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Density Functional Theory applying the generalised gradient approximation is used
to study the phase stability of (AlyCrj_4x),03 solid solutions in the context of
physical vapour deposition (PVD). Our results show that the energy of formation
for the hexagonal o phase is lower than for the metastable cubic y and B1-like
phases—independent of the Al content x. Even though this suggests higher stability of
the a phase, its synthesis by physical vapour deposition is difficult for temperatures
below 800 °C. Aluminium oxide and Al-rich oxides typically exhibit a multi-phased,
cubic-dominated structure. Using a model system of (Al ¢9Cry.31)203 which experi-
mentally yields larger fractions of the desired hexagonal o phase, we show that point
defects strongly influence the energetic relationships. Since defects and in particular
point defects, are unavoidably present in PVD coatings, they are important factors
and can strongly influence the stability regions. We explicitly show that defects with
low formation energies (e.g. metal Frenkel pairs) are strongly preferred in the cubic
phases, hence a reasonable factor contributing to the observed thermodynamically
anomalous phase composition. © 2016 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http:/creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4941573]

I. INTRODUCTION

Increased productivity and the need to machine high temperature alloys require increased sta-
bility of cutting and forming tools. To some extent, this can be achieved by the application of phys-
ical vapour deposited, PVD, protective coatings. A prominent class of high performance coatings
is represented by Al-based oxides which feature enhanced oxidation resistance as well as outstand-
ing thermo—-mechanical properties.'? Solid solutions of (Al,Cr;_,),03 have gained high industrial
attention, as Cr promotes the desired thermodynamically stable and mechanically resistant a phase
(also known as the corundum structure).*® However, it turns out that the low temperature growth
of a-(AlkCr_),03 by PVD techniques, as for instance magnetron sputter deposition or cathodic
arc evaporation, is extremely challenging for higher Al-contents in the coating. Although a is the
thermodynamically stable phase, coatings produced at typical PVD growth temperatures of ~550 °C
usually contain also amorphous-like material or cubic oxide phases. Apart from the commonly
known cubic-based Al,O3 polymorphs (e.g., y-Al,O3) the presence of a metastable defected B1-like
(AlL,Cri_)»03 solid solution was reported’~'° and studied by ab initio.'' Even though a-Al,O; and
its metastable polymorphs have been comprehensively investigated from both experimental and
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computational aspects, only little is known about the new B1-like phase and its relation to o- and
y-type (ALCr|_4)203.

Based on previous studies it is well-known that substrate temperature and ion energies strongly
affect film growth and properties.'>!® Process temperatures higher than 800 °C increase the surface
mobility of the adatoms, consequently providing the energy which is required for the stabilization
of a-Al,03."* However, there is a substantial interest to reduce the thermal load of the substrates
during deposition and obtain crystalline o structured coatings at temperatures as low as 500 or
600 °C. Fundamental deposition processes such as the bombardment of atoms and ions not only
provide energy to the growing film but also result in an increased distortion of the surface near
region and the generation of multiple defects such as interstitials and vacancies,'>'7 in addition
to dislocations etc. As defect annihilation requires mobility of the participating species, which is
usually achieved by heating or by momentum transfer, conditions present at low temperature PVD
are often not sufficient to overcome the energy barriers for diffusion. Consequently, the films exhibit
increased defect densities. Ashenford et al.'® examined phase stability trends of Al,O3 with respect
to the influence of point defects using Molecular Dynamic and Monte Carlo methods. The initial
defect concentration was suggested to play an essential role in a controlled a Al,O3 formation at
temperatures below 500 °C. Music et al.'” proposed that bombardment induced mobility enabled
higher diffusion along the y-Al,O3 (001) facets as compared with the a-Al,O3 (0001) plane and
thus facilitated the growth of the latter. The important role of defects (e.g., point defects such as
vacancies) in Al-based oxides can also be found in phase evolution studies of PVD processed oxyni-
trides,?*?! where the formation of vacancies in the cubic Al-Cr-based oxynitride phase is necessary
for maintaining the charge neutrality with increasing O/(N+O) ratio and, thus can also be related to
the presence of a B1-like cubic phase in (Al;_4Cry),03.

