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ARTICLE INFO ABSTRACT

Keywords: AlB, structured transition metal diborides are a class of refractory ceramics standing out through their high-
Borides temperature stability and exceptional mechanical properties, encouraging research on their bulk and thin film
DFT forms. In Physical Vapor Deposition (PVD), scientific interest has focused on growing metastable solid solutions
Si a“°Yi“$ . with Si to enhance oxidative properties and fracture characteristics. However, theoretical investigations of such
Ternary diborides

ternary compounds are still rare. Therefore, this study explores the structural, energetical, and mechanical
properties of the Ti-Si-B,, Zr-Si-B,, and Hf-Si-B, structures, as well as their vacancy dynamics, with the
help of Density Functional Theory (DFT). For all three systems, silicon prefers the boron sublattice and via
structural analysis, metastable solubility limits of 24 at. %, 27 at. %, and 25 at. % of Si in Ti(Si,B),, Zr(Si,B),,
and Hf(Si,B),, could be established, respectively. An analysis of simulated XRD patterns, Radial Distribution
Functions (RDFs), and Crystal Orbital Hamilton Populations (COHPs), attributed an observed destabilization of
the AlB,-type symmetry to Si clustering. Simulated elastic properties revealed a decrease of the Young’s moduli
with increasing silicon contents, reproducing experimental values up to 15 at. % Si. The study discovered a
structural instability of ternary, metastable AlB,-type compounds concerning metal vacancies.

Phase stabilities

1. Introduction This tissue phase is also a key feature for their fracture resistance as

shown for TiB, , , [11]. However, for diboride-based materials and in

Transition metal diborides (TMBs) stand out with extraordinary
mechanical properties (i.e. superhardness), combined with high melting
temperatures and thermal stability [1-3]. In several experimental stud-
ies transition metal diboride-based bulk materials and thin films - the
latter are typically synthesized via the method of Physical Vapor Depo-
sition (PVD) — have been proven to be stabilized in the AlB, structure
type, also known as the a-type [4], being part of the Space Group (SG)
191 (P6/mmm). These compounds are known to show strong sp?-sp® hy-
bridization of the boron orbitals, while the directional B-B bonds form
hexagonal sheets within the basal plane. Mixed covalent-ionic TM-B
interactions are less strong, but give rise to minor ductility, whereas
mainly metallic TM-TM bonds are of negligible contribution to the
cohesive energy, but lead to moderate electrical conductivity [3,5-7].
Apart from that, the excellent mechanical properties of a-structured
diborides grown by plasma assisted techniques (PVD) also rely on their
intrinsic anisotropic character and a twofold-morphology. This mor-
phology typically consists of 001-oriented, columnar nanometer-sized
grains surrounded by an amorphous, boron rich tissue phase [3,8-10].

particular thin films, their low oxidation resistance and brittle nature
still limit competitiveness with established oxide- and nitride-based
thin film ceramics [3,12-15]. In contrast to bulk diboride ceramics,
where established two phased materials such as TMBs/SiC are typi-
cally used in extremely oxidative environments [16,17], in thin film
research ternary, quaternary, and even compositionally more complex
compounds (i.e. high entropy borides) are suggested to overcome these
limitations [18-31]. This discrepancy mainly stems from the extreme
synthesis conditions encountered in PVD, allowing to quench-in highly
defected, metastable structures [32-35], while bulk ceramics usually
are near-equilibrium after fabrication. For example, alloying of strong
oxide formers such as X=Si, Al, or Cr has shown promising results
for metatstable PVD thin film materials, with several studies verify-
ing the existence of single phased, AlB, structured TM-X-B, , , solid
solutions up to specific alloy contents [20,26,29,36-40]. Compared
to Al and Cr, Si showed by far the best oxidation resistance and
acceptable hardness values at temperatures around 1200 °C [41,42].
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Furthermore, quaternary extensions of Si containing alloy concepts
have lead to even further improvements [30,31]. However, the exis-
tence of TM-Si-B, , , solid solutions appears to challenge conventional
equilibrium thermodynamics.

Multiple experimental studies have reported decent solubility of
diborides MB, (M = Ti, V, Zr, Nb, Hf, Ta, W, Al) within each other
and were readily supported by theoretical investigations [43-47],
leading to the currently prominent research area of mixed metal
diborides M'; M2, B, and their high entropy extension [48-52]. Fo-
cusing on thin film applications, H. Euchner et al. [53] and B. Alling
et al. [54] investigated M!;_ M2, B,’s with ab initio methods, report-
ing structural distortion and miscibility gaps, discovering a potential
for age hardening. However, evaluations of TM-Si-B phase diagrams
(TM = Ti, V, Zr, Nb, Hf, Mo, Cr) all found negligible solubilities of Si
in equilibrium AIB,-type borides [55-63], whereas other boride phases,
such as NbB and Nb;B,, persisted low finite Si intake of 4 at. %
and 3 at. %, respectively [64,65]. Similar to boride phases, most
transition metal silicides showed negligible solubility for B — just
Cr5Si; exhibited a maximal intake of 4 at. % B [64-68] — but mixed
metal disilicides M!;_,M?, Si, were readily encountered [69-72].

Even though above insights manifest the improbable incorpora-
tion of Si into AlB,-type transition metal diborides, thin films of
TM-Si-B, , , are typically classified as a-structured solid solutions,
verified by different diffraction techniques such as XRD or SAED in
several studies [30,31,40-42]. While their metastable appearance is
experimentally proven for TM-Si-B, , , thin film materials, limited
knowledge has been gathered in terms of theoretical understanding. For
example, T. Glechner et al. [42] suggested nano-sized, Si rich clusters
within the grains of Hf-Si-B, , , for Si contents around 20 at. %.
However, L. Zauner et al. [40] used Atom Probe Tomography (APT)
to investigate the exact distribution of Si in Cr-Si-B, , , thin films,
reporting an inhomogeneous Si distribution and segregation at grain
boundary phases. Since equilibrium phase diagrams would suggest
decomposition, the maximal alloy content dissolvable in a metastable
single phased AlB, structured thin film remains unclear [36-40,42].
In order to predict metastable solubility limits, diverse ab initio-
based studies focused on near-equilibrium thermodynamic descriptors,
such as energies of formation E, and enthalpies of mixing, with
varying performance [46,47,53,73-75]. Conversely, prioritizing low
structural distortion in compounds while solely requiring their nega-
tive E, has also matched DFT-simulated metastable solubility limits
with Cr-Si-B, . , thin films [40]. Tracking the structural integrity of
metastable solid solutions thus appears as the major ingredient for
locating solubility limits, with E, depicting a guideline for lattice
occupations.

