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Entropy-stabilized refractory metal oxide thin films have great application prospects in many fields due to their
good preparation performance, excellent thermal stability, high hardness and abrasion resistance, and adjustable
conductivity. In present paper, a series of (NbMoTaWV);00.xOx (x = 0-53.63) five-component entropy-stabilized
oxide thin films were deposited on the single-crystal Si (100) substrates by radio frequency magnetron sputtering
to study the effect of oxygen content on their performance and local structure. With increasing the oxygen
content, the films gradually transform from body-centered-cubic solid solutions to the amorphous oxides. The
hardness and modulus of the films obtain a maximum of 15.5 GPa and 215.6 GPa, respectively. The room
temperature resistivity can be tuned in the range of 55-1.26 X 10° pQ-cm, and the trends of the resistivity-
temperature behavior of the films have significant differences. Films with low oxygen contents show good re-
sistivity stability in a wide temperature range. Simultaneously, the conductive mechanism gradually changes
from the metallic type to amorphous oxide semiconductor type (a near TiO, type ionic crystal type) as the
oxygen content increases. The cluster-plus-glue-atom model has been introduced to interpret the composition of
films, and the relationship between the variations of the local structure and strengthening (or conduction)
mechanism is discussed in detail. Here, the performance of (NbMoTaWV);4.,O, films can be modulated in a
large range (covering conductors to semiconductors), which provides a broad prospect for the application of
refractory high-entropy oxide films.

1. Introduction

Entropy could drive a reversible solid-state transition between
multiphase and single-phase state which has been proved by Rost et al.
[1,2]. That is, the five equimolar metal oxides (MgO, CoO, NiO, CuO,
and ZnO) could be transformed into a single phase five-component
oxide, and the cation distributions are random and uniform. The new
five-component oxides not only contain the high configurational en-
tropy but also is indeed truly entropy stabilized, which belongs to the
ions compound category.

Compared with the single cationic-metal oxide, the entropy-stabi-
lized poly-cationic metal oxide with five or more cations has more ex-
cellent performance. For instance, the hardness of (AICrNbTaTi)O, film
can reach 22-24 GPa while those of the TiO, and Al,O3 films are only

up to 13 GPa and 9 GPa, respectively [3-5]. Furthermore, entropy-
stabilized oxides have several special properties due to multi-compo-
nent mixing, e.g., (MgCoNiCuZnO) thin films exhibit the high reversible
capacity, long-term cycle stability and excellent rate performance as
negative electrode materials of lithium-ion batteries [6], and also have
the unique near-minimum thermal conductivity, high elastic modulus,
superior mobility and large dielectric constants [2,7,8]. (FeMgCoNi)O,
oxides have the ability of thermochemical water splitting [9].

In recent years, many investigators are concerned on entropy-sta-
bilized oxides due to their advantages given by multi-component
mixing. However, there are more issues worth addressing, e.g., the
entropy-stabilized oxide with a stoichiometric ratio of 1:1 between the
metal and oxygen is an ionic-crystal compound [1], but as the oxygen
content changes, whether the high-entropy oxide is still an ionic crystal,
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and what is the evolution trend of its performance and structure.

As one of the typical entropy-stabilized oxides, the refractory high-
entropy oxide exhibits excellent thermal stability [10,11]. However, it
is prepared difficultly by the conventional method due to the high
melting point of elements. Fortunately, this difficulty can be overcome
by the preparation of thin films. In many thin film deposition techni-
ques, magnetron sputtering, which is a suitable thin film deposition
technology for the large-scale production due to its uniform and dense
film formation, provides greater possibilities for the application of re-
fractory high-entropy oxides [12,13]. Particularly, the composition of
films can be controlled by adjusting the oxygen partial pressure.

Furthermore, previous studies [3,14] have indicated that refractory
high-entropy oxide films can be used as protective layers for processing
tools and components since they withstand high temperatures and
mechanical loads. For instance, (AICrNbTaTi)O, film can maintain the
mono-phase crystallization of a rutile structure after annealing at
1200 °C and exhibit high hardness and modulus values of 22-24 GPa
and 380-410 GPa, respectively [3]. The (AlCrTaTiZr)O, film remains
amorphous after annealing at 800 °C for 1 h, and its hardness and
modulus can reach 20 GPa and 260 GPa, respectively [14]. However,
the stoichiometry of metal and oxygen elements in these films with
excellent properties is different.

Therefore, it is necessary to further explore the influence of oxygen
content on the properties and structures of refractory high-entropy
oxide films, and to select appropriate metal components for the pre-
paration of samples with different oxygen contents. It is well known
that the high-entropy alloy usually has a relatively-simple single-phase
structure, such as face-centered cubic (FCC), body-centered cubic
(BCC), and hexagonal close-packed (HCP) [15,16]. Typically, the high-
entropy alloy consisting of five refractory metal elements, Nb, Mo, Ta,
W, and V, has a single BCC structure [17], which has a relatively-large
octahedral gap and can solute small atoms easily. Thus, utilizing the
three characteristics of the good stability introduced by refractory
elements, single BCC structure, and large lattice gap, it can be de-
termined that the NbMoTaWV high-entropy alloy is suitable to the
preparation and research of entropy-stabilized oxides with varying
oxygen contents. Besides, studies about NbMoTaWV thin films are fo-
cused on their oxidation resistance [18,19]. The properties of NbMo-
TaWV oxides and the effect of oxygen content on the film have not been
systematically investigated.