Defect formation energies predicted by ab initio methods have been demonstrated to be reason-
ably accurate for metals (with respect to experiments). However, the same treatment by Density
Functional Theory (DFT)-applying conventional exchange correlation functionals (i.e. Local Den-
sity Approximation (LDA) or Generalised Gradient Approximation (GGA))—for ionic insulator
materials turns out to be erroneous due to an underestimation of the band gap.?? Similarly, other
properties such as electronic levels of defect states or optical properties, are also predicted incor-
rectly. Therefore, huge efforts are being made to overcome these limitations in order not only
to reproduce experimental results, but also to reliably predict properties.>*™>> In a recent review,
Freysoldt et al.?® comprehensively summarised the impact of point defects on material properties,
including information on possible issues, drawbacks but also advantages of different method-
ical approaches (LDA+U,?"-?® hybrid functionals®3?). The progress can be demonstrated on an
example of defect formation energies in a-Al,O3 by comparing literature published within the last
decade.’'=%

Research towards a reliable description of ionic insulating materials has been made rather
slowly, only under huge efforts employing expensive non-standard methods. In almost all cases,
experimental comparison is made with pure compounds, strongly contrasting with the present
case of (AlyCr;_y)>03 solid solution thin films processed far from thermodynamic equilibrium and
exhibiting high defect densities.

Including all the above mentioned improvements to address differences between the recently
introduced B1-like structure, as well as the a and y phases in the (Al,Cr_4),03 system, would
result in a tremendous complexity (ionic oxides, magnetism, alloying, defected structures), and is
beyond the scope of the present work. Contrarily, our intention is to simplify the issue to a traceable
problem, which, if successful, will serve as a basis for further more accurate studies.

We report on phase stability trends for the thermodynamically stable o and metastable cubic
(y and B1-like) (AlCr;_4),O3 phases calculated by first principles methods. For the model system
(Aly.69Cr.31)203 we have studied the impact of various point defects on the energy of formation
of these cubic and hexagonal phases. Our results clearly suggest that point defects need to be
considered to understand the experimentally observed phase evolution of (Al;Cr;_4),O3 coatings,
especially when prepared by PVD.
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Il. METHODOLOGY

Total energy calculations of the (Al;_xCry),0O3 system are performed using the Vienna Ab initio
Simulation Package (VASP code),*® a plane-wave implementation of the Density Functional Theory
(DFT) in combination with pseudopotentials’” using projector augmented wave method, general-
ized gradient approximation (GGA) for exchange-correlation effects by Perdew, Burke, and Ernz-
erhof.3® A plane wave cut-off energy of 600 eV and a minimum of 1120 k-point - atoms (number
of k-points is given in the whole Brillouin zone) ascertain accuracy in the order of ~1073 eV/atom.
Supercells with 80 atoms for all three (AlCr;_),03 phases—a. (thombohedral R§c39), vy (fcc-based
defect spinel Fd3m**2), and ordered vacancy phase B1-like, according to Refs. 7 and 43, were
fully structurally optimised. Compositional variations, by Al substituting Cr on the metallic sub-
lattice, were considered for 9 different concentrations (Al content x = 0, 0.125, 0.25, 0.375, 0.5,
0.625, 0.75, 0.875, and 1). Three species, Al, Cr spin up, and Cr spin down, were distributed on the
metallic sublattice following the special quasi-random structures (SQS) approach*** to simulate
the paramagnetic state of Al,O3 —Cr,Oj3 solid solution (i.e., treating it as a quasi-ternary syste m), an
approach successfully applied before to e.g. Cr;_AlLN System.*® The short range order parameters
were optimized for pairs up to the fifth coordination shell. The resulting total magnetic moments
were indeed close to zero ug as should be the case for the paramagnetic state.