Therefore, in this study, DFT was used to obtain insights into the
fundamental properties of AlB, structured, metastable solid solutions
of Si in group IV transition metal diborides, namely TiB,, ZrB,, and
HfB,. A particular emphasis was placed on the occupation of different
alloying sublattices, influencing the structural integrity of a-type phases
in correlation to experimental observations.

2. Methods
2.1. Computational details

3 X 3 x 4 supercells, containing 36 transition metal sites and
72 boron sites, were generated from the primitive AlB, prototype
(SG 191) TMB, unit cell, where TM=Ti, Zr, or Hf. The random alloying
of Si was implemented by the Special Quasi-random Structure (SQS)
approach [76], making use of the sgsgenerator python suit [77]. Si
atoms were placed either on the transition metal sublattice or the boron
sublattice, respectively. Additionally, mixed sublattice alloying with
an equal partitioning of Si on both sublattices was incorporated. Also
boron or metal vacancies were introduced into the systems via the SQS
technique, by removing boron or transition metal atoms, respectively.
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For vacancy generation on the alloying sublattice, a removal of pristine
and alloying atoms held the silicon content on the regarded sublattice
roughly constant.

The calculations in this study are based on DFT, as implemented in
the Vienna Ab initio Simulation Package (VASP) [78], which employs
the Projector Augmented Wave (PAW) method [79,80]. The PAW po-
tentials were chosen according to their recommended parametrization,
as given on the VASP Wiki website [81]. The Generalized Gradient Ap-
proximation (GGA) of the electron-electron exchange—correlation po-
tential was utilized, as parameterized in the form suggested by Perdew,
Burke, and Enzerhof (PBE) [82]. Following experimental observations,
all calculations were run without spin polarization, and Spin-Orbit
Coupling (SOC) was not directly taken into account. The Kohn-Sham
wavefunctions were expanded via plane waves, while using an energy
cutoff of 520 eV. An automatically generated Monkhorst-Pack k-mesh,
centered around the I'-point and utilizing a k-point spacing of 0.1 A,
was set up for the supercells. A Methfessel-Paxton [83] smearing of
0.2 eV was applied. The structural relaxation was performed by using
the GADGET python code by Bucko et al. [84], which implements the
method of “lattice internal coordinates” and allowed for a free movement
of all atoms within the supercell. At the same time, the latter was
constrained to obey the symmetry of a hexagonal system, namely a = b
for the lattice parameters and « = f = 90° as well as y = 120° for
the corresponding cell angles. The total energy convergence threshold
was set to 107> eV, while the structural relaxation was stopped after
reaching a threshold of 107 eV.

2.2. Experimental

For validation and comparison of the calculated results, experimen-
tal data on Ti-Si-B, . , and Hf-Si-B, , , was taken from a preliminary
work by T. Glechner et al. [41]. These single-phased thin films of the
latter compounds were deposited by an in-house built PVD system [85].
For further information on the deposition parameters, the determina-
tion of sample stoichiometries by Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES), and the structural analysis by XRD,
we here refer to the original publication [41]. The therein obtained
datasets for compositions and diffraction patterns were directly used
in this work. Additionally, load—displacement curves, which were ob-
tained through Nanoindentation, were re-evaluated by the method after
Oliver and Pharr [86,87], using simulated Poisson ratios to calculate
the Young’s moduli.

2.3. Evaluation methods
The chemical stability of compounds was evaluated via calculation

of their energy of formation, E,, per atom, defined via:

Ey (TM,Si,B,,) — uEy (TM) — vE, (Si) — wE, (B)

E ) 1
Y u+v+w M

where E, (TM,Si,B,,) is the total energy of a supercell, with TM=Ti,
Zr, Hf and u, v, w are the number of TM, Si and B atoms in this cell,
respectively. E, (TM), E, (Si) and E, (B) are the total energies per atom
of hep-Ti, hep-Zr, and hep-Hf (all SG 194), diamond-Si (SG 227) and
trigonal B (SG 166), respectively.

The structural analysis of the relaxed supercells was carried out
through visual inspection, with the help of the program suit VESTA [88],
in addition to an analysis of their simulated XRD patterns, also gener-
ated with VESTA. Furthermore, Radial Distribution Functions (RDFs) of
the supercells and specific elements therein — generated with the help
of the python libraries pymatgen [89] and pyscal [90] — were inspected
to obtain structural insights. An analysis of the chemical bonding in
the compounds was performed by inspection of the Crystal Orbital
Hamilton Population (COHP) of the elements [91,92], calculated with
the help of the Local Orbital Basis Suit Towards Electronic Structure
Reconstruction (LOBSTER) [93,94]. The latter calculations were based
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on the pbeVASPfit2015 basis set, while the COHPs were generated
for atoms within a maximum distance of 3.5 A, which was chosen
in order to give a reasonable demand in computational resources,
while catching all chemically relevant interactions. An absolute charge
spilling below 2% assured a trustworthy projection for all regarded
compounds.

The compositional space of defected, silicon alloyed diborides of the
type TM(Si,B), . ,, was examined through the impact of vacancies on
the compound’s formation energy per atom. Positive z indicates the
number of metal vacancies and negative values vacancies on the boron
sublattice. An interpolation of the obtained DFT results was carried out,
while an inspection of the resulting energies lead to the selection of a
third order multivariate polynomial of the form ZZ=0 Zi;(’; a,,z"xg; as
fitting function, where xg; is the content of silicon in atomic percent
and a,,, are the fitting parameters. Reiterated fitting of the data through
an exploration of negligibly small fitting parameters and their dismissal
lead to the following final form used as a fitting function for the energy
landscape of the composition-vacancy space:

€ (z,xSi)=az3+beiz2+czz+dei+e, (2)

while in Eq. (2) the variables a, b, ¢, d and e are fitting parameters. The
chemical stability of alloyed compounds could then be analyzed via an
interpretation of the function

AE; (z,xg;) = €7 (2. x5) — € (0, xg7) . 3)

which yields negative values of AE (z,xg;) for a stabilizing, and posi-
tive values for a destabilizing nature of vacancies.

