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a b s t r a c t

By combining experimental and theoretical methods, we have conducted a detailed study of the ternary
diboride system (W1-xAlx)1-yB2(1-z). Tungsten rich solid solutions of (W1-xAlx)1-yB2(1-z) were synthesized
by physical vapor deposition and subsequently investigated for structure, mechanical properties and
thermal stability. All crystalline films show hardness values above 35 GPa, while the highest thermal
stability was found for low Al contents. In this context, the impact of point defects on the stabilization of
the AlB2 structure type is investigated, by means of ab initio methods. Most notably, we are able to show
that vacancies on the boron sublattice are detrimental for the formation of Al-rich (W1-xAlx)1-yB2(1-z),
thus providing an explanation why only tungsten rich phases are crystalline.
© 2019 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nowadays the increasing interest in sustainability also results in
a growing industrial demand for protective coatings with superior
mechanical properties such as high hardness, good elastic proper-
ties, and improved thermal stability. As a consequence, the search
for improved physical properties leads to the exploration of new
material systems. Despite the fact that transition metal (TM) based
nitrides are successfully applied in automotive or aerospace in-
dustries, the quest for improved functional materials is an ongoing
challenge [1e3].

One of the peculiarities of vapor phase deposition techniques is
the fact that they allow the growth of supersaturated non-
equilibrium phases like cubic Ti1-xAlxN (NaCl-prototype, Fm3m,
space group 225). Here, the supersaturation of the cubic TiN phase
essentially starts with small aluminum contents [4] leading to Ti1-
xAlxN solid solutions. A further increase of the Al fraction causes a
further supersaturation of the cubic phase, which is found to result
in age hardening effects at elevated temperatures. The origin of this
ce and Technology, TU Wien,
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age hardening is found in the spinodal decomposition of cubic Ti1-
xAlxN, which goes along with the formation of TiN- and AlN-rich
cubic domains [5e8]. A degradation of the mechanical properties
may only occur under further annealing when the metastable cubic
AlN transforms into the thermodynamically stable wurtzite phase.
A major retarding force for this phase transformation arises from
the associated huge volume increase of almost 30% [7]. However,
the significant volume change going along with this cubic to
wurtzite transition may trigger toughening effects for controlled
AlN phase fractions [9e11]. Consequently, the exceptional proper-
ties of Ti1-xAlxN can be attributed to the interplay and competition
of the two boundary phasesdcubic TiN and wurtzite AlNdwhich
prefer to crystallize in different structure types.

This well-known concept, being responsible for the unique
properties of Ti1-xAlxN and its derivatives, has lately been evoked as
design principle for ternary borides, opening access to this new
class of functional materials with various exceptional properties
such as improved mechanical properties and enhanced thermal
stability [12e17]. Despite the large progress that has been achieved
with such concepts for ternary and even quaternary TM nitrides,
the field of multinary borides is still largely unexplored and also
lacks fundamental understanding.

Many diborides, comprising the technologically relevant TiB2

phase [18,19], have been observed to crystallize in the so-called a-
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type structure [20], with a three atom unit cell of space group 191
(AlB2-prototype, P6/mmm) [21]. This structure type can be illus-
trated as a stacking of boron planes (the boron atoms form cova-
lently bonded hexagons) separated by hexagonal metal planes as
given in Fig. 1. The boron atoms sit in every vertex formed by three
neighboring metal atoms (or in other words, the metal atoms are
always in the center of a hexagon formed by the boron atoms).
Apart from the prevailing a-type modification, other binary boride
phases are known to adopt slightly different crystal structures.
WB2 is observed to crystallize in at least two different modifica-
tions [22,23]. Physical vapor deposited WB2 thin films have been
reported to crystallize in the a-type [24,25] structure, whereas
bulk materials prefer the so-called u modification, also known as
W2B5-z-prototype [23]. The u-phase is closely related to the AlB2-
prototype, however, it consists of alternating flat and puckered
boron layers. Still the boron atoms form covalently bonded
hexagons (either flat or puckered) and the metal atoms form flat
hexagonal planes. In Fig. 1 it is also apparent that the position
(“stacking” on the metal sublattice) of the hexagonal metal-planes
changes due to the puckered boron plane (i.e. from the “A” site to
the “B” site and then back to again to the “A” site with the next
puckered plane e using the well-known notification of AB stack-
ing of densely packed layer in hexagonal close packed structures).
As a consequence of the alternating layers an increased unit cell,
comprising twelve atoms and adapting space group 194 (P63/
mmc), is necessary to describe the u-modification, as presented in
Fig. 1.