In the present paper, (NbMoTaWV);po.,O, films with varying
oxygen contents were prepared by magnetron sputtering, and their
microstructures, compositions, microhardness, room-temperature (RT)
resistivity, and variable temperature resistance were characterized.
Furthermore, the cluster-plus-glue-atom model [20] was introduced to
interpret the composition, and the effects of variable oxygen contents
on local structures, properties, strengthening mechanisms and con-
ductivity mechanisms were systematically discussed, which lays a good
foundation for the application of refractory high-entropy oxides in high-
temperature, wear-resistance, and microelectronics fields.

Table 1
Chemical compositions and thicknesses of Moo —,O, films.
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2. Material and methods

A series of refractory high-entropy (NbMoTaWV);00.,O, films were
deposited on single-crystal Si (100) substrates with a JGP450 magne-
tron sputtering system. The sputtering target was a Nb-Mo-Ta-W-V five-
element alloy combination target, which was composed of a hot-
pressing target (@75 mm X 3 mm) of Nb-Mo-Ta-W quaternary powders
with equal atomic ratio and six pure vanadium pieces (&8
mm X 1 mm) pasted in the main sputtering area of a quaternary target.
Purity of each component was not less than 99.9 wt%. Thin films were
prepared by the radio frequency (RF) power supply operated at 100 W.
The background vacuum was < 3.0 X 10~ * Pa. There was 40 min pre-
sputtering, followed by 90 min formal sputtering, and the substrate
temperature was not higher than 323 K. Different composition oxide
films were prepared by controlling the ratio of oxygen and argon with a
total gas flow of 30 sccm (standard cubic centimeter per minute).

The chemical composition analysis was analyzed with the Electron
Probe Micro-analyzer (EPMA, EPMA-1600, Shimadzu, Japan), in which
wavelength dispersive spectrometer (WDS) with a resolution of 5eV,
low detection limit (0.01-0.05%) and wider detectable element range
(4Be-92U) is suitable for quantitative analysis of the element. In this
study, considering that oxygen is a light element, the detection preci-
sion may not reach 0.01-0.05% due to low count rate [21]. The ex-
pression relating to oxygen content in the paper is to keep a unified
form with other metal elements, but its true precision may be less by an
order of magnitude compared with other elements. The energy-dis-
persive x-ray spectroscopy (EDS) of the scanning transmission electron
microscopy (STEM, FEI Tecnai G2 the United States) and Auger elec-
tron spectroscopy (AES, PHI-700, ULVAC-PHI, Japan) were used to
analyze the compositional distributions of the thin films. The micro-
structures of thin films were analyzed, using a Grazing-angle incidence
X-ray diffraction (GIXRD, Bruker D8 Discover, Karlsruhe, Germany;
grazing angle: 1°), and a transmission electron microscope (TEM, Phi-
lips Tecnai G2, Amsterdam, the Netherlands). The high-resolution mode
of TEM (HRTEM) was conducted to investigate the nanocrystals of the
films. TEM samples were prepared by Ar-ion milling using a Gatan
precision ion polishing system (PIPS-691, Pleasanton, the United
States). The thicknesses were measured by a scanning electron micro-
scope (SEM, Zeiss Supra55, Baden-Wurttemberg, Germany).

The hardness and elastic modulus of thin films were measured by a
nano-indenter (XP, MTS, the United States). The RT resistivity of the
thin films were measured again by a four-point probe tester (RTS-9, 4
Probes Tech, Guangzhou, China). The resistivity-temperature mea-
surements were carried out with a variable temperature resistivity
meter (TRT-1000, Wuhan, China), the testing temperature increased
from RT to 1078 K, with a constant heating rate of 10 K/min.

Samples Chemical composition (at. %) Nb:Mo:Ta:W:V Film thickness
(atomic ratio) (nm)
Nb Mo Ta W v o
M 18.37 17.87 18.67 20.61 24.74 0 1:1:1:1.1:1.4 478
Mo1.840s.16 16.67 16.42 16.96 18.36 23.42 8.16 1:1:1:1.1:1.4 465
Ms3.63016.37 14.97 15.25 15.19 16.57 21.61 16.37 1:1:1:1.1:1.4 503
Myg.46021.54 14.33 14.69 14.44 16.58 18.41 21.54 1:1:1:1.1:1.4 603
Me4.08035.92 11.75 11.59 11.86 13.24 15.65 35.92 1:1:1:1.1:1.3 638
Ms6.80043.20 10.49 10.59 10.55 11.70 13.47 43.20 1:1:1:1.1:1.3 650
Ma9.07050.93 9.01 9.03 9.27 10.22 11.54 50.93 1:1:1:1.1:1.3 730
Ma6.37053.63 8.62 8.73 8.72 10.16 10.14 53.63 1:1:1.1:1.2:1.2 796
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Fig. 1. Cross-sectional STEM-HADDF image, EDS elemental mappings (a), and
AES depth profile (b) for the as-deposited M;g 46021 54 thin film.