Elastic properties were calculated by using a stress—strain method
employing the approach proposed by Yu et al. [95]. Therefore, 12
linearly independent strains, which were scaled to possess a maximum
component of 2.1% strain, were oppressed on the supercells. Since the
elastic matrices C;; obtained lack any symmetry, they were projected
onto the closest matrix of a hexagonal symmetry [96], by using an eu-
clidean metric. To estimate the macroscopic elastic properties of a poly-
crystalline material, the Voigt—-Reuss-Hill approximation was used [97,
98]. Directional moduli for systems with hexagonal symmetry were
calculated according to the equations given in the Appendix of [99].
The impact of Si alloying on the compound’s elastic properties were
evaluated with the semiempirical criteria proposed by Pugh [100] and
Pettifor [101]. For the G/B values the corresponding Voigt—Reuss-Hill
averages were used, and the Cauchy pressure for hexagonal systems
was evaluated via the weighted average (2 (Cj3 — Cyy)+(C1y — Ces) ) /3,
as proposed in [99].

3. Results & discussion
3.1. Energetics and unit cell properties

3.1.1. Energies of formation

Unlike for near-equilibrium bulk solids, synthesizability of com-
pounds by the aid of PVD-based methods usually is characterized
by a negative E, (combined with mechanical and dynamical sta-
bility) [102]. While the latter is fulfilled for all metastable states,
equilibrium structures have to prove stability against decomposition
routes, in the means of endothermic reaction enthalpies. Fig. 1 presents
the E, in relation to the Si content on different sublattices up to a
Si content of 66 at. %, representing the disilicide. As can be seen in
Fig. 1(a), the compounds feature a different range of soluted silicon
that lead to negative E,, dependent on the sublattice occupied. The
boron sublattice, denoted by TM(Si,B),, is however clearly energet-
ically favored. Even though the compounds appear metastable with
respect to unary elements, a decomposition into multi-phase mixtures
under thermodynamic equilibrium conditions is expected, according to
the convex hull of these ternary systems [103]. Estimated Gibbs free
energies of decomposition (see: Fig. S1) turn out negative for both
TM(Si,B), and (TM,Si)B,, suggested also by annealing experiments of
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experimental thin films [30,40,42]. Nevertheless, nucleation barrier
energies are anticipated to hinder metastable solid-solutions — which
can be experimentally acquired through PVD techniques - from decom-
position up to critical, but unknown, finite temperatures. Therefore,
if drifting far enough from thermodynamic equilibrium conditions, a
solubility limit for the metastable state may be explored through a
structural destabilization of the AIB, type symmetry, which is indicated
by crosses in Fig. 1. The aforementioned structural destabilization will
be object of in-depth investigations later on in this study.

Focussing now on the priorly defined metastable solubility limit,
from Fig. 1(a) an immediate destruction of the AlB,-type, for combined
Si occupation on both sublattices, is observable. In contrast, a low
amount of Si is soluble in the a-type structure, when placed on the
transition metal sublattice, see Fig. 1(b). Nevertheless, silicon occupa-
tion on the boron sublattice clearly combines an energetical preference,
in the means of lowest E, with a long-lasting structural integrity of an
AlB, type phase. This leads to estimated metastable solubility limits of
24 at. %, 27 at. %, and 25 at. % Si in Ti(Si,B),, Zr(Si,B),, and Hf(Si,B),,
respectively. In contrast to that, only contents of 8 at. %, 5 at. %, and
2 at. % Si are soluble on the metal sublattice of (Ti,Si)B,, (Zr,Si)B,, and
(Hf,Si)B,, obtaining a metastable a-type structure in the relaxed state.

3.1.2. Lattice parameters

In Fig. 2 the evolution of the a and c lattice parameters of the
different hexagonal cells is depicted. Since mixed sublattice alloying
lead to an immediate loss of the a-type symmetry, these data points are
excluded from the following discussion. For both sublattice alloying on
the metal (half-filled hexagons) and boron sites (open hexagons), the
change of the c lattice parameter is comparably low (in the range of
0.1 A) in the stable region, obtaining an AlB, structure, see Fig. 2(a).
Nevertheless, the expansion in the ¢ direction is more pronounced for
compounds of the type (TM,Si)B, than for the energetically preferred
TM(Si,B), comparing the same amount Si. The a lattice parameters,
shown in Fig. 2(b), undergo a distinct expansion when Si is placed on
the B sublattice, (about 0.2 A), for all alloyed diborides, respectively. In
case of the energetically unpreferred metal sublattice occupation, even
a contraction of a is observed for (Zr,Si)B, and (Hf,Si)B,, whereas it
remains fairly constant for (Ti,Si)B,. The cell volumes therefore show
a continuous increase for Si alloying on the boron sublattice, while
little to no changes are predicted for the case of soluting silicon on the
transition metal sublattice.

Above findings may be verified via employing an easy model
based on atomic radii, r, of the chemical elements, by assuming
r(B) < r(Si) < r(TM), respectively. Since the a lattice parameter spans
the B-B and TM-TM sheets via the 100- and 010-directions, an intro-
duction of smaller Si atoms into metal planes presumably leads to a
contraction. However, in the boron planes it may lead to an adaption
to higher bond distances due to the incorporation of bigger Si atoms
within B sheets.

Combining E, and structural stabilities of a-type compounds in Fig.
1, a random alloying of Si - similar to PVD growth processes — can
be expected to prefer the boron sublattice. While finite temperature
corrections to the Gibbs free energies will barely impact our regards
on metastability, vacancies are anticipated to do so. Therefore, the
following chapters will at first investigate ideal and later on defected
compounds of the type TM(Si,B), . ,.

3.2. AlB, -type phase destabilization

During the constrained relaxation of the hexagonal supercells, move-
ments of the atom positions within the cell were allowed freely. A
visual inspection of the cells led to the insight that for each distinct
alloying sublattice, a substantial loss in symmetry was apparent when
a certain content of Si was exceeded. Even though a driving force for
decomposition was a priori expected from equilibrium phase diagrams,
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Fig. 1. Calculated E, per atom, plotted over the Si content in at. % on different sublattices. Ti-Si-B,, Zr-Si-B,, and Hf-Si-B,-based compounds are indicated in red, green, and blue
respectively. Hexagons indicate data points, that possessed a cell with AlB, symmetry, while crosses did not. For better readability, not all data points that construct the underlying
linear interpolation are shown. Alloying on the metal, boron or both sublattices is indicated by the notations (TM,Si)B, (half-filled hexagons), TM(Si,B), (open hexagons), and
(TM,Si) (B,Si), respectively. (a) Overview of the E, for different sublattice alloying of Si. (b) Zoom-in of cells where Si was only placed on the transition metal sublattice. In both
(a) and (b), arrows indicate thermodynamically stable equilibrium compositions, and those possessing the highest silicon content that could be sustained in a metastable structure
of AIB, type. For interpretation of the color references in this figure legend, please refer to the web version of this article.
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Fig. 2. Evolution of the (a) c lattice parameter and (b) a lattice parameter over the
silicon content, for alloying on different sublattices of the regarded transition metal
diborides. The symbols and color-code used are identical to Fig. 1. Not all datapoints
that construct the underlying linear interpolation are shown.