Here, (W1-xAlx)1-yB2(1-z) thin films with varying Al metal frac-
tions x up to 50.1 at% on the metal sublattice have been deposited
using physical vapor deposition (PVD). The obtained films reveal a
high hardness, with themaximumvalue reaching almost 42 GPa for
the case of WB2-z. Furthermore, high thermal stability was
observed with the films remaining stable after 30min of annealing
at 1000 �C. Decomposition and stabilization of a-(W1-xAlx)1-yB2(1-z)
is investigated by ab initio methods, once more pointing out the
importance of point defects for the phase evolution of PVD
deposited materials [13,26,27] and most strikingly giving an
explanation for the fact that it is extremely difficult to grow Al-rich
ternary boride thin films. In fact, a detailed literature review
showed that there is no report about a crystalline AlB2 thin film in
the as deposited state. Nevertheless, the addition of Al to WB2 will
promote their self-passivating effects, as observed for Al alloying in
ReB2 [28].
Fig. 1. Structure of the a-AlB2 and u-W2B5-z prototypes with the corresponding layer
sequence.
2. Experimental and computational methods

A lab-scale magnetron sputtering system (AJA Orion 5) was used
to deposit ternary (W1-xAlx)1-yB2(1-z) films with varying Al content
(the base pressure was below 0.1mPa). Two diboride targets,
namely a 2-inch W2B5-z and a 2-inch AlB2 target (Plansee Com-
posite Materials GmbH), were operated by dc plasma generators
with a power-controlled signal. The maximum target power den-
sity was set to 7.4W∙cm�2 and accordingly reduced for chemical
variations. In our setup, the magnetrons, in a dual confocal
arrangement, face the rotating substrate holder, which is placed at a
distance of 11 cm. After reaching a temperature of 500 �C, single
crystalline Si (100-oriented) and sapphire substrates (1102-
oriented) were ion etched in Ar atmosphere (at a pressure of
6 Pa). During the depositions, the substrate temperature was kept
constant at a temperature of 500 �C, while a working gas pressure
(Ar) of 0.7 Pawas used and no bias voltagewas applied (the floating
potential is about �20 V). We had to reduce the working gas
pressure to 0.4 Pa for obtaining close to stoichiometric WB2 films,
because with 0.7 Pa we ended up with a WB1.4 film. A similar
dependence of the B/metal ratio on the working gas pressure was
reported for TiBx [29]. The deposition timewas 240min resulting in
1.1e1.8 mm thin films, depending on the power density of theW2B5-

z target and working gas pressure used (resulting in a typical
deposition rate of 6 nm∙min�1). The high Al-containing thin film
was deposited for 480min to obtain a comparable thickness.

The elemental composition of the as-deposited thin films on Si
substrates was determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES), for dissolution samples were
treated with a mixture of nitric acid and hydrofluoric acid at
elevated temperature [30]. This method was chosen since it allows
for an accurate determination of the boron content, which is
difficult to access by other characterization techniques. Structure
and morphology of the as-deposited films on sapphire substrates
were investigated by X-ray diffraction (XRD).

The thermal stability was investigated by comparing XRD
measurements of the thin films in as-deposited state and after
annealing (base pressure below 0.1mPa) at 1000 �C for 30min in
He atmosphere (the heating rate was 20 K/min and the cooling rate
by simply turning off the heater was >50 K/min down to 500 �C).
XRD measurements were conducted with a PANalytical XPert Pro
MPD (q-q diffractometer) in Bragg Brentano geometry equipped
with a CuKa cathode (wave length l¼ 1.54 Å, 45 kV, 40mA).

Moreover, a FEI Quanta 250 scanning electron microscope
equipped with a field emission gun (FEGSEM) was used to take
cross section micrographs. The residual stresses of our thin films
were determined using the Stoney-equation [31], after extracting
the substrate curvature making use of a Nanovea PS50 chromatic
confocal profilometer.