The impact of point defects is studied using supercells including Frenkel pairs and Schottky
defects. The former are constructed by shifting one Al, Cr, or O ion into an inherently unoccupied
octahedral or tetrahedral interstitial lattice site for the B1-like and y phases. For the a phase, the
rearranged ion is placed only on vacant octahedral sites of the metallic sublattice. Schottky defects
were created by randomly removing 2 metal and 3 oxygen atoms. These type of defects guarantee
for the preservation of the overall charge neutrality preventing local electrically polar areas, hence
an electrical disorder, which single point defects would evoke.

lll. RESULTS AND DISCUSSION

A. Phase stability of perfect structures

The energy of formation per atom, Ey, is obtained from the total energy, Ey, of the three
crystallographic structures (o, v, and B1-like) using

Ef:81—0(Em,—32 (l—x) EA1—32)CEC¢—48%) (1)
where Ey), Ecr, and Eq; are the formation energies of elements in their stable configurations fcc

Al, bece Cr, and O, molecule, respectively.
The o phase exhibits the lowest energy of formation over the entire composition range (Fig. 1(a)).
For the boundary compositions x = 0 and x = 1, representing Cr,O3 and Al,Os, Ef equals -2.403
and -3.490 eV/atom, respectively. These values agree well with previously reported experimental
and calculated data*® of -2.384 and -3.494 eV/atom, respectively, and point out the higher overall
chemical stability of Al,Oj3 in its hexagonal phase as compared with Cr,O3. For Al,O3, the vy phase
(green diamonds in Fig. 1(a)) is more stable than the B1-like phase (red squares in Fig. 1(a)). With
increasing Cr content the B1-like-modification becomes more stable than the y phase, and already
for x ~ 0.85 both phases have nearly identical E; values. The energy difference, AE;®!~", between
B1-like and vy is between -25 and +25 meV/atom for x > 0.75, (open black circles in Fig. 1(b)). These
values are comparable to kgT (kg Boltzmann constant, T temperature) at room temperature, and thus
in the same range as vibrational excitations. At temperatures around 500 and 600 °C, a typical PVD
substrate temperature for depositions of oxide coatings, kgT equals to ~70 meV. Consequently, the
energy difference of 25 meV/atom between these two phases, v and B1-like, can easily be overcome
by thermal excitations and hence both are expected to crystallize simultaneously during growth. For
higher Cr concentrations, AE{®'~¥ becomes increasingly larger, which is an indication for a B1-like
preference over vy. This is in excellent agreement with experimental results showing that the B1-like
phase fractions have first been detected for (Al Cr;_4),0O3 coatings with increased Cr contents.® When
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FIG. 1. (a) Energy of formation, E¢, of the corundum (blue hexagons), B1-like (red squares), and y (green diamonds) solid
solution of (AlCr;_x)>03 plotted as a function of the Al content x. The transition between the preference for B1-like or vy as
metastable phases, is marked by the shaded area. (b) Differences in E¢ for o — B1-like (open red squares), o. — ¥ (open green
diamonds), and B1-like — vy (open black circles), respectively. Negative values indicate the preference of the first over the
second one (e.g., negative values for a — v indicate that o is preferred over y) and vice-versa. The supercell illustrations are
based on Refs. 47 and 48.

comparing the energy of formation between o and vy (AEf*?, open green diamonds in Fig. 1(b)), the
difference of ~-25 meV/atom steadily increases to more negative values, highlighting the preference
of a over y towards the Cr-rich side of the quasi-binary system. This is not the case for the difference
between o and B1-like, AE;* B!, which is approximately -60+5 meV/atom independent of the chem-
ical composition. However, thermal vibrations may also overcome this energy, hence a coexistence
and/or competitive growth of these phases is conceivable, thus giving a possible explanation for the
observation of a multi-phased microstructure.’->
The mixing enthalpy, AHyix, shown in Fig. 2 is calculated by