the explored breakpoint for massive structural distortion seemed non-
trivial. At alloy contents around this border a massive clustering of Si
atoms, in combination with strong out of plane movement of transi-
tion metal atoms and in-plane displacements of B atoms occurred. A
schematic visualization of this finding, compromised by a Hf(Si,B),
compound with 17 at. % Si, sustaining the a-type, and one with
31 at. % Si, which was highly distorted, is shown in Fig. 3(a). With the
help of statistical methods, which will be the point of the following
discussion, investigations of this cell distortion allowed to extract
metastable solubility limits of Si in AlB, structured transition metal
diborides.

3.2.1. Statistics of the SQS cell distortion

In order to extract solubility limits in the metastable state by statis-
tical methods, sets of 5 different SQS supercells, with the same number
of silicon atoms, were generated and relaxed in a DFT calculation for
a broad range of Si contents around the expected range of observed
clustering initiation. Fig. 3(b) depicts the ratio of relaxed cells sustain-
ing the a-type, in relation to their Si content, for the case of Hf(Si,B),
and (Hf,Si)B,. For Si occupation on the metal sublattice, a change of
not even 1 at. % Si lead to a massive drop in structural stability of
a-structured cells after alloying beyond 2 at. %. Therefore, a very rigid
metastable solubility limit for AlB,-type compounds could be defined.
For the (Ti,Si)B, and (Zr,Si)B, system in Fig. S2(a) and Fig. S3(a),
analogous drops in relaxed a-type cell ratios are apparent, just that the
latter are encountered beyond 8 at. % Si and 5 at. % Si, respectively.
For the case of boron substitution, which has already been spotted as
the physically more relevant case, a rather smooth but steep transition
from 100 to O percent of relaxed SQS cells, sustaining the « structure,
could be detected. This transition is taking place in a narrow range
around 25 at. % Si. Therefore, a definition of the metastable solubility
limit via a threshold, where 50% of all regarded SQS cells were of AlB,
type, should lead to rather solid values for all investigated TM(Si,B),
systems, with a deviation of 1-3 at. % Si.

In Fig. 3(c), the scattering of formation energies, with respect to
their arithmetic mean values, and their respective standard deviations,
are depicted for several sets of SQS cells with different Si content in
(Hf,Si)B,. The datapoints also contain information on their relaxed cell
geometries, and it is straightforward to conclude that just from an
energetic standpoint no clear indication for high or low distortion of
specific SQS instances is visible. It can however be concluded, that with
decreasing ratio of relaxed cells of a-type, the E, show a higher scatter,
which may be directly related to the observed clustering behavior.
The latter manifests itself in an increasing extent of the error bars of
roughly 3 meV/atom to 15 meV/atom within a change of ~ 5 at. % Si.
Similar trends are observable in the case of (Ti,Si)B, and (Zr,Si)B,,
in Fig. S2(b) and Fig. S3(b), respectively. In Fig. 3(d) a similar plot
is shown for the case of boron sublattice alloying, and also here no
clear trend - regarding a coupling of E to cell distortion - is apparent.
For alloy contents around the proposed AlB, structure destabilization
limit, the error bars of the data points stay in a rather high, but
stable range of around 5-18 meV/atom. Again, similar behavior is
encountered for Ti(Si,B), in Fig. S2(c) and Zr(Si,B), in Fig. S3(c). Even
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Fig. 3. (a) Relaxed geometries of Hf(Si,B),-based compounds, with silicon contents of
17 at. % and 31 at. %, which were below and above the proposed AlB, structure
destabilization limit, respectively. (b) Ratio of relaxed supercells with AlB, type
structure, for sets of 5 different, Hf-Si-B,-based, SQS generated initial structures with
the same content of Si. (c) Deviation of the cell formation energies with different Si
content in (Hf,Si)B,, to their arithmetic mean values E —E, with respective standard

deviations. Data points with a relaxed cell of AlB, type are shown as hexagons, while
others are depicted as crosses. (d) Statistical data for the case of Hf(Si,B),, based on
5 different cells per fixed silicon content, illustrated in the same way as in Fig. 3(c).

though the observed scatter in E, is fairly low when compared to
thermal energies, a limited rigidity of formation energies, obtained
from distorted SQS-cells, should be taken into account, if chemical
stabilities are considered.

The statistical approach described above allows to fixate a solubility
limit in the metastable state, just by means of the structural distor-
tion of relaxed supercells. Therefore, in the following the structural
chemistry of Si in group IV transition metal diborides will be inves-
tigated, and methods to categorize a cell as a-type or otherwise will be
elaborated on.

3.2.2. Comparison of experimental and simulated XRD patterns

A comparison of simulated and experimentally obtained XRD pat-
terns for theoretically described Ti(Si,B),-based compounds and de-
posited Ti-Si-B, , , thin films, is depicted in Fig. 4. For the binary
diboride, the 20 positions of the reference reflections match very well
with both the simulated and experimental patterns. In the latter case,
the presence of residual (compressive) stresses, due to the deposition
process, may lead to the observed shift of the 001-peak to higher 20
angles. Since the scaled intensities of the simulated compounds were
cut off above 40 % for better readability, only the height of 001-peaks
will be discussed in the following. It is worth to note, that simulated
patterns do only persist a finite width due to their illustration through
Lorentz-functions, and therefore no comparison with experimental re-
sults, as for example the Full Width at Half Maximum (FWHM) of the
peaks, can be made.