The mechanical properties of both, the as-deposited and the
annealed coatings on sapphire substrates, were studied by nano-
indentation, using an ultra-micro indentation system (UMIS).
Loads within a range from 3 to 45mN were applied with a Berko-
vich type indenter. Indents exceeding an indentation depth greater
than 10% of the film thickness were excluded from the analysis to
minimize the substrate interference. Hardness and indentation
modulus were determined from the resulting load-displacement
curves of the nanoindents using the standard approach after
Oliver and Pharr [32], the errors noted are standard deviations.

The structural stability of a- and u-(W1-xAlx)1-yB2(1-z) with
respect to stoichiometry and changing vacancy concentrations on
the respective sublattice y and z was investigated by means of
density functional theory (DFT). For this purpose the Vienna Ab
Initio Simulation Package (VASP) [33,34], using the projector
augmented wave method [35], was applied. Exchange and
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correlation were accounted for by the generalized gradient
approximation as introduced by Perdew and Wang [36]. To start
with, supercells of the a- and the u-modification of (W1-xAlx)1-
yB2(1-z) were constructed. For the smaller a-phase a 2� 2� 4
supercell, containing 48 atoms, was selected, whereas in case of u-
(W1-xAlx)1-yB2(1-z) a 2� 2� 1 supercell with the same number of
atoms was created. For the realization of solid solutions or random
alloys with different stoichiometries the metal sublattices were
populated by the respective Al/W ratios, by making use of the
special quasirandom structure (SQS) approach [37]. The corre-
sponding SQS structures were then constructed using the at pack-
age [38]. As a next step, atomic coordinates and lattice geometry of
the obtained SQS configurations were optimized using the VASP
code with an energy cutoff of 600 eV and a 8� 8� 4 G-centered k-
point mesh. The plane wave cutoff energy and the k-point resolu-
tion were chosen to ensure convergence and an accuracy of the
calculation within a few meV/at. To introduce vacancies in the two
structure types, the same approach was used by simply considering
vacancies as additional alloying element in the SQS approach.

Schematics were produced using VESTA [39].
3. Results and discussion

Solid solutions of (W1-xAlx)1-yB2(1-z) thin films have been pre-
pared for various Al/W ratios, evidencing boron contents between
60 and 66%, thus being close to stoichiometric (W1-xAlx)1-yB2(1-z)
diborides (see Table 1).

Our XRD results highlight that only for Al metal fractions far
below 50 at%, as-deposited crystalline films can be obtained (see
Fig. 2). For Al metal fractions below 20% (i.e., x� 0.2), we clearly see
single phase solid solution of a-(W1-xAlx)1-yB2(1-z) with the c-axis
lattice parameters lying in between those of a-AlB2 [40] and the
experimentally observed one of a-WB2 [22]. With increasing Al
content, the positions of the (001) and (002) reflections shift to
lower angles also confirming the incorporation of Al on the metal
sublattice.

In agreement with these XRD investigations, the fracture cross
sectional SEM micrographs, Fig. 3, show dense columnar growth
morphologies for all thin films, except the highest Al-containing
one. The cross section of the latter is more comparable to
amorphous-like films. Additionally, an increased growth rate when
reducing the deposition pressure is seen for the binary WB2-based
thin film.

Interestingly, our (W1-xAlx)1-yB2(1-z) thin films exhibit significant
changes in their XRD patterns upon 30-min annealing in He at-
mosphere at 1000 �C. The initially amorphous film with an Al
fraction of 50.1 at% on the metal sublattice (absolute Al content of
17.3 at%) shows clearly crystalline XRD peaks at the position of u-
W2B5-z [41]. The (nano-) crystals of this coating are randomly
Table 1
Hardness H, indentation moduli E*, elastic recovery εR, and residual stress sR of (W1-xAlx)1
and the chemical composition before and after annealing at 1000 �C in He atmosphere.