AH i = E((AlCr1-x)203) = xE(ALO3) — (1 = x)E(Cr03) )

with E((AlCr;_4),03) being the total energy of the ternary supercell, and E(Al,03) and E(Cr,03)
the total energy of the binary oxides, respectively. AHy,ix, between Al,O3 and Cr,03 is positive over
the entire composition range for all three studied phases. Consequently, any (Al,Cr;_4),03 solid
solution is supersaturated and experiences a thermodynamical driving force for decomposition into
its stable constituents Al,O3 and Cr,05.53 The v-type solid solution yields the highest AH,;x, with a
maximum of approximately 40 meV/atom at x ~0.5. On the other hand, the B1-like solid solution
yields the smallest AHpix, with a maximum of 12 meV/atom at x ~0.6, and being about half of
values for the y phase. This is in excellent agreement with the previously reported mixing enthalpies
of the B1 and corundum structures by Alling et al.'' In general, the driving force for decomposi-
tion of (Al,Cr;_,),03 is much smaller than for many nitrides that are routinely synthesised using
PVD as solid solutions. For example, rock-salt cubic Ti;_xAlxN, a prototype hard coating system,
peaks x ~0.667 with a maximum value AH,;x,~100 meV/atom. Despite this high driving force
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FIG. 2. Mixing enthalpy AHpix, of the corundum (blue hexagons), Bl-like (red squares), and y (green diamonds) solid
solution of (AlxCr;_x)203 plotted as a function of the Al content x. The data are fitted with third order polynomial functions.

for decomposition, Ti;_xAlxN can still be prepared using PVD as a cubic-structured single-phase
solid solution, hence suggesting that the (Al,Cr;_)>O3 supersaturated phases are not only realisable
by PVD, but should be also more stable with respect to isostructural decomposition than, e.g.,
Tij_xALN.

Based on the results presented in Figs. 1 and 2 we conclude that the corundum-type o-
(AlLCr;_4)203 is preferred over the metastable cubic phases in the entire composition range. Among
these cubic phases (Bl-like and v), the Bl-like structure is clearly energetically favoured with
respect to the energy of formation, already for Cr contents above 15 at.% (1-x < 0.85) of the
metal sublattice. This is in agreement with equilibrium phase diagram showing that the corundum
phase is the stable configuration of Al,O3, and suggesting a miscibility gap in the quasi-binary
(ALCri_y),03.7%

Nevertheless, single-phase corundum-type (AlCr;_4),O3 coatings can only be prepared by
PVD at around or above 600 °C combined with Al contents x <0.5 or at lower temperatures for Cr
contents above 70 at.% of the metal sublattice. On this account, some researchers have already re-
ported on the effect of impurities>® or interface and grain boundary energies'*° in order to examine
phase stability and phase formation of Al,O3;. Molecular dynamics simulations were employed to
extensively study the impact of deposition temperature and bombardment on the stability of grow-
ing o and y A1,05.50%! This seems to be particularly appropriate when investigating PVD-deposited
material systems where the incoming high energy atoms not only bring energy enhancing the
surface ad atom mobility, but also may penetrate into the subsurface regions, hence resulting in
far-from-equilibrium conditions. In the following we will therefore address the impact of point
defects on phase stability in (Al,Cr;_4),O3 with the aim to contribute to the ongoing scientific
discussion on the puzzling discrepancy between experiments and theory.

B. Impact of point defects on the phase stability

The simplest point defects in bulk materials include vacancies, interstitials and anti-sites. All
of these, however, change locally the anion-cation ratio, which in the case of ionic insulators poses
a difficulty related to balancing the change.?® To avoid this topic, we shall focus on defects which
keep the number of anion and cation unaltered (Frenkel defects consisting of vacancy and interstitial
pairs), or remove the whole formula unit (Schottky defects) hence maintaining the change neutrality
of the overall system. Due to the complexity of the configurational space for various Al/Cr ratios
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and defect arrangements, we restrict ourselves to only one industrially important chemical composi-
tion, (Al 7Cro.3)203.