3. Results
3.1. Compositions and microstructures of thin films

Table 1 shows the compositions (measured by EPMA) and thick-
nesses (determined with the cross-sectional SEM image) of the as-de-
posited thin films. The oxygen content ranges from 0 to 53.63 atomic
percent (at.%). The atomic ratio of the metal components can be cal-
culated according to their content. Only the proportion of vanadium is
slightly higher, and the other elements are approximate equimolar ra-
tios. Furthermore, there is a slight change in the composition ratio
under different oxygen partial pressures. The proportion of vanadium
gradually decreases but that of tungsten slightly increases with in-
creasing the oxygen partial pressure due to the different sputtering
thresholds and rates of the elements. The thickness increases with the
increase of the oxygen partial pressure, which is 478 nm in the oxygen-
free state, and can reach up to 796 nm when the oxygen content in-
creases to 53.63 at.%. For convenience, the part of the metal compo-
nent (NbMoTaWV) is marked as “M”, and the films are collectively
labeled as M;o.xO, (x = 0-53.63).

The cross-sectional high-angle annular dark field (HAADF) image of
the as-deposited My;g 4602154 film was obtained through STEM
[Fig. 1(a)], the film shows a uniform thickness and a smooth film-
substrate interface. The distribution of elements is random and uniform
in the film according to the EDS elemental mappings [Fig. 1(a)] and the
AES depth profile [Fig. 1(b)], which meets the chemical disorder
characteristics of high-entropy alloys. In addition, the AES test is based
on the change of the intensity of a characteristic peak of the element
with the profiling depth to determine whether the distribution of the
element in the vertical direction of the film is uniform, so the percen-
tage content does not represent the actual element content.

Fig. 2 shows the GIXRD patterns of the as-deposited M;po.xOx
(x = 0-53.63) thin films. It can be seen that the oxygen-free thin film
has a single-phase BCC structure, and the diffraction peaks at 39.5°,
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Fig. 2. GIXRD patterns of the as-deposited M;00.xOx (x = 0-53.63) thin films.
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57.0° and 72.0° correspond to the (110), (200), and (211) crystal
planes, respectively. Moreover, the broad diffraction peaks indicate that
the grains are relatively small. From oxygen-free state to the oxygen
content of 16.37 at.%, the films maintain the BCC structure, but the
width of the diffraction peaks increases gradually. When the oxygen
content reaches 21.54 at.%, only two broad diffraction peaks remain in
the range of 30-80°, which is a manifestation of the continuous re-
duction in grain size. Further increasing the oxygen content, the films
have only a single broad diffraction peak. However, whether the films
are amorphous or of fine nanocrystalline structures requires the de-
termination by TEM. The diffraction peaks significantly shift to the left
with the increase of the oxygen content, which is an intuitive mani-
festation of the lattice expansion caused by the oxygen as interstitial
atoms dissolved into the BCC lattice. Moreover, the film stress increases
with the increase of the oxygen solid solution.

Fig. 3 shows TEM analysis results of the as-deposited M, Mg; g40s 16,
and Mg3 6301637 thin films. The cross-sectional morphologies of the
three films are basically the same, all of which show columnar crystal,
and have a smooth film-substrate interface with uniform thickness. As
an example, Fig. 3(ap) displays the cross-sectional morphology of the
as-deposited M film. Fig. 3(a;—c;) and (ap—c,) exhibit the planar bright-
field and dark-field images of the three films. The average grain size
decreases slightly with increasing oxygen content. For the M film, it is
about 42 nm measured by Nano Measurer 1.2 software [22]. The three
films are identified as single-phase BCC structures by selected area
electron diffraction (SAED) patterns [Fig. 3(as—c3)], which are con-
sistent with XRD results. However, the diffraction rings become con-
tinuous with increasing oxygen content, and they are blurred and
broadened when the oxygen content reaches 16.37 at.%, further in-
dicating that the grain size gradually becomes smaller.

The cross-sectional TEM analysis results of the as-deposited
My7g.46021.54) Me4.08035.92 and Mye 3705363 thin films are shown in
Fig. 4. The film-substrate interfaces are smooth and the films are free of
columnar crystals [Fig. 4(a;—c;)]. The HRTEM image shows that the
Mg 46051 54 film is composed of fine crystallites (about 4 nm), which is
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Fig. 3. Cross-sectional TEM bright-field image of the as-deposited M (ao). Planar bright-field images (a;—c;), dark-field images (a,—c,), and SAED patterns (az—c3) of

the as-deposited M, Mg; 840316, Mg3.63016.37 thin films.