Sputtering-power
ratio AlB2/W2B5-z (�)

Film thickness h (mm) Chemical composition (at%)

Al W B

0.0(0/150) 1.8 0.0 35.0± 0.2 65.0± 0.2
0.5 (75/150) 1.5 0.9± 0.1 38.9± 0.2 60.2± 0.1
1.0 (150/150) 1.7 3.6± 0.2 34.0± 0.2 62.4± 0.1
2.0 (150/75) 1.1 6.9± 0.1 29.1± 0.1 64.0± 0.1
4.0 (150/38) 1.8 17.3± 1.0 17.3± 0.3 65.4± 1.3

* delamination due to compressive stresses.
y little crack formation during annealing.
z crack formation during annealing.
oriented (contrary to our other thin films) and they crystallize in
the u-type structure. For the film with 19.2 at% Al on the metal
sublattice (absolute Al content of 6.9 at%), we observe a peak
splitting of the (002) reflection upon annealing, which will also be
discussed in the DFT section. This peak-splitting points to a spinodal
decomposition of our W0.81Al0.19B2 film towards a less defected Al-
enrichedW0.81-xAl0.19þxB2 (x indicates an increased Al content and a
decreased W content) phase and a vacancy containing W-enriched
WB2-z phase. All other films show no signs of decomposition, but
also a shift of the major XRD peaks (001) and (002) towards higher
2q angles indicating recovery events (where structural defects
rearrange towards lower energy sites, leading to a relief of
microstrains).

The amorphous filmdbased on previous studies showing that
sputtering of AlB2 targets leads to amorphous films, we correlate
this to the high Al contentdshows a hardness of 24 GPa and an
indentation modulus of 341 GPa. Both values are considerably
lower than those of our crystalline materials. For the whole
composition range, the hardness values of the crystalline a-(W1-

xAlx)1-yB2(1-z) thin films lie above 35 GPa, with the maximum of
42± 2 GPa for the binary a-WB2 thin film (see Table 1). A note-
worthy trend is the decreasing hardness with increasing Al content.
This decrease in hardness of our (W1-xAlx)1-yB2(1-z) thin films can be
attributed to reduced bond strengths, mirrored also by decreasing
indentationmoduli. The residual stresses of our thin films are given
in Table 1, we observe a decrease with increasing Al-content. The
hardness of our thin films on Si substrates is ~1 GPa lower than on
sapphire substrates, which can be attributed to lower residual
compressive stresses on Si (~0.9 GPa, resulting from differences in
the thermal expansion coefficients of the substrate materials). Also,
the Young's modulus yields slightly lower values on Si than on
sapphire substrates (however, well within the experimental error),
which can again be attributed to the influence of residual stresses.
The elastic recovery of our coatings varied between 61 and 63%,
with a trend to higher recovery at lower Al contents, an exception
was found for the initially amorphous film, where the recovery was
only 53%. The mechanical properties of the annealed samples
(1000 �C for 30min) are listed in Table 1. Due to delamination of the
binary a-WB2-z thin film during annealing, no H and E* could be
obtained from this sample in the annealed state. Also (W1-xAlx)1-
yB2(1-z) thin films with Al metal fractions of 9.7 and 19.2 at%
showed a significant crack pattern after annealing. However, the
initially amorphous W0.50Al0.50B2 thin film showed no crack for-
mation during annealing, allowing to measure their mechanical
properties to be H¼ 28 GPa and E*¼ 407 GPa, hence, higher than in
the as deposited state.

Ab initio calculations for (W1-xAlx)1-yB2(1-z) predict the a-phase
to become energetically more stable when the Al population on the
metal sublattice exceeds ~50%, considering any types of vacancies
-yB2(1-z) thin films depicted with respect to the sputtering power ratio, film thickness,
All errors are standard deviations.

Mechanical properties (Sapphire substrate)

Al
AlþW

As deposited Annealed 1000 �C

H (GPa) E* (GPa) εR (%) sR (GPa) H (GPa) E* (GPa)

0 42± 2 593± 12 63± 2 �1.5± 0.1 *

2.3 39± 1 550± 35 63± 2 �1.1± 0.1 37 ± 2 559± 15
9.7 38± 2 494± 31 63± 2 �0.7± 0.1 (35± 2) y

