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Abstract: Yttrium nitride (YN) is a hard and refractory material with a high melting point. It is a
semiconductor that has been investigated for its potential applications in the field of semiconductor
technology, including as a material for electronic devices. It is also of interest for its optical properties
and its potential for use in optoelectronics. However, investigating its mechanical properties for a
possible application in optical coatings has not been completed. This study involved the exploration
of the mechanical properties of YN alloyed with niobium (Nb) and zirconium (Zr) for possible
application in optical coatings using a first-principles approach. The result showed that the addition
of Nb and Zr into the YN matrix had a profound effect on the mechanical properties of the modeled
structures, with the Y-N-Nb (CYN_5) sample having the best mechanical properties. The bulk
modulus was the most affected, with an increase of 26.48%, while the Vickers hardness had the
smallest increase of 6.128% compared with those of pure YN. The modeled structures were thus found
to be ideal alternative materials for optical coatings due to their improved mechanical properties.

Keywords: optical coatings; mechanical properties of optical coatings; mechanical properties of
niobium compounds; mechanical properties of zirconium compounds; yttrium nitride alloys

1. Introduction

Yttrium nitride (YN) is a semiconductor composed of yttrium (Y) and nitrogen (N),
and it belongs to the larger category of nitride compounds [1]. It is currently used in
a wide range of applications. Silicon nitride powders are coated uniformly with yt-
tria and yttria–alumina precursors using YN in microencapsulation procedures [2]. In
metal/semiconductor superlattices for thermoelectric applications, YN is a semiconductor
that shows great promise [3]. Moreover, YN is a good electrical conductor, making it
appropriate for use in micro- and optoelectronics [4].

To improve the electrical conductivity in integrated circuits and other electronic de-
vices, YN is used as a conductive layer in thin-film coatings [5,6]. The high Vickers hardness
of YN at 22.28 GPa [4] implies that it possesses excellent hardness and wear resistance
and has the potential to coat and shield underlying materials from abrasion and wear.
For cutting tools and wear-resistant applications, this is useful in prolonging the lifespan
and durability of the coated components. YN can be used in decorative coatings and as a
more affordable option to gold coatings, thanks to its good reflection and color. Due to its
corrosion resistance, it can be used as a protective coating in settings where exposure to
corrosive materials is a problem [2,7]. YN has been explored both in 3D and 2D for coating
applications, where the 2D structures have been found to possess unique properties [8].

Coating materials should have a number of desirable mechanical properties, including
firmly adhering to the substrate in order to prevent delamination or peeling, especially
under mechanical stress or temperature fluctuations [9]. The coating should also be hard
to ensure a longer lifespan and to maintain the optical performance over time, such as
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high transparency since it is resistant to scratches, abrasion, and wear [10,11]. To accommo-
date stress, strain, and thermal expansion differences between the coating and substrate
without cracking or delamination, coatings should have a certain degree of elasticity and
flexibility. Cleaning agents or contact with other surfaces should not significantly degrade
the coating’s optical properties. The coatings should also have the capacity to withstand
crack propagation, which is essential to avoid damage from mechanical stresses or impacts.
Moreover, the coatings should have the ability to endure wear over time, especially in
situations where the coated surface may be subjected to repetitive friction or contact, as
well as sustaining compression pressures without deforming or failing, which is crucial in
applications where pressure is applied to the coating [12].

Despite the desirable properties mentioned, YN faces several challenges as an optical
coating material. Firstly, it is not chemically inert since it has a high heat solution of
11.6 kcal/mol [6]. Thus, it cannot effectively resist reactions with many chemicals and
gases. High inertness is ideal for ensuring the stability of the coating and making it
suitable for use in various chemical environments. Secondly, Y is a relatively rare and
expensive element [13]. Consequently, its cost and availability can be limiting factors in
the widespread use of YN for coating applications. Although YN possesses good elastic
properties such as a high bulk modulus for better resistance to compression, its mechanical
properties still need modifications to make them better.