a BCC structure according to the fast Fourier-transform (FFT) analysis
[the insert on the bottom right corner of Fig. 4(ap)]. For the
Mé4.08035.92 film, some amorphous regions appear in the nanocrystal-
line gaps [Fig. 4(by)]. The Myg 3705363 thin film is a completely-
amorphous structure [Fig. 4(cy)]. Furthermore, the SAED patterns
shows that the Mg 46021 54 and Mgg 08035.92 thin films have a wide
diffraction ring and several weak ones [Fig. 4(as-b3)], which are con-
sistent with diffraction characteristics of nanocrystallites. The
Mye.370s3.63 thin film shows a typical amorphous electron diffraction
pattern. Obviously, films gradually change from a single-phase BCC
structure to an amorphous oxide with increasing the oxygen content. It
is worth mentioning that the average radius of the first diffuse wide ring
of the Myg 3705363 thin film is significantly smaller than those of the
other two films, which indicates that the local structure has changed.

3.2. Compositional interpretation of thin films

Whether in crystal or amorphous, there is a strong interaction be-
tween neighboring atoms, leading to the generation of the short-range-
order, which can be described through an intuitive way of the first
nearest-neighbor coordination polyhedral (cluster) [23,24]. Dong et al.
[20] proposed a cluster-plus-glue-atom model based of the nearest-
neighbor coordination polyhedra. According to this model, any phase
structure can be described by a universal cluster formula, [cluster]
(glue atoms),, where x is the number of glue atoms.

Here the cluster should be the one that best represents the local
short-range-order feature of the structure, termed “principal cluster” to

distinguish it from multiple clusters present in a given structure, which
should be the most strongly bounded part in the structure [25].
Meanwhile it can be inherited after the phase transition because of its
strong stability. The glue atom position is located on the second nearest-
neighbor shell [26]. Therefore, the model actually describes the main
chemical local structure and topological structure, this kind of mole-
cular formula shows the local short-range-order characteristics of the
phase structure [27].

The oxygen-free NbMoTaWV thin film has a single-phase BCC
structure. According to the cluster selection principle, the cluster model
of the BCC structure is: [(center atom)-(shell atom),4]-(glue atom),, x
being the integer number of glue atoms matching one cluster [28]. The
BCC cluster model has been presented in detail in the reference [29].
Here the number of glue atoms chose to be 3, and the first 8 and the last
6 atoms closest to the central atom form a diamond decahedron as the
principal cluster [m-m;4], where the m represents the random positions
of five metal atoms (Nb, Mo, Ta, W, and V), the schematic diagram is
shown in Fig. 5(a). For the NbMoTaWV alloy system, the five elements
are randomly occupied in the cluster, which can be regarded as a
mixture of five atoms.

Ideally, oxygen can be dissolved in the interstitial space of the
crystal lattice, forming an octahedral interstitial solid solution, which
derives from the difference in the atomic radius (the atomic radius of
oxygen is 0.66 f\, while those of Nb, Mo, Ta, W and V are all between
1.35 A and 1.47 A). This form of atomic occupancy is the most stable,
which is attributed to the strong interactions between the oxygen and
the other five elements caused by a large negative mixing enthalpy



L. Bi, et al.

Fig. 4. Cross-sectional bright-field TEM images (a;—c;), HRTEM
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images and corresponding FFT patterns (a,—c»), SAED patterns (az—c3) of the as-deposited

Fig. 5. Schematic diagrams of clusters: [m-m;4] (a),
[O-mg] (b) and [m-Og] (c). (The big blue solid circles
represent the random positions of five metal atoms
(Nb, Mo, Ta, W and V), the small red solid circles
represent the positions of oxygen atoms). Hardness,
modulus, and resistivity of M;00.xOx (x = 0-53.63)
thin films change with the oxygen content and local
structure (d). (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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between them. Then a cluster model [O-mg]m; with [O-mg] as the
principal cluster [Fig. 5(b)] can be constructed. Obviously, the [m-mj4]
and [O-mg] clusters coexist in films with low oxygen contents
(< 12.5 at.%). The oxygen-containing clusters will increase with in-
creasing the oxygen content. Once the oxygen content reach up to
12.5 at.%, the film contains only [O-mg]lm;. Further increasing the
oxygen content, the principal clusters do not change but the cluster
model translates to [0-mg]O; because oxygen starts to occupy the po-
sition of the glue atom.

When the oxygen content is 25 at.%, the solid-solution oxygen
content of the BCC structure reaches the maximum. If the oxygen
content continues to increase, the local structure of oxygen elements
adjacent to each other will inevitable. The local structure will have to
be adjusted to the [m-Og]lm, cluster formula with m as the center atom
[Fig. 5(c)] owing to the constraints of the mixing enthalpy, which is a
typical TiO,-type metal oxide-cluster model rather than other structure
types [26]. The reason will be discussed in the discussion section. When
the oxygen content is between 25 at.% and 66.7 at.%, the [O-mg] and
[m-Og] clusters coexist in the thin films. Increasing the oxygen content
to 66.7 at.%, the thin film is only consisted of [m-Oglm,. All single
cluster formulas (local structure) and corresponding component points
are marked in Fig. 5(d).