19.2 36± 1 459± 29 62± 2 �0.6± 0.1 z

50.1 24± 1 341± 7 53± 2 �1.2± 0.1 28 ± 2 407± 24



Fig. 2. XRD patterns of as deposited (blue) and annealed (green) W1 xAlxB2 thin films.
The symbols with vertical lines represent diffraction peak positions of a-AlB2. a-WB2

and u-W2B5-z. Substrate reflections are also indicated. The XRD patterns of the films
containing an Al metal fraction of 19.2 and 50.1 are presented with 5 times respectively
10 times their intensity. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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[12]. However, experimentally the a-phase is unambiguously
observed for all our crystalline thin films. This is in good agreement
with other recent PVD studies [13,24,25], which report that even
the binary WB2 crystallizes in the a modification. As PVD methods
are known to promote the incorporation of point defectsdsuch as
vacanciesdduring crystal growth, detailed ab initio studies on the
impact of point defects on crystal structure and energy of formation
have been performed, suggesting that these are the major reasons
for the stabilization of WB2 (and also other diborides) in its meta-
stable a-structure [13,42].

To study the consequences of an increased vacancy concentra-
tion on the phase stability of ternary (W1-xAlx)1-yB2(1-z) we have
analyzed the energy of formation, Ef, of both, the a-type and the u-
type modification, for changing chemical compositions and con-
centrations of vacancies, following eqn. (1):

Ef ¼
1P
ini

 
Etot �

X
i

niEi

!
(1)

here, Etot and Ei gives the total energy of the alloy and its elemental
constituents, as obtained from DFT, whereas ni denotes the number
of atoms of a given species i. In case of (W1-xAlx)1-yB2(1-z) the energy
of formation is a measure for the energy gain when an (W1-xAlx)1-
yB2(1-z) alloy is formed from fcc-Al, bcc-W and a-B.

In perfect agreement with earlier results [13], we findWB2 to be
more stable in the u-phase, whereas AlB2 prefers the a structure
type. However, by including vacancies, the a-phase of WB2 can
indeed be shown to become energetically more favorable [43]. To
further interpret our diffraction patterns, we have investigated the
evolution of the lattice parameter for the a-phase of AlB2 and WB2
with different vacancy concentrations (see Table 2.)

The calculations clearly show that for defect-free crystals, the c-
axis lattice parameter of a-WB2 is actually larger than that one of a-
AlB2. Thus, the c-axis lattice parameter would decrease with
decreasing W content for defect-free a-(W1-xAlx)1-yB2(1-z) solid
solutions, causing a shift of the (001) reflection to higher diffraction
angles. However, the opposite effect is observed in our XRD pat-
terns. Again, the incorporation of vacancies in our crystalline
structures (due to the PVD process) can account for this behavior.
Table 2 clearly shows that the difference in c-axis lattice parameters
between a-WB2 and a-AlB2 decreases with increasing vacancy
content. Finally, in case of M0.875B1.75 (i.e., 12.5% Schottky defects)
the c-axis lattice parameter of the defected a-WB2 becomes smaller
than that of the defected a-AlB2 thus being significantly smaller
than that of defect-free a-AlB2 which is in perfect agreement to our
previous study [42]. Consequently, the combination of experi-
mental and computational studies strongly points towards an
increased vacancy concentration in our PVD films. Moreover, the
overall residual stresses can be ruled out as origin of a peak shift in
our XRDmeasurements, as the trend in sRwould cause a shift in the
opposite direction.

The impact of vacancies on the phase stability of (W1-xAlx)1-
yB2(1-z) is indeed striking, as detailed in Fig. 4a. In this figure we
show the energy of formation with respect to the chemical
composition for defect-free a- and u-(W1-xAlx)1-yB2(1-z), and
compare it to structures with incorporated metal and boron va-
cancies. The results clearly point out that the formation of B va-
cancies, Me vacancies, as well as B and Me vacancies, lead to more
positive Ef values for u-structured (W1-xAlx)1-yB2(1-z) solid solutions
across the entire x range (generally, the Ef-vs-x curve for u-(W1-

xAlx)1-yB2(1-z) moves upwards when defects are included, Fig. 4a,
slightly more on the W-rich side). Consequently, the formation of
vacancies is energetically penalized in the u-phase.