In optical coatings, maintaining a certain level of hardness and rigidity is important
to ensure that the coating remains intact and does not undergo plastic deformation. Plas-
tic deformation can introduce unwanted changes in the coating’s structure and optical
properties, leading to loss of performance or functionality. In this study, I performed ab
initio mechanical characterization of YN alloyed with niobium (Nb) and zirconium (Zr)
with the aim of improving those properties for possible application in optical coatings. The
choice of the two materials (Nb and Zr) was informed by the relative abundance of Zr, as
well as their low-toxic nature [14,15]. Moreover, Zr is known for its resistance to corrosion
and heat, and it is currently being used in various industries, including nuclear power,
aerospace, and the production of high-temperature alloys [16].

2. Materials and Methods

The starting structure (YN) was obtained from the crystallographic open database [17].
The cell was a simple cube, with an Fm3m space group, number 225 (Figure 1), and a lattice
constant of 4.894 Å. The Y-N bond was found to be 2.447 Å (Figure 1). The original structure
consisted of 8 atoms: 4 of Y and 4 of N. Upon creation of 2 × 2 × 2 supercells (Figure 2a)
containing 64 atoms (32 of Y and 32 of N), the structures were alloyed by replacing some
of the Y atoms with those of Nb and Zr, as shown in Table 1. The alloyed structures are
shown in Figure 2, which shows only a representation of one structure in each category, as
presented in Table 1. It is worth noting that the number of N atoms was kept constant at
32 throughout, and only those of Y were substituted with those of Nb and Zr. The samples
were given sample identities, as shown in Table 1. Co-alloying was also performed, where
both Nb and Zr atoms were incorporated into the YN structure. For the Y-N-Nb-Zr samples,
the number of Y atoms was kept constant at 12, and the number of atoms of Nb and Zr was
varied, as shown (Table 1).

The modeling of the structures was performed using the SOD (site occupation disorder)
algorithm, upon which the structures that produced the least total energies were selected
for further analysis. The SOD code ensured that the modeled structures remained cubic,
with the same space group as that of the original YN structure. The optimization of the
modeled structures was performed according to the procedure found in the work by Alruqi
and Ongwen [18]. The kinetic energy cut-off and the k_point meshes were taken as 50 Ry
and 5 × 5 × 5, respectively.
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Table 1. The number of atoms of Y, N, Nb, and Zr in the Y-N-Nb, Y-N-Zr, and Y-N-Nb-Zr supercells.

Sample Yttrium Nitrogen Niobium Zirconium

CY 32 32 0 0

Y-N-Nb

CYN_1 28 32 4 0

CYN_2 24 32 8 0

CYN_3 20 32 12 0

CYN_4 16 32 16 0

CYN_5 12 32 20 0

Y-N-Zr

CYZ_1 28 32 0 4

CYZ_2 24 32 0 8

CYZ_3 20 32 0 12

CYZ_4 16 32 0 16

CYZ_5 12 32 0 20

Y-N-Nb-Zr

CYNZ_1 12 32 4 16

CYNZ_2 12 32 8 12

CYNZ_3 12 32 12 8

CYNZ_4 12 32 16 4

All the calculations were performed using generalized gradient approximation within
the Quantum Espresso algorithm. The calculation of the elastic constants (and hence, the
mechanical properties) was determined using the stress–strain method from the work by
Ongwen, Ogam, and Otunga [19]. Very small values of strains (±0.006) were applied to the
crystals so as to ensure that resulting stresses remained within the linear regime of Hooke’s
law. The calculation of the Vickers hardness was performed using the Tian model, which is
expressed as [20]:

HV = 0.92n1.137G0.708 (1)

where n = G/B, where G is the shear modulus and B is the bulk modulus. Both the bulk
and shear moduli used in this study were Hill’s averages, which were obtained according
to some previous works [21,22]. The mechanical stability of the structure was tested using
the relationships:

c11 > 0, c44 > 0, c11 − c12 > 0, c11 − 2c12 > 0 (2)