3.3. Performance analysis of thin films

3.3.1. Room-temperature performance

The RT properties (hardness, modulus, and resistivity) of the as-
deposited M;p0.Ox (x = 0-53.63) films as functions of the oxygen
content and local structure are plotted in Fig. 5. Here, in order to ex-
clude the influence of the surface or matrix effect, the value of 1/7 of
the film thickness is taken as the measured values in the hardness and
modulus curves with the indentation depth, as presented in Fig. 6. The
hardness and modulus increase first and then decrease with increasing
oxygen content (Fig. 5). For the oxygen-free M film, the values are
11.93 + 1.02 GPa and 212.12 * 9.32 GPa, respectively. But those of
the film with the maximum oxygen content are 9.82 *+ 0.85 GPa,
179.41 *= 8.32 GPa. The hardness of the Myg 4602154 film can reach
the maximum of 15.5 = 1.44 GPa.

In order to visualize the RT-resistivity trend of the M;po.,Ox
(x = 0-53.63) films, the logarithm values of resistivity as a function of
oxygen content are plotted in Fig. 5(d). The resistivity increases with
increasing the oxygen content. Those of the oxygen-free and Msg gO43.2
films are 77.58 pQ2-cm and 3161.79 uQ-cm, respectively. However, once
the oxygen content is > 43.2 at.%, the resistivity increases sharply, and
the maximum value reaches 1.26 x 10° uQ-cm, which belongs to the
category of amorphous semiconductors. In the two stages of O at.
% < 43.2 at.% and O at.% > 43.2 at.%, different resistivity change
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Fig. 6. Hardness and modulus of the Myg 46021 54 thin film as a function of the
depth of indentation, as well as positions of hardness and modulus values.
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Fig. 7. Resistivity-temperature curves of the as-deposited M;jpo.xOx
(x = 0-53.63) thin films (a). Conductivity-temperature (o - T) and Lno - 1/T
curves for the Myg 07050.93 and Myg 3705363 thin films (b).

slopes are shown, which are 0.037 and 0.332 (loguQ-cm/%), respec-
tively. The latter is an order of magnitude larger than the former.

3.3.2. Variable temperature resistivity

The resistivity of the M;00.,Ox (x = 0-53.63) thin films during the
temperature increase from 373 to 1073 K was measured with a variable
temperature resistivity tester. As shown in Fig. 7 (a), the logarithm of
the resistivity value was taken as the ordinate due to the large span of
resistivity value for the films with different compositions. When the
oxygen content is lower than 43.2 at.%, resistivity-temperature curves
are divided into two stages. In the first stage, the curves exhibit “pla-
teaux” starting from RT, that is, the resistivity shows little variation
with increasing temperature. Especially, the resistivity of the oxygen-
free film can stay stable from RT to nearly 873 K, indicating an ex-
cellent resistivity stability. In the second stage, the resistivity decreases
with increasing temperature, which can drop below 50 pQ-cm at
1073 K.

However, the “plateaux” disappear in the first stage when the
oxygen content reaches 50.93 at.% and 53.63 at.%. The resistivity va-
lues of My9,07050.93 and Mg 37053 63 films are much higher than those
of the low-oxygen films, the former belongs to the category of amor-
phous semiconductors. In order to further study the conductive beha-
vior at this stage, the conductivity-temperature (o - T) curves of the two
films are plotted in Fig. 7(b), as presented by the black lines, the con-
ductivity increases exponentially with increasing temperature. Taking
the logarithm of the conductivity value as the ordinate, the Lno - 1/T
curves show two different slopes in the range of 373-525 K and
525-1073 K, as exhibited by the red line in Fig. 7(b). According to the
literatures [30,31], the amorphous Mg 97050.93 and Mye 37,053 63 thin
films have a resistivity-temperature behavior similar to the conductivity
of ionic crystals as function of the temperature. These two slopes cor-
respond to the impurity conductivity in the low-temperature region and
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the intrinsic conductivity in the high- temperature region, respectively.
4. Discussion

As mentioned above, the oxygen-free NbMoTaWV thin film has a
single BCC structure (a principal cluster is [m-m;4]). But with the in-
crease of the solid-solution oxygen content ([O-mg] clusters) in the
films, the grains breaks, and the grain size decreases due to the crystal
lattice expansion, which will enhance the solid-solution or grain-
boundary strengthening. Eventually, both the hardness and modulus of
films gradually increase. Meanwhile, electron scattering is strengthened
due to the interstitial solid solution and the increasing grain bound-
aries. For the film with the 25 at.% oxygen, the solid-solution
strengthening reaches the theoretical limit. With the increase of the
oxygen content, [O-mg] clusters gradually decrease, and [m-Og] clusters
begins to appear, resulting in the hardness and modulus of the films
decrease. The content of [0-mg]O; and [m-Oglm, is theoretically
equivalent when the oxygen content reaches 47 at.%. Further in-
creasing the oxygen content, the principal clusters will become [m-Og]
clusters. The properties of the thin film will change from metallic to
oxide semiconductor (approximately the ionic crystal) characteristics.
The resistivity of the thin film containing the 50.93 at.% oxygen in-
creases sharply, which confirms the properties of the films changed
(Fig. 5).