The impact on the a-phase is different. The formation of B, Me,
as well as B and Me vacancies leads to more negative Ef values for
W-rich solid solutions. The Al-rich part, especially for x¼ 1, only
shows slightly more negative Ef values if a small amount of Me
vacancies is considered (Ef is slightly more negative for a-Al0.9375B2
than a-AlB2, Table 2). The formation of boron vacancies is strongly
penalized, leading to Ef values close to zero for AlB1.9375 or even
positive for higher B-vacancy concentrations (Table 2). Conse-
quently, the formation of B and Me vacancies (especially in form of
Schottky defects, the two most right columns of Table 2) turns a-
AlB2 unstable. But with increasing W content this impact is
reversed, leading to more negative Ef values for defected a-(W1-

xAlx)1-yB2(1-z) (than defect-free a-(W1-xAlx)1-yB2(1-z)) if x is under



Fig. 3. SEM cross section micrographs of our thin films. The Al content increases from left to right, (a) was deposited with 7.4W∙cm�2 on the W2B5-z target and 0.0W∙cm�2 on the
AlB2 target, (b) with 7.4 and 3.7, (c) 7.4 and 7.4, (d) 3.7 and 7.4, and (e) with 1.9 and 7.4W∙cm�2 on the W2B5-z and AlB2 target respectively. The dashed horizontal line, indicating the
interface between film and Si substrate, has the same length as the 500-nm-scale bar.

Table 2
c-axis lattice parameter and Ef for binary a-AlB2 and a -WB2 with different vacancy concentrations. Note that a positive Ef means that the structure is unstable with respect to
the elemental constituents.

M MB2 MB1.9375 M0.9375B2 M0.9375B1.9375 M0.9375B1.875 M0.875B1.75

Al 3.30 Å 3.25 Å 3.26 Å 3.24 Å 3.24 Å 3.17 Å
�0.044 eV/at �0.0125 eV/at �0.056 eV/at �0.013 eV/at þ0.041 eV/at þ0.153 eV/at

W 3.40 Å 3.32 Å 3.32 Å 3.24 Å 3.25 Å 3.11 Å
�0.055 eV/at �0.088 eV/at �0.096 eV/at �0.133 eV/at �0.141 eV/at �0.165 eV/at
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~0.6 (Fig. 4a). For a-WB2 the impact of B andMe vacancies is similar,
both lead to more negative Ef values. Hence, the formation of B
vacancies, Me vacancies, as well as B and Me vacancies, is not
penalized but even rewarded.

The combination of these effects (promotion of vacancies in the
a-structure but penalization thereof in the u-structure, especially
on the W-rich side) leads to the result that the preference of the a-
structure over the u-structure shifts towards higher W-contents, if
vacancies are considered. Indeed, while the u-to a-transition of the
defect-free phases is observed at about 40 at% W on the metal
sublattice (indicated by the right dashed vertical line in Fig. 4a)din
agreement with recent calculations for increased supercell sizes
[13]dall three vacancy types (metal vacancy, boron vacancy and
metal plus boron vacancy), shift the transition clearly to theW-rich
side, to ~60 at% W for the Me and B vacancy containing structures
considered here (indicated by the left dashed vertical line in
Fig. 4a). The shift of theu to a transition to higherW concentrations
with increasing vacancy content is nicely represented by the dis-
tance of the two dashed vertical lines (Fig. 4a), which emphasizes
the importance of point defects such as vacancies on the phase
stability.

The fact that all of our crystalline films crystallize in the a
structure suggests the presence of even higher defect concentra-
tions as considered within Fig. 4a. For example, when considering
12.5% Schottky defects, the energy of formation of a-WB2 is
with �0.165 eV/at (Table 2) already more negative than that of u-
W2B5-z (Efa - Ef

u is þ0.26 eV/at for defect-free WB2 and
only þ0.063 eV/at for 6.25% Schottky defect containing WB2).

For W-metal-fractions below 40 at% not just the energy of for-
mation is always more positive for the u-phase than for the a-
phase, but it is also rather close to zero (if not even positive) for B
vacancy containing as well as B and Me vacancy containing Al-rich
structures. This agrees with our experiments showing that Al-rich
(W1-xAlx)1-yB2(1-z) thin films always became X-ray amorphous,
and no crystalline AlB2 film could be realized so far (in its as
deposited state).

