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ABSTRACT

The observed metastable characteristics of cation vacancies in Ga,O3 have prompted a wider search for such systems. In this Perspective, we
consider a number of defect systems as candidates for metastability. Some of these are already known to have this property, while for others,
this suggestion is new. The examples discussed here are but a sampling of a huge number of systems, and these are used to emphasize that
the metastability of defect structures is both common and important; it may yield (for example) split vacancy equilibrium configurations
and, hence, should be considered in developing defect models and in analyzing their properties.
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I. BACKGROUND basis functions in a supercell format. Details of these calculations &
Metastability—the phenomenon in which a system may exist are given in the Appendix. The resulting defect structures are illus-
— . 2 3
for a measurable period of time in one or more configurations trated using MOLDRAW and POY—Ray. .
other than its state with the lowest free energy—is common in It must be recognized that t_hls represents but a sampling, not
many length scales and in many types of systems. For example, on only of defects but also of ‘earher4work.. Thus, for. exarpple, .the
the atomic and molecular scales, configurational metastability, or recent worl.< of Mosquera-Lms etal” p rovu.ie.:s a detailed discussion
isomorphism, is common in molecular systems, and in a larger of n}echal}1§ms leading to defect mf:tastablvhty and approaches for
scale, bulk condensed matter is found to exist in different crystal- fgl ding mmlmumcieﬁlergy configurations, with examples other than
line and amorphous configurations. the ones presented here.
It should not be surprising, then, to discover metastability in
association with defects in non-metallic solids, and, indeed, this is Il. SYSTEMS CONSIDERED
the case. Such effects may be charge dependent as well as depen- A. Molecular metastability
dent on the details of the defect structure, such as the presence of As one of a countless number of examples of molecular meta-
trapped H'. In most cases involving cation vacancies, favorable stability. Fie. 1 shows the three isomor Iﬁc structures of CaHL:
split vacancy-interstitial-vacancy configurations will involve high t}.,’ & P 3
symmetry and will not generate an excess number of unsatisfied propadiene, propyne, and cyclopropene.” All three of these struc-
anion—cation bonds; simple chemical arguments may lead to tures are stable under suitable conditions; the least stable, cyclopro-
insights. While not discussed here, the same may not be true for pane, transforms to propyne at 450 °C.
cation interstitials, where Coulomb repulsion may dominate and . T . .
lead to low-symmetry split structures. B. Vacancy-impurity in conventional semiconductors
Both experimental and theoretical results are reviewed here, While a suggestion® that the vacancy in Si would be found in
along with original theoretical results. The latter were obtained a split vacancy-interstitial-vacancy configuration proved incorrect,
using the CRYSTAL17 code' to calculate the structures and proper- Watkins’ subsequently found that the complex of a substitutional
ties by means of hybrid density functional theory with Gaussian Sn plus Si vacancy, indeed, forms a stable split configuration
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(Fig. 2). Furthermore, our calculations suggest that the unsplit con-
figuration of this defect spontaneously relaxes to the split configu-
ration—that is, it is not metastable. Here, the isolated Si vacancy
has 4 unsatisfied bonds; the divacancy plus Sn interstitial is strongly
favored as it satisfies all bonds with Sn in its common octahedral

Prapamiens H coordination. The same site for Si, which normally 4-coordinates,
— would not be chemically favorable; hence, the single Si vacancy
V (\”\ / remains unsplit.
: y ) —_— It has also been found that a substitutional group IV impu-
«—® . % ’/ G rity plus C vacancy in diamond forms split configurations,® with
¢ v structures like that in Fig. 2 with the host Si replaced by C and
Propyne the impurity Sn replaced by Si, Ge, Sn, or even Pb. Other split
Cyclopropene impurity-vacancy configurations in Si and Ge may also exist.”'’

FIG. 1. The three isomorphic structures of C3Hy: propadiene, propyne, and
cyclopropene.

. Si(yellow)

Sivacancy— . Sivacancy

Sn interstitial

FIG. 2. Split Si vacancy plus substitutional Sn.

O vacancy unrelaxed Si

(a)

In addition, other metastable defects such as the DX center in
GaAs have been thoroughly studied."' In some of these cases,
the relative atomic size is likely to have an impact on the
structure.