The energy of formation is a standard quantity for discussing the phase stability, as done in the
previous section. We therefore first estimate the change of E; and related phase preference, caused
by the presence of Frenkel pairs and Schottky defects. The energy of formation was evaluated using
Eq. (1). adjusted for the actual number of atoms in the defected supercell based on a perfect struc-
ture composed of 22 Al, 10 Cr, and 48 O atoms ((Aly ¢9Cr.31),03) being close to the experimentally
aspired composition (Al 7Cry 3),03. To better account for the statistical nature of defect formation,
we set up different distributions of the defects. The Frenkel pairs were modelled by displacing an
atom into a vacant position (either interstitial with respect to underlying perfect lattices, or vacant
due to the construction of the oxide itself, e.g, the B1-like oxide with metal-to-non-metal ratio 2:3).
Subsequently, the structural models were fully relaxed, and the final configurations were quantified
by the distance between vacancy (before relaxation) and the interstitial atom (after the relaxation).
In some cases, the relaxation led to a swap mechanism with another lattice atom, resulting in the
original perfect structure again (in which two atoms swapped their places). Such configurations, as
well as those in which the displaced atom relaxed back into its original position, were not further
considered.

Changes in the energy of formation of (Al ¢9Cr.31),03 caused by the generation of Al, Cr, or
O Frenkel pairs are summarised in Fig. 3(a). The metal atom Frenkel pairs (e.g., an Al vacancy and
an Al interstitial labelled as V4 Al), result in increased (less negative) in Ef of the a, B1-like, and
v structures, whereof the least impact is observed for the latter. This increase of 49+21 meV/atom
and 29+4 meV/atom for the o and the B1-like structures, respectively, in the case of V4 Al;, and of
67+5 meV/atom and 60+4 meV/atom for the o and the B1-like structures, respectively, in the case
of V¢,Cr;, indicates stabilisation of the vy phase with respect to these two phases once the defects are
present. Similarly, the O Frenkel pair strongly stabilises the cubic B1 structure. It can be therefore
concluded, that all three types of Frenkel pair lead to a stabilisation of the cubic (y or B1) phases
with respect to the hexagonal o phase.

The effect of Schottky defects—with single metallic (i.e., vacancies at Al positions or Cr posi-
tions combined with vacancies at oxygen positions, 2V53Vp and 2V3V) or mixed metallic
(i.e., one Al plus one Cr vacancy combined with three oxygen vacancies, VaV3Vo) species—is
presented in Fig. 3(b). In this case, the energy of formation of all three phases becomes less negative
in the presence of defects. While the Al Schottky defect keeps the relative phase stability between
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FIG. 3. Change in the energy of formation upon the generation of (a) one Frenkel defect and (b) one Schottky defect in o
(blue hexagons), B1-like (red squares), and y (green diamonds) solid solution (Al ¢9Crp.31)203.
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FIG. 4. Defect formation energy, Et,qcf, per defect—(a) Frenkel pairs, and (b) Schottky defects for the o (blue), B1-like (red),
and y phase (green).

a, Bl-like, and vy structures unchanged, the Cr Schottky defect leads to a strong preference of the
B1-like phase. Interestingly, the mixed Al-Cr Schottky defect reduces Ey less than the single-specie
defects, hence resulting in the most stable (Al,Cr;_x),0O3 containing a Schottky defect. Additionally,
the mixed Schottky defect prefers the y over the B1-like cubic structure.

C. Formation energies of point defects

The remaining question is, how energetically expensive it is to create the considered defects.
Hence, we calculated the defect formation energies (Fig. 4) as

E¢ gof = Et gor — E; (Frenkel defects) 3)
Ef gof = Et gor — (E¢ — E((f.u.)) (Schottky defects) @)

where E;.y is the total energy of the supercell containing a specific defect type, and E; is the
total energy of the perfect crystal in the same supercell. E; (f.u.) represents the chemical energy
corresponding to atom forming the “formula unit” removed when creating a Schottky defect. In all
cases, incorporated atoms were placed into lattice position demonstrating sufficient space. Positions
with a smaller volume resulted in unrealistically high formation energies, and thus were excluded
from the following discussion.