4.1. Resistivity-temperature behavior of thin films

4.1.1. Films with metal characteristics

The resistivity-temperature curves of the M;9.,O, (x < 43.2) films
show a plateau in the initial temperature rising stage (Fig. 7). Here, the
width of the plateau represents the temperature range of the resistivity
stability. The results exhibit that the plateau becomes narrower with
increasing the oxygen content, indicating the decreasing resistivity
stability. For the NbMoTaWV high-entropy film, the plateau width is
larger than the others, such as AlCoCrFeNi [32], due to the micro-
structure stability caused by the increasing entropy, and the high-
temperature stability brought by the high melting points of the five
refractory elements.

The resistivity decreases rapidly with increasing temperature after
the plateau stage, which is a common phenomenon in the disordered
solid solution and amorphous [33]. Because diffusion is easier at high
temperatures, resulting in the disordered-ordered transformation
(phase transition or amorphous crystallization) of the structure. Here,
the GIXRD analysis was performed on the two typical films
(Mg3.63016.37 and Mse g0043.20) after the variable temperature re-
sistivity measurement to explore the transformation of the film struc-
ture at high temperatures, as shown in Fig. 8. The structures of the two
films are a BCC structure and nanocrystalline + amorphous structure,
respectively. However, after the variable temperature resistivity mea-
surement, in the Mg3 6301637 thin film, the BCC diffraction peaks dis-
appear, and new diffraction peaks appear at 26.7°, 35.6°, and 53.2°,
respectively, while the Mse 8004300 thin film is crystallized obviously,
and the positions of the crystallization peaks are the same as the
Ms3.63016.37 film. The pattern after the variable temperature resistivity
test was fully fitted by the JADE software [34], it is found that the new
diffraction peaks corresponds to the TiO, type structure through re-
ferencing the existing structure of the single-cationic oxide. By com-
paring and analyzing the PDF card (PDF#82-1142, 89-4773, and 79-
1655) and the Pearson Handbook of Crystallography (No.136MoO, and
No.136WO,), this structure oxide is present in all five single cationic
oxides, Hence, it is determined that a metal oxide with a single TiO,
structure is formed in the thin films after the variable temperature re-
sistivity test.

4.1.2. Films with amorphous oxide semiconductors
For the films with oxygen contents greater than about 47 at.%, they
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Fig. 8. XRD patterns of Mg3 63016.37 and Mse g0O43.20 thin films before and after
the measurement of the temperature-variable resistance, and the fitting pattern
of the TiO, structure.

have an amorphous structure. Generally, as the temperature increases,
the resistivity must decrease continuously along with the process of
amorphous-film crystallization from disorder to order. However, the
Lno - 1/T curves of the Myg 07050.93 and Myg 37053 63 amorphous films
shows two slopes at different temperature stages [Fig. 7(b)], which can
be judged from the curve shape that the resistivity-temperature beha-
vior of films is similar to that of ionic crystals.

From the point of view of the structure, the two amorphous films
can be crystallized into oxides of the TiO, structure (a typical ionic
crystal structure), which indicated that the correlation between amor-
phous films and ionic crystal structures. Based on the cluster theory, the
crystallized structure will inherit the local structure (principal cluster)
of the amorphous, which is the basis for the similar properties of the
amorphous and the crystalline structures [35]. Therefore, it is logical to
select the principal cluster of the amorphous structure by the crystal-
lized structure, the cluster formula of the amorphous film can only be
[m-Oglm, from the crystal structure of TiO».

The conductive behavior of metal-ion crystals with the temperature
can be divided into two parts: the impurity conduction at low tem-
peratures where the impurity is the main carrier, and the intrinsic
conduction at high temperatures in which ions or vacancies become
conducting carriers under the action of the electric field [36]. At high
temperatures, the effect of ionic properties and crystal structures on the
ionic conductivity through changing the conductive activation energy
(Ep) is achieved. The E, is related to the slope of the conductivity-
temperature curve and obeys the Arrhenius formula, which can be
described by the following formula [37,38].

oT = Aexp(;E;]
B

@

where o is the conductivity, A is a constant, T is the absolute tem-
perature, kg is the Boltzmann constant, and kp equal to 0.026 eV. For
convenience of calculations, taking the napierian logarithm of both
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Fig. 9. LnoT - 1/T curves of the Mg 07050.93 and Mag 37053 63 thin films.

sides of Eq. (1), as shown in the Eq. (2):

—-E,
kgT (2)

LnoT =

The LnoT - 1/T curves of the M49‘O7050493 and M46.37053.63 thin films
are presented in Fig. 9. At the high temperature stage, the E, of the two
films were calculated to be 0.18 eV and 0.20 eV, respectively, which
indicates that the E, slightly increases but the electrical conductivity
weakens with increasing the oxygen content. The oxygen content of the
single-metal oxide VO is similar to those of the My 0705093 and
M.6.370s3.63 thin films, but its E, is only 7 x 10~ 3 eV [39]. Obviously,
the formation of the high-entropy alloy oxide can greatly increase the
E, and reduce the o.