From the simulated XRD patterns of Ti(Si,B), in Fig. 4, a contin-
uous, pronounced shift of the 100- and 101-peak towards lower 20
angles with increasing Si content is apparent. This is in line with the
strong increase of the a lattice parameters, as discussed in Fig. 2.
The 001-reflections show substantially smaller peak shifts, combined
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Fig. 4. Simulated XRD patterns of Ti(Si,B),-based compounds, as well as experimental
diffractograms of highly 001-oriented, DCMS deposited Ti-Si-B,,, thin films on saphire
(Al,03) substrate, taken from [13]. Their compositions are indicated on the left-hand
side below or above the corresponding simulated (sim.) or experimental (exp.) XRD
pattern, respectively. Experimental reference reflections of Al,03, as well as of TiB,,
are accentuated through dotted lines and indexed for the binary diboride. To increase
the readability, simulated diffractograms are depicted as Lorentz-functions with a Half-
Width at Half-Maximum (HWHM) of 0.1 and their relative intensities were cut off at
a maximum value of 40 percent.

with decreasing intensities when exceeding the proposed AlB, structure
destabilization limit of 24 at. % Si in Ti(Si,B),, underlining prior
insights on the evolution of the c¢ lattice parameters. The structural
destabilization of a metastable, random alloy phase of the hexagonal
diboride with silicon contents above 24 at. % is also apparent from mul-
tiple emerging small peaks that may not be related to the TiB, reference
in any way. This effect is already visible at 24 at. % of Si and becoming
even more pronounced at higher contents, see the top most pattern.
Even though the decrease in intensity of the 001-reflection, with respect
to increasing alloying content, does fit the experimental results, the
observed peak shifts fail to do so. The observation that experimental
diffractograms exhibit minimal variation in 20 angles across an alloy
content range of approximately 40 at. % Si, reinforces criticism towards
commonly published average film compositions, consolidating the need
for high-resolution 3D chemically resolved analysis techniques.

From just comparing experimental and simulated XRD-patterns,
and under the assumption that indeed metastable solid solutions were
experimentally achieved, one has to conclude that less than 15 at. % Si
are persistent in the crystalline phase of the thin films under inves-
tigation. The residual silicon, accounting for the measured total film
composition, then has to be segregated in additional amorphous phases
or the grain boundary interior, leading to an inhomogeneous over all
distribution of Si.
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Nevertheless, the discrepancies between simulated and experimen-
tal XRD patterns may partially be ascribed to high defect concentra-
tions, such as of vacancies and dislocations, which are expected to be
present in PVD thin films, but were not incorporated in the simulations.

Since above observations on the peak shifts, coupled to the evolu-
tion of lattice parameters, as well as on the decreasing intensities of the
001-peak, also apply for Zr(Si,B), and Hf(Si,B),, they are not further
discussed in this work.

3.2.3. Analysis of the radial distribution functions

In order to obtain even further insights into the clustering behavior
of the different chemical species in the Si alloyed TM(Si,B),, the total
Radial Distribution Functions, as well as the partial RDFs of Si, B, and
the transition metal, of unrelaxed and relaxed SQS cell geometries were
compared in Fig. 5. From the total RDFs of TM(Si,B), compounds in Fig.
5(a), (b), and (c) it is clearly visible that, upon structural relaxation,
the unrelaxed histogram pattern is undergoing a substantial dispersion
of the initial B-B next neighbor (NN) peak at ~ 1.8 A and the B-TM
NN-peak at ~ 2.4 A (TM=Ti) or ~ 2.5 A (TM=Zr, Hf), respectively.
In addition to that, beyond the TM-TM NN peak at ~ 3 A (TM=T1)
or ~ 32 A (TM=Zr, Hf), intense broadening of the RDFs is visible,
leading to a loss of long range order at Si contents above 15 at. %.
From their respective partial RDFs it is observable that transition
metal atoms undergo excessive orderless displacement from their initial
position, accompanied by a collective drift apart from each other.
This effect leads to an increased mean bond distance of the metal
species. Both observations are more pronounced for high Si amounts.
By analyzing the partial RDFs of boron atoms for all compounds, an
undirected displacement of the B atoms from their initial position is
evident. This feature is more pronounced for higher contents of Si,
while their mean B-B next neighbor distance stays almost the same,
at least until a destabilization of the AIB, type structure takes place
around ~ 30 at. % Si. Furthermore, the Si atoms undergo an initial
adaptation to a bond distance of ~ 2.1 A even at low alloying contents
of 7 at. %, which is evident from the partial RDFs of these species.
However, further deviations from this bond distance stay low until
the a-type structure is destabilized. If the metastable solubility limit
is surpassed, for all compounds a further shift of the mean Si-Si bond
distance to roughly 2.4 A is apparent, accompanied by a broadening of
the respective silicon RDFs. Since the NN distance in diamond structure
Siis also ~ 2.4 A [104], and (due to technical reasons) the equilibrium
decomposition products suggested in Fig. S1 are unlikely to arise in a
relaxation of the employed unit cells, the shift indicates a structural
destabilization due to Si clustering. The latter was also evident in Fig.
4 from arising non-indexable peaks in the simulated XRDs, which were
not observed in metastable TM(Si,B), compounds below the solubility
limit, possessing a Si-Si bond distance of ~ 2.1 A.

3.2.4. Chemical bonding analysis through COHP

In Fig. 6 the COHP, as well as the partial Crystal Orbital Hamilton
Populations, denoted as pPCOHP(A-B), where A and B are the respective
chemical elements of the specific interaction, are shown for compounds
of the type Hf(Si,B),. By examining a compound with a low alloy con-
tent of 4 at. % Si in Fig. 6(a), we observe a fully positive pCOHP(Hf-Si)
up to 2 eV above Ej, indicating a thoroughly bonding nature of the
transition metal interaction with silicon, even at finite temperatures.
Pronounced bonding states may also be observed in pCOHP(Si-B).
However, around ~ 3 eV below the Fermi energy, anti-bonding states
of low intensity are apparent. The latter start to get more distinct at
E, indicating an expected destabilization followed by decomposition
at sufficient temperatures. Similar observations can be made for the
case of Ti(Si,B), with 3 at. % Si and Zr(Si,B), with 4 at. % Si, in
Fig. S4(a) and Fig. S5(a), respectively. Due to the low alloy content,
the contribution of pCOHP(Si-Si) to the total COHP is negligibly small
for all three systems, and no comparison to diamond-Si is possible.
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If the content of soluted Si in Hf(Si,B), is increased to values of
15 at. %, it is effect on the chemical bonding is clearly visible, see
Fig. 6(b). The bonding nature of pCOHP(Hf-Si) increases in intensity,
especially for energies around Ej, while the overall maximum lies at
roughly —4 eV. For Ti-Si-B, and Zr-Si-B, based systems in Fig. S4(b)
and Fig. S5(b), interactions of the transition metals with silicon show
likewise behavior. The cohesive interaction of Si with B, up to ~ 3 eV
below the Fermi energy, gains intensity for all three compounds, while
its anti-bonding part is especially pronounced around Ey and at en-
ergies beyond. For the less intensive Si-Si interaction, similar bonding
natures are apparent in those intervals, but no similarity to the COHP
of diamond-Si may be found.