C. Oxygen vacancy (E’ centers) in a-quartz

While oxygen in o-quartz is twofold coordinated, the two
silicon neighborhoods are inequivalent. This leads to the possibil-
ity'” of trapped charge at an O vacancy being located preferen-
tially on one of the two silicons. Indeed, the energetically favored
structure of the positively charged O vacancy is found to involve a
large, “puckered” relaxation of one Si*, which can then form a
back bond with a lattice oxygen, forming a three-coordinated,
positively charged O'°™"> (Fig. 3). A remaining EPR-active elec-
tron'® is trapped on the other Si. The low symmetry of the O site
in this E,’ center means that this structure occurs only in one
direction, and in other charge states, the puckered configuration is
not favored.

Furthermore, this site inequivalence and the possibility of :
back-bonding lead to the possibility that two apparently distinct,

H-related O vacancy defects (E,’ and E,’ centers) are, in fact, one
defect in two isomorphic configurations.'’

Ovacancy  “puckered” Si

(b)

1#:20:02 ¥20Z dunf 90

FIG. 3. Unrelaxed (a) and puckered (b) structure of the E4" center in a-quartz.
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Shifted Cu Cu vacancy

sites

FIG. 4. Split Cu vacancy in Cu,0.

D. Cu vacancy in Cu,O

Cu,O has a cubic lattice with fourfold coordinated O and
twofold coordinated Cu. In this structure, there exists a fourfold coor-
dinated interstitial site equally between two Cu sites, thus leading to
the possibility of a split Cu vacancy-Cu interstitial-Cu vacancy con-
figuration (Fig. 4). In this situation, the split site satisfies all Cu-O
bonds, as the nature of the bonding changes from twofold to fourfold.
Raman experiments provide evidence for the existence of this split
configuration.'® Early calculations'>*” predicted different orderings of
split vs simple configurations; later work by Isseroff and Carter”' pre-
dicted that the unsplit configuration for the neutral vacancy is more
stable by 0.21 eV. We have found, using CRYSTAL17, a similar result
for the (—1) charge state, favoring the unsplit configuration by
0.33 eV. The detailed work of Isseroff and Carter predicts a localized
hole for the split configuration (and, thus, a hole trap) and a

Cation

bonds

Unshifted cation vacancy

Anion with
unsatisfied
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delocalized hole for the simple vacancy, and suggests that both con-
figurations may contribute to conduction in Cu,O.

E. Cation vacancy in the rutile structure

Many oxides and several halides may be found in the rutile
structure.”” This structure is tetragonal; each cation has six anion
neighbors, while each anion has three cation neighbors. In this
structure, there exists a sixfold coordinated interstitial site equidis-
tant from two cation sites in the a-b plane, a candidate for a split
cation vacancy-cation interstitial-cation vacancy configuration
(Fig. 5). We have investigated several of these—SnO,, TiO,, “stisho-
vite” Si0,, and MgF, using CRYSTAL17, and find that in all these
cases that while the split configuration is metastable, it is disfavored
energetically by ~1-3 eV. Table I summarizes these results. While
the split configuration maintains six unsatisfied cation-O bonds and
octahedral coupling, cation-O distances are changed and the symme-
try is reduced in that the cation-O directions are no longer mutually
perpendicular. However, it should be noted that the sampling of
results shown here is only a fraction of the compounds that may
have this structure, including some with magnetic properties.

F. Brookite

Brookite?” is a somewhat rare, orthorhombic structure found
for TiO,. We find that while a split cation vacancy-cation intersti-
tial-cation vacancy configuration may exist, it is disfavored energet-
ically by ~2 eV in the neutral charge state. The split configuration
appears to introduce considerable strain at the defect site.

G. Beta-tridymite

T1ridymite23 is a rare structure of SiO, that can be found in

several phases. The beta phase, considered here, has a hexagonal

symmetry [Fig. 6(b)]. Normal and split configurations for the Si

Shifted cation atom

Split cation vacancies

1#:20:02 ¥20Z dunf 90

FIG. 5. Unsplit and split cation vacancy sites in the rutile structure, observed along the c axis.
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TABLE |. Cation vacancy in the rutile structure. AE = E(split) — E(normal).

Material Vacancy charge AE (eV) Favored
MgF, -2 +1.2 Normal
SiO, —4 +2 Normal
TiO, 0 +2.4 Normal
SnO, —4 +2.4 Normal
SnO, -2 +2.9 Normal

vacancy are shown in Fig. 7. We find that the split configuration is
favored energetically by 0.5eV in the (—4) charge state. In this
case, the Si shift reduces the number of unsatisfied Si-O bonds.
Furthermore, the split configuration is of a higher symmetry than
the normal vacancy site.