In summary, the conduction mechanism changes with the variation
of the composition. Meanwhile, with the increase of the oxygen con-
tent, the film changes from the metallic oxygen-containing solid solu-
tion to the semiconductor amorphous oxide (similar to TiO, type ionic
crystal).

4.2. Strengthening mechanisms

Based on the microstructural characterization of M;go.xOx
(x = 0-53.63) films and the analysis from Fig. 5, it can be seen that the
grain size of nanocrystalline decreases as the oxygen content increases.
Furthermore, the microstructure of the film gradually translates from
the crystalline to the amorphous state in the following order: nano-
crystalline (tens of nanometers to several nanometers) — nanocrystal-
line (several nanometers) and partial amorphous — amorphous. Here,
three typical samples (Mo;.840s.16; M78.46021.54, and Mg 37053.63) were
selected for the discussion to deeply understand the strengthening
mechanism of M40, (x = 0-53.63) films.

4.2.1. M91.84O8.16 thlnﬁlm

The Mo g40s.16 film is composed of single-phase BCC nanocrystal-
line. Therefore, grain-boundary strengthening and solid-solution
strengthening are considered as the main strengthening mechanisms,
which are elaborated as follows.

(1) Grain-boundary strengthening

With the refinement of grains, more grain boundaries are in-
troduced, which hinders the movement of dislocations within the grain,
thereby increasing the yield strength. The average grain sizes of
Mo, 840516 film is 40 nm. The strengthening effect (o) due to the
decrease in the grain size of bce phase can be calculated according to
the Hall-Petch equation [40,41]:

Surface & Coatings Technology 402 (2020) 126326

Table 2
Contributions of different strengthening mechanisms for the M;gg-,O, films
strength.

Films Ogp A0, Ooral Hv = 30, Measured value Hv (GPa)

(GPa) (GPa) (GPa) (GPa)

Mo1.840s8.16 4.00 0.78 4.78 14.34 13.33
My7g.4602154 4.29 1.26 5.55 16.65 15.50
Ma6.370s3.63 9.50 9.82
Jgb = 0o + kd=1/2 3

where 0y is the lattice friction stress, equal to 2160 = 130 MPa, k is the
strengthening coefficient, equal to 0.44 = 0.015 MPa m'/?, and d is
the average grain size [42,43]. By calculations, og is 4.0 GPa (as shown
in Table 2).

(2) Solid-solution strengthening

In NbMoTaWV films, Oxygen can be dissolved in the BCC matrix by
means of interstitial solid solution. Interstitials in BCC metals usually
produce a tetragonal distortion of the lattice, which can give rise to a
relatively large shear strain due to the interaction between dislocations
and the tetragonal defects. The strength increment caused by interstitial
solid solution Agy is proportional to interstitial content and can be es-
timated as follows [44,45]:

GAecl/?
Aoy = @
G=_ B
2(1 +v) )

where G is the shear modulus of BCC matrix. v is Poisson's ratio
(v = 0.3) [46], and the E is the Young's modulus of BCC matrix, equal to
212 GPa, obtained from nanoindentation measurements. Therefore, the
shear modulus of BCC matrix can be calculated, equal to 81.54 GPa. Ae
is the difference between the longitudinal and transverse strain of the
tetragonal distortion source when interstitial atoms occupy the inter-
stitial sites in alloys, the calculated values of the tetragonal distortion
Ae for the O is 0.10 [47], and c is the atomic concentration of interstitial
atoms creating such defects. According to these parameters, the Ao, of
M91.8408.16 thin film is 0.78 GPa.

4.2.2. M78.46O21.54 thin ﬁlm

The microstructure of the Myg 4605154 film also consists of single-
phase BCC nanocrystalline, and the grain size is about 4 nm. Similar to
the Mo; g40g.16 film, grain-boundary strengthening and solid-solution
strengthening are available to the film.

When the grain size is less than a critical grain size (~ 10 nm), the
relationship between the yield strength and grain size do not obey the
Hall-Petch relationship, which is expected to occur for most metals
[48,49]. The reason is that the main deformation mechanism of the film
changes from the dislocation glide to grain-boundary sliding [50,51].
The grain size of the Mg 46021 54 film is about 4 nm, which exhibits the
inverse Hall-Petch behavior [52]. Therefore, the g can be calculated
according to the following equation [53].

0.36
Tgp = 0o + ——

N ©®
fgo=1— (1 — w/d)? Q)

where fg, is the volume fraction of grain boundaries. It can be expressed
by the following Eq. (7), w is the width of the grain boundary, which is
approximately about 1 nm for the BCC structure, 0, is the internal
stress along the grain boundary that depends on parameters such as
grain-boundary thickness, lattice distortions near grain boundaries, and
grain size,
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2G,6
d (8

where G, is the shear modules of the grain next to grain boundar-
ies,G; = (60-75%)G; & represents the distance of the mismatch or
distortion in grains, § = 0.8a, a is the lattice constant (a = 0.3186 nm).
By calculations, the g, of the Mg 46021 54 film is 4.29 GPa. Meanwhile,
According to the Eq. (4), the Aoy of the Myg 4602154 thin film is
1.26 GPa, the results are shown in Table 2.