Regarding quantum chemistry, changes in stability of a-type solid
solutions depend on the alloy content, which governs the balance of
bonding pCOHP(TM-Si) and anti-bonding pCOHP(Si-B) and
pCOHP(Si-Si) interactions, respectively. For example, weakened bond
strength within the hexagonal sheets, compromised of Si and B atoms,
accompanied by an elongation of bond distances, were already ex-
pected from the increase in a lattice parameters in Fig. 2. The RDFs
of Si and B atoms in Fig. 5 also lead to the insight, that Si adapts
to higher bond distances, and its incorporation expands the basal
plane. Both this observations are explained through the arisal of anti-
bonding pCOHP(Si-B) and pCOHP(Si-Si) states at E, and above, that
would be occupied at smaller unit cell volumes i.e. higher orbital
overlap. Most likely an incompatibility of sp®-hybridized silicon with
the mixed sp?-sp® boron layers gives rise to the anti-bonding char-
acter of this interaction. Nevertheless, already from low variations
in c lattice parameters and extensive movements of metallic species,
visible from their RDFs, a stabilizing factor was expected from the
Si-TM interactions. High intensity peaks of pCOHP(TM-Si) below E,
stemming from bonding interactions of d-metal orbitals with those
of sp3-hybridized silicon, very prominently acknowledges this prior
assumption. Therefore, the overall cohesive energy may decrease due
to alloying with silicon, which is known from the behavior of E, in
Fig. 1, but the intense bonding nature of states way below E still
prevent a structural destabilization of the a-type, which was the guiding
phenomenon for proposed metastable solubility limits.

In Fig. 6(c) the COHP curves for a Hf(Si,B),-based compound with
a silicon content of 25 at. % are depicted, which represents the AlB,
structure type destabilization limit. A further intensification of anti-
bonding Si-B states around Ej is apparent, which become even more
pronounced above the Fermi energy. From the pCOHP(Si-Si) curve both
a gain in bonding states at energies below ~ —3 eV, with respect to the
Fermi energy, and of anti-bonding states above this energy, are evident.
Even though a high similarity of pCOHP(Si-Si) and pCOHP(Si-B) is
apparent, in analogy to diamond-Si, the lowest energy states, as well
as states around Ej, show suppressed intensity for pCOHP(Si-Si). The
pCOHP of transition metal atoms with silicon shows a further enhanced
intensity, while its maximum is shifted to energies above —4 eV,
compared to 16 at. % Si. Furthermore, the bonding states around Ep
undergo a steep transition to anti-bonding nature around 1 eV above
the Fermi energy. Since strong similarities are again observed for the
case of Ti-Si-B, and Zr-Si-B, based systems in Fig. S4(c) and Fig. S5(c),
no additional insights can be found for those. However, for Hf(Si,B),
and Zr(Si,B), the total COHP already shows a drastic change from bond-
ing to anti-bonding nature right below the Fermi energy, at this content
of silicon, which is only encountered at Ey for Ti(Si,B),. Even though
this observation already hints towards an emerging loss in chemical
stability, structural concerns support high Si contents around 25 at. %
to be soluble in metastable a-type compounds. Furthermore, bonding
TM-Si states are very pronounced around the Fermi energy, whereas
unoccupied anti-bonding Si-B states lie above Ej, which is in line
with an expected decomposition at finite temperatures. Also, the anti-
bonding pCOHP(Si-Si) are of low intensity, therefore an intermediate
Si-Si bond distance of ~ 2.1 A in the a-type was discovered in Fig. 5.
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Fig. 5. Simulated Radial Distribution Functions of unrelaxed and relaxed cells of (a) Ti(Si,B),, (b) Zr(Si,B),, and (c) Hf(Si,B),, with varying Si contents. The top of each subfigure
shows the partial RDFs of the corresponding transition metal, boron, and silicon atoms, respectively. On the bottom of each subfigure the total RDFs are shown. For each plot, a
number of 150 bins were used to construct the histogram bars in the region between 1 A and 4 A. For the total RDFs, the dotted green line, constructed through the peak of the
partial Si RDFs, acts as a guide for the eye, indicating the evolution of the observed mean Si-Si next neighbor distance. The color-code for the histograms of relaxed and unrelaxed
cells is the same for the RDFs of transition metal, boron and silicon atoms as well as for the total RDFs, in all subfigures.

When inspecting the COHP curves of non a-type Hf(Si,B), with
46 at. % Si depicted in Fig. 6(d), or Ti(Si,B), with 44 at. % Si and
Zr(Si,B), with 47 at. % Si, in Fig. S4(d) and Fig. S5(d), respectively,
a strong similarity of pCOHP(Si-B) and pCOHP(Si-Si) is apparent. For
them, anti-bonding states of high intensity persist above —3 eV, while
only the low energy bonding states of Si-Si show increased intensity,
compared to compounds with lower amounts of silicon. However,
the low energy bonding states of Si-B show little to no change. The
observed clustering of Si atoms fits in this picture, as their pCOHP
indicates a strong cohesive interaction. Nevertheless, even at this high
content of Si, no clear similarity of pCOHP(Si-Si) with the COHP
in diamond-Si is evident, emphasizing the discrepancy in chemical
bonding. From pCOHP(Hf-Si) and pCOHP(Zr-Si), a shift of bonding
states located around E towards the intense maximum around -3 eV
is evident, while states above the Fermi energy show a steep transition
towards anti-bonding nature. For pCOHP(Ti-Si) the overall trend is
the same, just that the maximum is of less intensity, but in return
broader. For all three systems, low energy bonding states experience
a further increase in intensity when compared to Si contents around
25 at. %, however less pronounced than for the case of pCOHP(Si-Si).
For Zr(Si,B),, occupied anti-bonding states of the total COHP at —1 eV
are encountered, which is not the case for Hf(Si,B), and Ti(Si,B),. Nev-
ertheless, high intensity anti-bonding states far below E are apparent

for all three systems, indicating a destabilization of AlB, structured
compounds.