3. Results and Discussion
3.1. Structural Study

In many areas of research and engineering, the structural properties of a material
are vital because they influence the material’s behavior, functionality, and suitability for a
certain use. These properties offer important insights into the behavior of materials under
various loads, production conditions, and environments. They influence material perfor-
mance, selection, design and engineering, failure analysis, and durability and longevity,
among others [23,24]. The lattice constant of YN was found to be in very good accord with
the literature values (Table 2). The lattice constant deviates from the experimental study by
Du et al. [1] by 0.4082%, and from the computational study by Holec et al. [25] by 1.261%.
The study by Du et al. obtained the rock salt structure of YN. The computed density of YN
in this study is also in excellent accord with the result from the study by Holec et al. [25].
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Table 2. The computed lattice parameters, density, and elastic stiffness constants of Y-N-Nb, Y-N-Zr,
and Y-N-Nb-Zr.

Category Sample a
(

Å
)

ρ
(
kg/m3) c11(GPa) c12(GPa) c44(GPa)

CY
4.908

(4.88 [1])
(4.917 [4])

5788
(5750 [25])

312.0
(314.34 [4])

83.1
(81 [26])

123.6
(124 [26])

Y-N-Nb

CYN_1 4.824 6127 356.6 84.0 127.9

CYN_2 4.766 6388 372.0 90.6 128.4

CYN_3 4.715 6652 390.2 95.5 128.9

CYN_4 4.649 6953 410.9 101.6 129.7

CYN_5 4.592 7253 434.7 107.7 130.3

Y-N-Zr

CYZ_1 4.858 5985 340.6 85.3 128.2

CYZ_2 4.816 6109 366.9 87.8 129.9

CYZ_3 4.778 6327 389.1 90.3 131.6

CYZ_4 4.738 6504 416.8 92.7 132.6

CYZ_5 4.702 6673 447.3 95.1 134.1

Y-N-Nb-Zr

CYNZ_1 4.615 7125 441.9 99.6 100.0

CYNZ_2 4.638 6981 442.7 99.7 110.1

CYNZ_3 4.656 6908 443.7 99.8 118.7

CYNZ_4 4.678 6792 445.1 99.9 128.6

Figure 3a clearly shows that the lattice constants of all the samples investigated in
this study generally decrease upon the addition of the alloying elements (Nb and Zr).
Nb led to a larger decrease in the lattice constant (Y-N-Nb) compared with Zr (Y-N-Zr).
This can be attributed to the difference in the atomic radii of the three elements. Both Nb
(198 pm) and Zr (206 pm) have smaller atomic radii compared with that of Y (212 pm).
Thus, incorporating them into the YN matrix led to the shrinkage of the cell. Incorporating
Nb led to a higher shrinkage since Nb has a smaller atomic radius compared with Zr. The
addition of both Nb and Zr (Y-N-Nb-Zr) into the YN matrix led to a drastic drop in the
lattice constant, after which the lattice constant increased consistently with the addition of
Nb (and a decrease in Zr). The densities of the alloyed structures experienced an increase
upon the addition of the two alloying elements (Figure 3b). This was expected since density
and the lattice constant (volume) are inversely related. Going by the mechanical stability
conditions in equation 2, it was concluded that all the materials investigated in this study
are mechanically stable under ambient conditions.
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3.2. Mechanical Properties

In many disciplines, including engineering, materials science, and manufacturing, a
material’s mechanical properties are crucial. For the purpose of creating safe and effective
structures, these properties offer vital information about how a material will respond to
various loading scenarios. For structures to be efficient, safe, and reliable, their mechanical
properties are essential. Mechanical properties such as Young’s modulus and hardness are
essential factors to take into account when choosing materials, designing products, and
advancing industry and technology as a whole [27,28].

Table 2 also depicts the computed elastic stiffness constants cij. Only three stiffness
constants (c11, c12, and c44) are required for the calculation of the elastic constants of cubic
crystals. As the table shows, the calculated stiffness constants are in excellent accord with
the literature values. This is a result of the high accuracy that was used in the calculations,
which was brought about by the large kinetic energy cut-off as well as the large k_point
mesh. Going by the mechanical stability condition [29], I concluded that all the modeled
structures in this study are mechanically stable under ambient conditions.