Jin =

4.2.3. M46.37O53.63 thin ﬁl]n

When the oxygen content is above 47 at.%, the thin film is fully
amorphous, which consists of a variety of metal oxides, and its hardness
can be expressed by the following formula [54]:

Hy = C(aGK)'? (C)]

where C is the proportional constant to give the ratio of the stress to the
resistance to deformation at the time when the indentation ceases
(C = 0.1), and a is bond strength factor. G and K are the shear modulus
and bulk modulus, respectively. Eq. (9) shows that it is possible to es-
timate the hardness number of the film if both shear and bulk moduli
and average single-bond strength are known for the given film. In an
isotropic material, such as glass, both bulk and shear moduli are known
to be related to Young's modulus and Poisson's ratio by the equations,
the shear modulus is shown in Eq. 5, the bulk modulus can be expressed
as:

Kke_E
3(1 — 2v) (10)

The value of q, the ratio of the average single bond strength to m-O
bond strength, can be given from Eq. (11), where f; is the number of
cations, j is the one mole weight of film, n; is the coordination number,
¢; is the single bond strength of the cation j to the oxygen bond, and ¢, is
the single bond strength of the m-O bond. by calculations, a = 0.886.

EOZ{fjnj} (11)

The calculated value of hardness of Mg 37053 63 film is 9.50 GPa (as
shown in Table 2) according to the above equations, which is in
agreement with the provided measured value. For the Mg; g40g.16 and
Myg.46021.54 films, by calculations, the o0y, values are equal to
4.78 GPa and 5.55 GPa, respectively. Zhang et al. [55] has reported that
the hardness approximates three times of the strength. Hence, the cal-
culated values of hardness for the Mg; 40516 and Myg 46021 54 films are
14.34 GPa and 16.65 GPa, respectively, there is a slight deviation from
the measured value, which may be due to the measurement error of
oxygen.

Comparing the contributions of different strengthening mechan-
isms, it was found that the main differences of strengthening mechan-
isms evidently resulted from the microstructure of Mjpp.Ox
(x = 0-53.63) film gradually transitioning from the crystalline state to
the amorphous state. The films with low oxygen contents (0-25 at.%)
have an entire single-phase BCC nanocrystalline structure. The
strengthening mechanisms are the grain-boundary strengthening and
solid-solution strengthening. In particular, with increasing the oxygen
content, the size of the nanocrystalline phase decreases, and more
oxygen is dissolved into the NbMoTaWV matrix, which lead to re-
inforced solid-solution strengthening is reinforced and the grain
boundary strengthening is compatible with the inverse Hall-Petch re-
lationship rather than the Hall-Petch relationship. Further increasing
the oxygen content, Amorphous structures begin to appear. When the
oxygen content ranges from 25% to 47%, the films have a mixed
amorphous-nanocrystalline structure, such as Mg40803592 and
Msg.80043.20 films. The films can be regarded as a two-phase composite,
and the hardness can be described by a simple rule-of-the-mixture [56].
When the oxygen content exceeds 47 at.%, the films only have an
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amorphous structure and is subject to the strengthening mechanism of
the amorphous structure. The hardness of amorphous films is lower
than crystalline films because of less dense packing in the amorphous
state [57]. The hardness of films with different oxygen content were
calculated, there is a slight deviation from the measured value. How-
ever, it can be found that the calculation result is consistent with the
change trend of measured hardness.

5. Conclusions

In order to investigate the properties and local structural evolution
of refractory high-entropy alloy oxide films with different oxygen
contents, M;p0.,Ox (x = 0-53.63) films were deposited on a single-
crystal Si (100) substrate by RF magnetron sputtering, and the cluster-
plus-glue-atom model were introduced to interpret the compositions of
films. With increasing the oxygen content, the local structure of films
gradually changed from [m-mj4] to [O-mg], and finally to the amor-
phous oxide structure of [m-Og]. The hardness and modulus increase
first and then decrease with a range of 9.8-15.5 GPa and
179.4-215.6 GPa, respectively. The RT resistivity of the film con-
tinuously rises from 55 to 1.26 X 10° pQ-cm, and the rising rate is
relatively large at high oxygen content. Particularly, the M;g 46021 54
film with a fine nanocrystalline structure shows the best comprehensive
properties, the hardness can reach 15.5 GPa and the resistivity is about
355 p€em. With increasing the oxygen content, the strengthening
mechanism of the film changes from grain-boundary strengthening and
solid-solution strengthening, to a pure amorphous strengthening me-
chanism. The conductive mechanism transforms from a metal solid
solution to an amorphous oxide semiconductor (similar to TiO, type
ionic crystal). The Mjg0..Ox films have a broad application prospect,
which could be modulated in a wide range, covering conductors to
semiconductors.
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