In principle, the ab initio calculations predict the formation of
the u-phase for a broad compositional range for defect-free and
low vacancy containing (W1-xAlx)1-yB2(1-z), thus holding as expla-
nation for the formation of u-Al0.50W0.50B2 under annealing of the
amorphous thin film: here the film (i.e. the crystalline parts inside
the film) forms rather under equilibrium like conditions, such that
potentially less defects are created during crystal formation, being a
prerequisite for the formation of the u-phase.

In Fig. 4b we depict the energy of formation for a-(W1-xAlx)1-
yB2(1-z) without (y¼ 0, z¼ 0) and with Schottky defects (6.25%, i.e.
y¼ 0.0625, z¼ 0.625), indicated by the diamond and asterisk
symbols, respectively. Consequently, both cases correspond to
stoichiometric compounds. We immediately observe that espe-
cially the W-rich side even promotes the formation of Schottky
defects. On the Al-rich side (W-metal-fractions below 0.5), clearly
the defect-free structure is most stable. This indicates that vacancy
containing single-phase ternary (W1-xAlx)1-yB2(1-z) PVD thin films
(as observed in our experiments) decompose upon annealing to-
wards vacancy-containing W-rich phases and nearly vacancy-free
Al-rich phases. Such a scenario is also indicated in Fig. 4b. More-
over, several compositions were calculated twice with different
positions of the considered vacancies in the crystal lattice (Al-near
and W-near) which again highlights the preference of vacancies
towards the W-rich regions.

Thus, the experimentally observed decomposition of our as
deposited single-phase a-W0.81Al0.19B2 thin film upon annealing at
1000 �C for 30min, points towards a spinodal decomposition to
form vacancy-free Al-rich domains and defected W-rich domains.

Besides an isostructural spinodal decomposition, a second
decomposition pathway is conceivable, as especially the W-rich
domains (which would prefer the u-type for lower vacancy con-
centrations) could also form an intermediate phase (between the a-
type and u-type). Such an intermediate phase (i.e. a transition from
a to u via a continuous transformation of flat to puckered B-planes)
could be seen as a mixture of a- and u-type or an intermediate
structure with e.g. two puckered and four flat boron layers (here
simply denoted as m-type). The formation of such an intermediate
phase during decomposition would yield a higher energy gain as
puckered layers are energetically favorable for the W-rich part (see
the red hexagon in Fig. 4a), with Ef of �0.23 eV.



Fig. 4. (a) Energy of formation for different vacancy concentrations of a-(W1-xAlx)1-
yB2(1-z) (solid lines) and u-(W1-xAlx)1-yB2(1-z) (dashed lines), as function of the Al
metal fraction x ¼ Al/(Al þ W). The dashed vertical lines indicate the position of the a
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The above discussion has its focus on the energy of formation
and completely neglects entropic contributions to the phase sta-
bility. Due to the configurational entropy being a function of the
chemical composition, meaning equivalent entropic contributions
for both structural modifications of (W1-xAlx)1-yB2(1-z), it will not
affect the composition at which the transition takes place. The
vibrational entropy on the other hand, may in principle be different
for both modifications, however due to their structural similarity,
these differences are expected to become significant only at
strongly elevated temperatures. Yet, vacancy containing structures
on the other hand may indeed be stabilized by entropy at elevated
temperatures.