The elastic stiffness constant refers to the stiffness or elasticity of a material in a specific
direction or for a particular mode of deformation. A larger value of the elastic stiffness constant
indicates that the material is stiffer and more resistant to deformation in the specified direction.
This is particularly significant in applications where rigidity and minimal deformation are
crucial. As Table 2 shows, YN has a much larger value of the stiffness constant along the
x-direction (c11), implying that it can withstand greater loads or stresses along the x-direction
before undergoing significant deformation or failure. This is important for ensuring the
safety and reliability of structures and components, especially in applications where they
experience substantial forces. The elastic stiffness constant c44 was observed to be larger than
c12, implying that the crystal is resistant to shear since c44 is related to shear [30].

Figure 4a shows the variation in the elastic stiffness constants of the samples with the
number of Nb/Zr atoms. As the figure depicts, a consistent increase in c11 and c12 with the
number of Nb/Zr is observed in all the samples, while the Y-N-Nb-Zr experienced a drop
at Nb = 4 but then increased as the number of Nb increased. The increase in the stiffness
constants can be attributed to the close-packed arrangement of the atoms in their structures.
Elevated stiffness constant values in materials are noteworthy for multiple reasons since
they greatly influence the material’s mechanical properties and appropriateness for different
uses. Characterizing a material’s reaction to mechanical loads and deformations requires
an understanding of the stiffness constants. The fact that materials with greater stiffness
constants are less pliable and more rigid is the most obvious significance. They are more
difficult to stretch or compress under a given force and resist deformation. This property
is essential in applications that demand dimensional stability. Moreover, stiffer materials
can bear more loads and pressures without experiencing undue deformation or failure.
Because of this, they can be used in load-bearing parts in equipment, buildings, and other
applications [31]. All the materials computed in this study therefore prove to be superior to
YN since all have higher values of the elastic stiffness constants.

In Figure 4a, the curves for Y-N-Nb and Y-N-Zr for c11 are almost equal, while that
for Y-N-Nb-Zr experiences a drastic rise at Nb = 4 and then rises slowly as the number of
Nb atoms increases. For c12 (Figure 4b), the curve for Y-N-Nb rises higher than that for
Y-N-Zr as the number of Nb/Zr increases, implying that there is closer packing between
the atoms in the Y-N-Nb structure than the packing between the Y-N-Zr structure. The
Y-N-Nb-Zr structure also experienced a drastic rise at Nb = 4 for c12 and then rose slowly
as the number of Nb atoms increased (Figure 4b). In Figure 4c, the curves of c44 for both
Y-N-Nb and Y-N-Zr are comparable, especially at low values of Nb/Zr. As the values
of Nb/Zr increase, however, a deviation is observed. This implies that Zr contributes to
higher values of the stiffness constant c44. The drastic drop in c44 for Y-N-Nb-Zr at Nb = 4
indicates that the sample experiences the least stiffness at this value of Nb.
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Figure 4. The variation of the computed elastic stiffness constants of the alloy samples as functions of
the number of niobium/ zirconium atoms. (a) c11, (b) c12, and (c) c44.

Table 3 displays the computed mechanical properties of YN and all the other materials
simulated in this study. The mechanical properties of the pure YN (CY) are in excellent
accord with the literature values, including the work by Yang and An [32], who used
GGA-PBE in their work. The values of the mechanical properties of YN obtained in this
study are higher than those of the common materials used in optical coatings.

Table 3. The computed mechanical properties of Y-N-Nb, Y-N-Zr, and Y-N-Nb-Zr.

Category Sample B(GPa) G(GPa) E(GPa) HV(GPa)

CY 159.4
(159.2 [32])

119.9
(120.5 [32])

287.5
(289.2 [33])

20.56
(21.01 [32])