3.3. Mechanical properties

In the following section, the mechanical properties, calculated from
a stress-strain method by relaxing SQS supercells in VASP, will be
discussed. All investigated compounds were mechanically stable.

3.3.1. Elastic moduli of alloyed compounds

The directional Young’s moduli, within the 001-plane (E,;,) and in
the 001-direction (E,), of Ti(Si,B),, Zr(Si,B), and Hf(Si,B), of various
Si contents are depicted in Fig. 7(a). A continuous decrease of both E;
and Eg,, is apparent, while the stiffer 010-direction shows a steeper
drop of its elastic modulus. Both directional moduli share the same
rate of reduction for all regarded transition metals. While E, takes
values of 520-620 GPa for the binary diborides, at 25 at. % of Si
only roughly 180-210 GPa are reached. The lower values for E,, of
around 390-420 GPa for binaries undergo a less pronounced drop to
values in the range of 150-190 GPa. This is in line with the observed
decrease in bond strengths within the basal plane, compromised of
Si and B atoms, while the TM-Si interaction was mainly of bonding
type. Thus, at high silicon contents of 25 at. % both the in-plane
and out of plane modulus are of roughly the same magnitude. These
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observations presumably indicate a transition from hexagonal to more
isotropic material behavior, stemming from the hybridization of Si-sp®
with TM-d orbitals, which leads to an increased metallic character of
the chemical bonds.

In Fig. 7(b) the Voigt—Reuss-Hill average of the Young’s mod-
uli Eygy are compared to the experimental indentation moduli of
Ti-Si-B, , , and Hf-Si-B, . , thin films. Even though often viable com-
parisons of Eygy with the measured nanoindentation moduli of thin
films are reported in literature [105-107], here some discrepancies
are observable. In the binary case, the experimental data of HfB, 3¢
compares well with the corresponding Eygy, whereas for TiB, ,, a dif-
ference of about 120 GPa is apparent. However, this discrepancy may
be explained by the high off-stoichiometry of this thin film, supposably
stemming from high volume contents of the tissue phase and defects,
leading to a deficiency in metal atoms. Around 15 at. % Si a good match
of Eyry, with respect to the experimental data, is observable. Therefore,
taking the incomparability of the binary TiB, ,, into account, a good
match of DFT results with experimental data can be expected at low
alloy contents, also for Zr(Si,B),. From the insert a steady increase of
vyru» With respect to increasing alloy content, is observable, reducing
evaluated indentation moduli at high Si alloying. Nevertheless, when
comparing simulation data of TM(Si,B), compounds of high Si contents
above 15 at. % with the experimental films, increasing deviations are
apparent. This may not only be explained by the decreased crystallinity
of these samples, which was observable in their XRD patterns, but also
their high B/TM ratios, indicating high off-stoichiometries [41].

The Voigt-Reuss-Hill average of the bulk modulus Byyy and of the
shear modulus Gygy of the same compounds are shown in Fig. 7(c). A
steep decrease of Gygy, from 230-260 GPa to 50-80 GPa is apparent,
while the shear modulus may directly be related to the hardness [108].
This is in line with the observed, distinct drop in hardness of Si
alloyed diboride thin films with increasing silicon contents, as seen
in [37,41,109]. The reduction of Byyy is less pronounced, while values
of 240-250 GPa for the binary compounds decreases to 170 GPa for
alloying contents of 25 at. % Si.

3.3.2. Influence of Si alloying on the brittleness

In Fig. 8 the G/B ratio versus the Cauchy pressure of Ti(Si,B),,
Zr(Si,B),, and Hf(Si,B),-based compounds of various Si contents are
depicted. The suggested transition from ductile to brittle behavior,
proposed by Pugh and Pettifor, are indicated. Here, the authors want
to emphasize, that these criteria were developed for bulk metals,
and therefore an application to ceramic materials may be inappropri-
ate [110]. Nevertheless, their appliance for ceramic-based thin films
has resulted in fair predictions of the expected impact on ductility
of metastable alloy phases [111,112]. According to the underlying
indicators, a clear transformation towards ductile behavior can be
expected with increasing Si contents. The latter may again be explained
through the observed increase in metallic character of bonds between
metal and non-metal species. While the binary group IV transition
metal diborides are located in a region of predicted strong brittle
behavior, according to both the criteria by Pugh and Pettifor, a Si
content of 20 at. % already should yield ductile behavior for Ti(Si,B),
and Hf(Si,B),. For Zr(Si,B), however, an amount of 21 at. % Si still
leads to a data point, located in a brittle region. At even higher silicon
contents, near the proposed AlB, type structure destabilization limit,
a clear increase in ductile behavior may be expected, especially when
compared to the binary diborides.

Diboride-based thin films synthesized via PVD typically obtain a
characteristic columnar microstructure containing an amorphous tissue
phase. This tissue phase is the main morphological object where crack
propagation and fracture are observed [11,113]. Therefore an increase
in ductility of the 001-oriented, crystalline diboride phase, due to the
metastable incorporation of Si, might have a negligible impact on
the experimentally determined K;. values. However, an enrichment in
silicon is suggested to obtain an impact on the fracture properties of the
tissue phase if present, and hence in combination to that of the total
thin film.
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3.4. Phase maps of defected compounds

Since sputter deposited thin films not only are able to persist as
metastable solid solutions, but also exhibit extreme defect densities,
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two-dimensional vacancy phase maps of silicon alloyed diborides are
presented in the following.

In Fig. 9(a), (b) and (c) the impact of vacancies on the E; of
Ti(Si,B), . ,, Zr(Si,B), , ,, and Hf(Si,B), . ,-based compounds are de-
picted, while z describes the number of vacancies on the metal or
boron sublattice, respectively. By examining the vacancy-energetics
of Ti(Si,B), , , in Fig. 9(a), a steep increase of E; through an ele-
vating introduction of boron and metal vacancies is visible for the
binary diboride. A similar trend was also reported in other publica-
tions [47,73], for TiB, , ,, ZrB, . ,, and HfB, , ,, respectively. While
the same trend for a reduction in chemical stability is persistent, if
the amount of Si in the compound is increased, the energetic influ-
ence of vacancies on the boron or metal sublattice is diminishing.
This effect may be recognized from the reduced density in contour
lines, if two horizontal profiles of a constant Si content are compared.
Beyond 5 at. % of Si, the introduction of Ti vacancies is accom-
panied by a loss of the a-type structure, whereas for 25 at. % Si
a metastable Ti(Si,B), , , compound of AlB,-type may be sustained
up to 0.1 vacancies per formula unit on the boron sublattice. When
moving away from the equilibrium binary composition, in metastable
alloy phases the lowest E, values are encountered for undefected
Ti(Si,B), up to 20 at. % of silicon. For higher alloyed compounds in
the a-type stable region, vacancies on the boron sublattice become
more favorable (stabilizing effect of 10 meV/at. for z = —0.1), visual-
ized through the line of preferred metastable composition in Fig. 9.
However, this impact on the formation energy is relatively insignif-
icant if compared to the observed scatter in E, induced by the SQS
approach, discussed in Section 3.2.1. Furthermore, a finite probability
for finding a non-AlB, cell in the structurally stable region, for example
in Ti(Si,B), , , or Hf(Si,B), , , with 20 at. % Si and z = —0.1 or
respectively z = —0.2, is observable. This is accounted for by the
statistical manner of TM(Si,B), compound destabilization, initiated
through silicon clustering, discussed in Section 3.2.1 and applicable
also to defected compounds.

