free path by scattering effect lead to low adatoms mobility and then the structure of the thin film is
formed to porous. In addition, the density-deficient boundary along the growth direction of the thin
film is grown up to the surface of top as shown in Figure 7a. It is believed that a large amount of oxygen
in the film is incorporated into the porous and open structure, exposing to the atmosphere after process.
Hence, a number of density-deficient boundaries and voids, which cause the decrease in density of
films, result in considerably reduced hardness. The similar result that studied the relationship between
density and hardness of the films, are reported by Tsai et al. [31]. As the process pressure decreases
with retaining the RN of 25%, the hardness and elastic modulus progressively increases to 11.9 ± 0.8
and 176 ± 21 GPa for 6.67 × 10−1 Pa, and 13.1 ± 2.7 and 193 ± 19 GPa for 3.33 × 10−1 Pa, as can be
seen in Table 3. Furthermore, the highest mechanical properties of the present AlCoCrNi HEN films
can be achieved at the process pressure condition of 1.33 × 10−1 Pa, which reveals the hardness of
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16.8 ± 0.5 GPa, and the elastic modulus of 243 ± 39 GPa, respectively. The calculated H/E ratios also
increased from 0.0577 ± 0.0018 to 0.0692 ± 0.0076, with the decrease of process pressure.

Table 3. Hardness, elastic modulus and H/E of the AlCoCrNi HEN films deposited under the different
process pressures.

Process Pressure (Pa) Nitrogen Flow Ratio, RN (%)
Mechanical Properties

HIT (GPa) EIT (GPa) H/E

1.33

25

8.2 ± 0.9 142 ± 11 0.0577 ± 0.0018
6.67 × 10−1 11.9 ± 0.8 176 ± 21 0.0669 ± 0.0027
3.33 × 10−1 13.1 ± 2.7 193 ± 19 0.0681 ± 0.0072
1.33 × 10−1 16.8 ± 0.5 243 ± 39 0.0692 ± 0.0076

In present study, all the AlCoCrNi high entropy nitride films are identified as an amorphous phase,
which is independent on the conditions of nitrogen flow ratio and process pressure. Nevertheless,
the present AlCoCrNi HEN films reveal a tendency such that the mechanical properties are dependent
on the conditions of process pressure. It could be supposed that the tendency is affected by the structural
characteristic of the HEN films. For the process pressure of 1.33 Pa, the AlCoCrNi HEN film shows
porous and open amorphous structure with nano-scale voids and density deficient boundary because
of low adatoms mobility caused by short mean free path of sputtered atoms and the less dense structure
is in agreement with the zone 1 structure of Thornton model, as shown in Figure 8a [42]. Hence, it is
believed that the AlCoCrNi HEN film deposited at high process pressure reveals limited mechanical
properties. On the other hand, sputtered atoms possess enhanced mean free path resulting from the
reduction of collisions with the gases (Ar or N2) in the chamber when the film is deposited at low
process pressure, as shown in Figure 8b [29]. As a result of enhanced adatoms mobility, the structure
of the AlCoCrNi HEN film can be formation of densified amorphous structure. Consequently, it is
believed that the densification of the structure on the AlCoCrNi HEN film leads to an increase of the
mechanical properties, such as hardness, elastic modulus, and value of H/E. Based on these results, it is
believed that the process pressure has a crucial role in controlling the morphology and mechanical
properties of the AlCoCrNi HEN films with amorphous phase.
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4. Conclusions

AlCoCrNi high entropy nitride films were deposited on Si substrates by a reactive direct current
magnetron sputtering system. In order to investigate the influence of sputtering parameters on the
microstructure and mechanical properties of AlCoCrNi HEN film, nitrogen flow ratio (RN: 25–100%)
and process pressure (1.33 × 10−1–1.33 Pa) were controlled, respectively. All the AlCoCrNi HEN films
were identified as an amorphous phase with composition of near equiatomic ratios, regardless of the
conditions of nitrogen flow ratio and process pressure. However, the oxygen contamination in the
films were found and the limited mechanical properties were observed to the AlCoCrNi HEN films
deposited under various nitrogen flow ratios with a process pressure retained at 1.33 Pa. To enhance
the mechanical properties of AlCoCrNi HEN film, process pressure was controlled while retaining
the RN at a constant 25%. As the process pressure decreases from 1.33 to 1.33 × 10−1 Pa, the oxygen
contamination was reduced from 20.9% to 0.7%. From the TEM observation, the structure of the
AlCoCrNi HEN film deposited at the process pressure of 1.33 Pa was revealed as porous and open
amorphous structure with a number of density deficient boundary and nano-scale voids, which implied
a low density of structure on the film. On the other hand, the densified morphology of the film was
observed at process pressure of 1.33 × 10−1 Pa. As a result, the hardness, elastic modulus, and H/E
were improved up to 16.8 GPa, 243 GPa, and 0.0692, respectively.
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