Y-N-Nb

CYN_1 174.9 131.3 314.8 21.78

CYN_2 184.4 133.2 322.0 20.91

CYN_3 193.7 136.0 330.6 20.40

CYN_4 204.7 139.2 340.4 19.85

CYN_5 216.8 142.7 351.0 19.34

Y-N-Zr

CYZ_1 170.4 128.0 307.1 21.45

CYZ_2 180.8 133.7 321.8 21.62

CYZ_3 189.9 138.7 334.2 21.73

CYZ_4 200.7 143.7 348.0 21.78

CYZ_5 212.5 149.6 363.4 21.82

Y-N-Nb-Zr

CYNZ_1 213.7 124.2 312.1 14.80

CYNZ_2 214.0 131.6 327.6 16.66

CYNZ_3 214.4 137.7 340.3 18.26

CYNZ_4 215.0 144.7 354.5 20.11

For instance, magnesium fluoride (MgF2) has a Young’s modulus of 169.1 GPa, a
shear modulus of 57.1 GPa, and a Vickers hardness of 4.41 GPa [34]. Silicon IV oxide
(SiO2), on the other hand, has a Vickers hardness of 11.5 GPa [35]. These figures show
that YN has superior mechanical properties compared with those of both MgF2 and SiO2.
Figure 5 shows the variation in the mechanical properties of the modeled samples with
Nb/Zr. The bulk moduli of all the samples (Figure 5a) generally increase with an increase
in the number of Nb and Zr atoms added. The material’s resistance to compression under
pressure is expressed in terms of its bulk modulus. A larger bulk modulus in the context
of optical coatings can provide a number of noteworthy benefits. Optical coatings are
frequently used in a variety of optical devices, including telescopes, microscopes, and
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cameras, in order to enhance the performance of lenses and mirrors. The shape of the
optical element is less likely to flex or distort when subjected to external forces when
a material with a high bulk modulus is used in the coating because it is less prone to
compression under pressure. As a result, there is less image distortion and better optical
performance. Moreover, optical coatings exhibiting a high bulk modulus are characterized
by greater resistance to mechanical deformation. Without experiencing major changes in
their properties, they can tolerate external stresses like pressure, temperature swings, and
vibrations. This is especially crucial for situations where optical components are exposed to
challenging weather conditions [36,37]. All the materials investigated in this study turned
out to have higher bulk moduli than those of YN Y-N-Nb (CYN_5), which had the highest
bulk modulus of 216.8 GPa, representing a 26.48% increase from that of YN at 159.4 GPa.
Thus, they are superior for use in optical coating applications. A consistent increase in
the bulk modulus was observed with an increase in both Nb and Zr. The bulk modulus
increased from 159.4 GPa (for YN) to 216.8, 212.5, and 215.0 GPa for Y-N-Nb, Y-N-Zr, and
Y-N-Nb-Zr, respectively. This represents a maximum increase of 36.01% for CYN_5.
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A material’s resistance to deformation brought on by shear stress is determined by
its shear modulus. A greater shear modulus in the context of optical coatings can offer a
number of noteworthy benefits. Optical coatings, like interference coatings, are typically
extremely thin layers of material. These coatings may experience shear forces when they
are subjected to mechanical or environmental stress. Materials with a higher shear modulus
are less likely to slip or shear under such stress, which lowers the possibility of deformation
that could impair optical performance. Depending on the precise layer thickness and
refractive index, optical coatings are engineered to have specific optical properties like
reflectance, transmittance, or antireflection properties. These properties may alter due to
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shear-induced deformation in the coating [38]. As Figure 5b shows, the shear moduli of all
the samples increased consistently with an increase in the number of Nb/Zr atoms. The
Y-N-Zr experienced the largest increase of 149.6 GPa (for sample CYZ_5), representing
24.77%, while CYN_5 recorded the least increase of 142.7 GPa. The high shear moduli of
these materials imply higher mechanical stability and can aid in the coatings’ ability to
hold onto their intended characteristics over time, even in the face of mechanical stress and
temperature changes.