The vacancy-energetics of Zr(Si,B), , ,-based compounds in
Fig. 9(b), similarly to Ti(Si,B), , ,, show a diminishing impact of
vacancies on E, with increasing silicon content. However, the impact
of Zr vacancies on the chemical stability is more severe than for those
of the boron type, which is recognizable from the asymmetric shape
of the contour plot. An introduction of vacancies on the Zr sublattice
leads to a destabilization of a-type compounds, beyond Si contents
of 10 at. %, whereas vacancies on the boron sublattice lead to no
structural destabilization. At high alloy contents of 26 at. % Si, the
introduction of 0.3 vacancies per formula unit on the boron sublattice
even make a small reduction of E, by 10 meV/at. observable. The latter
is however again overshadowed by the error bars encountered in the
SQS approach.

Similar observations are apparent for the vacancy-energetics of
Hf(Si,B), , , based compounds, as depicted in Fig. 9(c). A less pro-
nounced impact of vacancies on E at high alloy contents, accompanied
by a minimal energetic stabilization at z = —0.3 and 25 at. % Si, are ev-
ident. Furthermore, a-type Hf(Si,B), , , shows no destabilization with
respect to vacancies on the boron sublattice, whereas Hf vacancies lead
to an instability of AlB,-type structured compounds beyond 10 at. % Si.
Highly Hf-deficient structures of 0.3 metal vacancies may not persist in
the a-type, even at low silicon contents below 5 at. %.

From above discussion, a descending energetical impact of vacan-
cies on the E, of metastable TM-Si-B, .. ,, with respect to increasing
Si contents, is evident. While transition metal vacancies tend to struc-
turally destabilize a-type compounds for all three systems, even at low
alloy contents, a high amount of vacancies on the boron sublattice
lead to a slight energetical stabilization at high amounts of silicon.
Furthermore, only in Ti(Si,B), . , the latter type of vacancies lead
to a loss of AlB,-type symmetry. These findings are in line with the
prominent experimental discovery of highly defected metastable solid
solutions in PVD thin films of ternary diborides.
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Fig. 9. Impact of boron and metal vacancies on the E, of metastable (a) Ti(Si,B), . ,, (b) Zr(Si,B), . ,, and (c) Hf(Si,B), . , compounds. On the horizontal axis the vacancy
content z per formula unit is plotted, with positive values corresponding to vacancies on the metal sublattice, and negative values to boron sublattice vacancies. The vertical axis
displays the Si content, while the color code of the contour plot corresponds to the influence of vacancies on the energies of formation of the regarded compound AE/, as defined
in the section of evaluation methods. Underlying data-points of the fitted contour plots are marked via hexagons, if the relaxed cell was of AlB, structure type, whereas crosses
indicate results with highly distorted geometries. The illustrated green, dashed line acts as a guide for the reader, connecting compounds of preferred metastable composition,
indicated through their lowest value of AE, in comparison to other compounds with the same alloy content. The gray, dashed area indicates supposed phase regions in composition
space, containing compounds that are instable in a structure of the a-type. In accordance to the statistical observations made on the SQS cell distortion, a transition region is

displayed between the AlB,-stable and instable phase region.
4. Conclusions

First principle calculations were employed to study the structural
and energetical properties of metastable Ti-Si-B,, Zr-Si-B,, and Hf-Si-B,
revealing metastable solubility limits of 24 at. %, 27 at. %, and
25 at. %, respectively. A clear preference of Si to occupy the B sub-
lattice was proven, as the lowest £, was encountered for this alloying
type. By employing a novel statistical approach, which considers mul-
tiple SQS cells of the same composition, a decaying structural integrity
of the alloyed AlB,-type structured supercells was encountered. This
allowed to locate metastable solubility limits of Si, independent of the
compound’s non-equilibrium nature.

Comparing simulated XRD patterns with experimental thin film

diffractograms resulted for both in an emerging loss in AlB,-reflection
intensities, with increasing Si content. Investigations of the RDFs re-
vealed extensive clustering of silicon atoms, indicated by a shift of the
mean Si-Si bond length from 2.1 A to 2.4 A. This clustering was found
to be the main reason for the loss of the AlB,-type symmetry above
specific Si contents. An analysis of the chemical bonding in TM(Si,B),
compounds based on COHPs, revealed an incompatibility of mixed
sp2-sp> boron orbitals with Si-sp? states. The latter insight is represented
by the anti-bonding nature of respective Si-Si and Si-B interactions, at
elevated alloy contents. This leads to a weakened bond strength within
the basal plane and substantial extension of the same, compared to
minor alterations of the c lattice parameter. Simulations of the elastic
properties revealed a decrease in Young’s, bulk, and shear moduli,
concerning an increasing amount of Si in TM(Si,B),. Indentation moduli
of Ti-Si-B, , , and Hf-Si-B, , , based thin films were also found to
compare well with the simulated data for contents up to 15 at. % Si.
At the same time, a substantial increase in ductility was observed using
Pugh and Pettifor’s criteria. Regarding defected structures, metal va-
cancies clearly destabilize a-type structured TM-Si-B,. Boron vacancies
appeared compatible with AlB,-type solid solutions and lead to no
alteration of the chemical stability, at high alloy contents.

This study’s findings on sublattice preferences, metastable Si solubil-
ity, and chemical bonding in ternary diborides enable the guided design
of metastable quaternary and higher-order TMB, , ,-based systems,
likely synthesizable via PVD methods.
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