To investigate the finding that vacancies have especially in the
a-structure a different impact on Al-rich or W-rich phases, we have
analyzed the electronic density of states (DOS) for different vacancy
contents of a-structured AlB2 and WB2. Indeed, both phases a-AlB2
and a-WB2, show a pseudogap in their DOS, which, for the stoi-
chiometric compound, lies below the Fermi level (see Fig. 5). For
AlB2 the pseudogap is only slightly below the Fermi level (EF), such
that introducing vacancies on the metal sublattice indeed moves EF
into the pseudogap, while the DOS otherwise remains rather un-
changed. This corresponds to what we would expect from a rigid
band model by removing electrons from the system. These findings
moreover indicate that for a stoichiometry close to Al0.9375B2 an
electronic stabilization of the structure can be expected with the
Fermi energy lying in the pseudogap. This is in good agreement
with experimental and theoretical work on bulk AlB2 where stoi-
chiometries of about Al0.9B2 have been proposed [44,45]. For va-
cancies on the boron sublattice on the other hand, the Fermi level
also comes close to the pseudogap, however, the number of states
around the Fermi energy is clearly increased, indicating a change in
the band structure, going along with a destabilization due to
additional anti-bonding states (Fig. 5). Note that the value at EF is
almost the same, but in case of the defect-free structure, the
number of states below EF (antibonding states) decreases, whereas
it increases for the boron substoichiometry. Interestingly, further
vacancies indeed render the AlB2 system unstable with respect to
decomposition in fcc-Al and a-boron (see Ef in Table 2). This is also
clearly visible from the DOS for the case of onemetal and two boron
vacancies (a Schottky defect, for our supercells used, this is equiv-
alent to 6.25% Schottky defects), which is also depicted in Fig. 5.
Here, a significant increase in states in the antibonding region close
to EF is observed. Similarly, we also have studied the effect of va-
cancies on the electronic structure of a-WB2. Now, we find the
structure to be highly tolerant with respect to metal and boron
vacancies. In fact, with increasing vacancy content the DOS at the
Fermi level is gradually decreasing, such that we indeed see an
electronic stabilization of the structure. Interestingly, we find that
structures with stoichiometric vacancy distribution over the two
sublattices (Schottky defects, i.e. (W1-xAlx)1-yB2(1-z) with
z¼ 0.03125 and 0.0625) are more stable than defect-free a-WB2 in
agreement to our previous study [16]. This means that while a-AlB2
tolerates only a small vacancy content on the metal sublattice, a-
WB2 is electronically stabilized by higher vacancy concentrations
to u transition for crystals without vacancies (right dashed line) and with Me and B
vacancy (left dashed line). The transparent lines shown in the second, third, and fourth
panel are the normalized (with regard to chemical composition) data of the first panel
(for defect-free cells), providing an overview on the trends. The red hexagon denotes
an intermediate phase between a-WB2 and u-W2B5-z, consisting of two puckered and
four flat boron layers. (b) shows a possible scenario for the decomposition of the
experimentally observed (W0.81Al0.19)1-yB2-z coating into defect-free Al rich (Al,W)B2

and defected W-rich (W,Al)B2. The consequential minimum energy gain is marked as
grey area. The red asterisks denote variations in the vacancy distribution (near the W-
atom or the Al-atom). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)



Fig. 5. DOS for different vacancy configurations of a-AlB2 and a-WB2. The values be-
sides the dashed line showing the Fermi-level indicate the number of states at the
Fermi energy.
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on both sublattices. Finally, we need to mention that the samples
showed a significant difference in their oxidation stability if con-
taining Al or not. The Al-free WB2 coatings showed already after 1
week of ambient air exposure a change of their color towards
greenish appearance, indicating ongoing oxidation processes.
Contrary, the Al-containing samples (even if only 2.3 at% at the
metal sublattice) did not show such a change.

4. Summary and conclusion

Making use of the interplay between two different polymorphs
has been shown to result in materials with improved mechanical
properties. Especially in the well-known Ti1-xAlxN system meta-
stable cubic solid solutions have shown significantly improved
hardness and better ductility. Similarly, we show here that WB2 can
be alloyed with up to 20 at% Al metal-fraction without significant
performance loss, pointing to an increased oxidation stability due
to Al, as one would expect the formation of an Al-oxide passivation
layer. This, however, has to be further investigated. Hence, the main
advantage of Al addition to WB2 thin films is a self-passivation at
ambient conditions, as well as an increased oxidation resistance in
possible future applications. Unfortunately, a further increase of the
Al-content to the Al-rich side could be shown to be difficult, which
is especially due to the destabilizing nature of boron vacancies. This
leaves us with an interesting situation: While vacancies electroni-
cally stabilize the a-over the u-phase for high W contents, they at
the same time destabilize the a-phase at high Al contents, making it
difficult to grow crystalline a-AlB2 by PVD (with their typically high
fraction of point defects). This once more points to the importance
of point defects for stability and mechanical properties of PVD
deposited coatings, a fact that is now also understood to be crucial
for boride-based coatings.
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