When a material is exposed to a tensile or compressive force, its stiffness or resistance
to elastic deformation is measured by its Young’s modulus. A higher Young’s modulus can
have important implications for optical coatings for a number of reasons, including reduced
deformation, improved resistance to mechanical stress, and enhanced optical performance.
In order to retain their optical properties, optical coatings (which are frequently applied
as thin layers on optical surfaces) must keep their thickness and shape. When subjected
to mechanical stress, a material with a high Young’s modulus is less likely to experience
significant elastic deformation, which could result in slight alterations to the coating’s
thickness and shape. This is required in order to sustain optical performance. Moreover,
mechanical stresses from handling, mounting, and temperature-induced expansion and
contraction occur in optical systems. A greater resistance to these stresses means that a
coating with a higher Young’s modulus is less likely to deform, delaminate, or sustain
damage. As a result, the optical system becomes stronger [39,40]. As Figure 5c shows, there
is a consistent increase in Young’s moduli with an increase in the number of Nb/Zr atoms.
The Y-N-Nb samples (sample CYN_5) recorded the highest value of Young’s modulus at
363.4 GPa, which was 26.4% higher than that of YN at 287.5 GPa. CYN_5 therefore provides
greater performance of the optical coatings such as reflectivity or transmittance, as the
coating’s structure remains intact under stress. This stability is crucial for maintaining
consistent optical performance.

The ability of a material to withstand permanent deformation when subjected to
an applied load is gauged by its hardness. The ease of cleaning and maintenance of
a coating can be influenced by its mechanical durability and hardness. Softer coatings
might be more prone to scratches during cleaning, which, over time, could change the
coating’s optical properties. A greater Vickers hardness is important in the context of
optical coatings for a number of reasons including scratch resistance, durability, improved
longevity, and resistance to abrasion. Scratching can deteriorate optical coatings, lowering
their optical performance. Coatings with a higher Vickers hardness are less likely to scratch,
thus protecting the coated optical elements from harm caused by handling, cleaning, or
unintentional contact. Moreover, a greater wear resistance is typically indicated by a higher
hardness, which can prolong the life of optical coatings. Extended-life coatings require
less replacement or maintenance, which lowers costs and downtime and prolongs their
integrity [41,42]. Figure 5d shows that the Vickers hardness of the materials investigated
did not exhibit a specific trend. The Vickers hardness of Y-N-Zr increased consistently with
increase in the number of Zr atoms, and that of Y-N-Nb increased slightly at Nb = 4 before
dropping consistently. The Vickers hardness of Y-N-Nb-Zr experienced a drastic drop at
Nb = 4 and then rose steadily thereafter. The highest Vickers hardness was witnessed for Y-
N-Nb (CYN_5) at 6.128% higher than that of YN. The computed Vickers hardness obtained
in this work shows that all the samples are much harder than common coating materials
such as MgF2 and SiO2. They are thus better than common coating materials in resisting
abrasion, protecting the underlying optical elements from damage, and maintaining optical
performance. Moreover, they can better withstand cleaning processes, such as wiping or
ultrasonic cleaning, without sustaining damage, ensuring that the coatings remain free
from debris or contamination.
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4. Conclusions

This study successfully investigated the structural and mechanical properties of Y-
N-Nb, Y-N-Zr, and Y-N-Nb-Zr for optical coatings. The computed lattice constant of YN
was found to be in excellent accord with the literature values. Both the alloying elements
had a profound effect on the lattice constant of YN. The lattice constant decreased upon
the addition of the two alloying elements, with Nb causing a larger decrease than Zr. The
densities of the alloyed structures increased with the addition of the alloying elements.
The calculated elastic stiffness constants of the samples showed that c11 and c12 increased
consistently with the number of Nb/Zr atoms, while for c44, Y-N-Nb-Zr experienced a
drop at Nb = 4 before rising again with a further increase in the number of Nb atoms. The
mechanical properties of the alloyed samples were found to be superior to those of pure YN
and common coating materials such as MgF2 and SiO2, with Y-N-Nb (CYN_5) giving the
best overall values. The bulk modulus increased by 26.48%, the shear modulus increased
by 24.77%, Young’s modulus increased by 26.4%, and the Vickers hardness recorded the
smallest increase of 6.128% compared with those of pure YN. Although the results obtained
in this study are very good for optical coatings, this study was purely computational.
Therefore, an experimental investigation needs to be conducted in order to synthesize and
verify the values of the properties obtained in this study. Moreover, since the performance
of optical coatings heavily relies on the optical and mechanical properties of the coating
materials, these properties need to be investigated for the modeled structures.
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