The calculated values are of the same order of magnitude as the literature data. For example,
Lagerlof and Grimes listed increasing formation energies of 4.87, 5.17, and 6.59 eV for oxygen
Frenkel pairs, Schottky defects, and aluminium Frenkel pairs in corundum Al,03%* (cf. values for
ValAl; and Schottky defects in Fig. 4.). On the other hand, Matsunaga et al. predicted using first
principles plane-wave pseudopotential calculations, that Schottky defects are energetically favoured
over anion and cation Frenkel pairs®' in a-Al,Os, in agreement with previous work by Mohapatra
and Kroger.% Similar findings were reported also by Corish and co-workers for a-Cr,03.%* Our
calculations, on the other hand, show different ordering of the defects for all three here investigated
structures. Moreover, in addition to the literature reports on binary oxides, the current case of
(ALCr),03 presents a significant structural complexity (three types of Frenkel pairs, three types of
Schottky defects). We therefore anticipate that results for individual Al,O3; and Cr,O3 compounds
are directly not fully transferable to their solid solution (Al,Cr),03.

It is worth noting, that the cubic phases also yield Frenkel pair configurations with non-zero
distance between the vacancy and the interstitial, but an almost zero change (increase or even
decrease) of the energy of formation (V¢,Cr; for the y and VoO; for the B1-like phase). This points
out that the current structural model (defected spinel for the y phase and the ordered vacancies for
the B1-like phase) are liable to structural modifications at almost no energy cost.

Comparing Figs. 4(a) and 4(b), one can see that for every structure, the lowest defect formation
energy is obtained for some Frenkel-type defect, hence making them strongly preferred defect over
the Schottky defects. The data in Fig. 4(a), in fact, visualise the same information as in Fig. 3(a)
due to the fact that the number of atoms in the defect and perfect cells is the same. For example, the
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almost zero Es 4er of VO reflects the almost constant E upon introduction of O-Frenkel pairs to the
B1-like structure (Fig. 3). On the other hand, the data shown in Fig. 4(b) contain in addition to Fig. 3
the energy connected with the removal of the formula unit.

It is evident that this energy balance completely ignores the process of the defect creation.
However, assuming that the incoming atoms have high enough kinetic energy to be implanted into
the growing film and/or to create a defect. E; is actually a measure of their stability, e.g., whether
there is thermodynamic driving force for their recovery. Apparently, this recovery force is almost
zero for the Frenkel pairs in the vy phase, while it is significantly non-zero for the metal Frenkel pairs
in both the corundum and B1-like structures. The recovery process includes short range diffusion,
causing local rearrangements and distortions, which may lead to a local destruction of the crystal
structure and amorphisation, as demonstrated by the molecular dynamics studies of Houska.%*®! On
the other hand, the y phase is able to accept the Frenkel pairs at almost no energy cost, and hence is
able to maintain crystalline even in their presence, which is unavoidable during the PVD process.

IV. CONCLUSIONS

In this ab initio study we propose that the point defects—unavoidably present in the mate-
rial, especially when prepared by physical vapour deposition processes—contribute towards sta-
bilising the cubic phases at the expense of the thermodynamically stable hexagonal structure of
(Al 69Cro.31)203.

Three experimentally relevant structures (regarding cathodic arc evaporation), corundum-type
a, defect-spinel v, and the recently introduced B1-like modification, were investigated in detail for
their energy of formation, E;. Our results clearly show that the o phase is the most stable structure
independent of the Al content x of defect-free (Al,Cr;_,),0j3 solid solutions. The difference between
o and B1-like is rather constant over the whole compositional range, whereas between o and vy the
energy difference continuously decreases with increasing Al content. Only for Al-rich compositions
with more than ~85 at.% Al on the metal sublattice, the metastable y phase is energetically favoured
over the Bl-like phase. Furthermore, the mixing enthalpy curves suggest that the quasi-binary
(ALLCr;_)203 system does exhibit miscibility gap.

Energetics of Frenkel pairs and Schottky defects in (Aly ¢9Crg.31),03 were analysed revealing
that metal Frenkel pairs are stabilising the cubic modifications, bringing them energetically close
to the o phase. We envision that this, together with almost zero Frenkel defect formation energies
in the vy phase, leads to competitive growth of the PVD oxide films, amorphisation of the o phase,
and/or stabilisation of the cubic phases at low growth temperatures.
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