H. Corundum and anti-corundum structures

Sapphire, or corundum, or o-AlLOs;, is a stable, well-known
material that has many industrial applications™ and has been widely
studied. The less-common alpha phase of Ga,0O3 has the same struc-
ture and is receiving considerable interest for its potential use in elec-
tronic and optical devices.”” Many other oxides may be found in this
structure family, including the oxides of magnetic materials, which we
have not studied. Furthermore, materials are found to exist in the
so-called anti-corundum structure,”® such as Ca;3N,. Here, the N occu-
pies the nominal site of the cation, while the Ca occupies the O site.

In all these cases, the structure is quasi-hexagonal [Fig. 6(a)].
We have used vibrational spectroscopy to study H or D (deute-
rium) impurities located in samples consisting of o-Ga,O3 depos-
ited on a-ALOs substrates,”” These results combined with theory
have led to the identification of H or D trapped at normal, or

cation

silicon
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unsplit, cation vacancies in both oxides. However, our calculations
on cation vacancies in the absence of H or D reveal the existence of
a split configuration (Fig. 8) in both materials, which is energeti-
cally favored by 0.6-0.7 eV, as noted in Table II. This ordering had
previously been predicted for a-ALO; by Lei and Wang.”® The
results are also shown in Table II for other oxides as well as for two
anti-corundum examples. In most cases, the split configurations
are found to be energetically favored. We note that the normal N
vacancy site in Ca;N, appears to be unstable, with relaxation into
the split state occurring in the calculation.

Here, the number of unsatisfied cation-O bonds is the same in
unshifted and split configurations. The split configuration is of a
higher symmetry than the unshifted one. A subtle difference
involves the nature of the cation-O bonds. In the unshifted configu-
ration, the unshifted cation is bonded to three “closer” O (yellow)
and three “farther” O (red), while in the shifted configuration, the
cation has six “farther” O neighbors.

l. B-Ga,0z and isostructural 0-Al,O4

Monoclinic” B-Ga,05 is receiving considerable attention
among the class of transparent conducting oxides for use in high-
power, deep UV, and challenging environment applications.”’”*" As
such, it has been the object of research and development for over a
decade. A significant portion of this research has involved the
study of O-H centers and is reviewed in a Tutorial by Stavola
et al.”> This work along with other studies has revealed important
and interesting metastable properties of the Ga vacancy.

In 2011, Varley et al.” predicted the existence of the split Ga
vacancy-Ga interstitial-Ga vacancy configuration shown in Fig. 9
as V(gan(c). Several years later, Krytsos et al* indicated that at
least two other split configurations could exist, one of which is
shown in Fig. 9 as V(g,1y(b). [Both of these are configurations that

o

>\/\/

(b)

FIG. 6. Corundum (a) and beta-tridymite (b) structures viewed along the ¢ axis.

1#:20:02 ¥20Z dunf 90
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Si
vacancies

Split vacancies

FIG. 7. Unsplit and split cation vacancy sites in the beta-tridymite structure.

involve shifts of only the tetrahedral Ga(1).] Subsequent“ 6 experi-

mental and theoretical studies of the vibrational properties of O-H
and O-D revealed the trapping of H or D on sites associated with
both type (b) and type (c) split configurations. This work has con-
tinued and is thoroughly reviewed in Ref. 32.

Subsequent experimental work’’~"’ has supported the exis-
tence of split Ga(1l) vacancy structures as shown here. Both are
strongly favored energetically over the unsplit version, by 0.6-1 eV.
In both (b) and (c) configurations, the shifted Ga goes from 4-
coordinated to 6-coordinated, reducing the number of unsatisfied
Ga-O bonds from 4 to 2. The split configurations are also of
higher symmetry than the unsplit. The relative stability of configu-
ration (c) over (b) reflects the nature of the unsatisfied bonds; in
(c), the oxygens are 3-coordinated, while in (b), they are 2-
coordinated. Still, the unsplit version is predicted to be metastable,
and in fact, it is predicted to be energetically favored when three or

Cation
vacancies

cation vacancy

Unshifted vacancy

Split vacancies

FIG. 8. Unsplit and split cation vacancy sites in the corundum structure. Sites
are color coded as follows: cation, purple; cation along the central ¢ axis, blue;
O in a larger triangle, red; O in a smaller triangle, yellow.

four H are trapped.”' However, such decorated defects would have
infrared signatures not experimentally observed, namely, transitions
with polarization components in the (010) direction.

The solution of this puzzle is likely to involve the process of
diffusion of the Ga(l) vacancy. In this structure, diffusion may
readily occur within the [010] plane as the motion of the vacancy
between the split sites (b) and (c) along the crystal c axis. It was
predicted”’ that the energetically favored process would involve the
coordinated motion of two Ga(1) atoms, as shown as the “interme-
diate” panel in Fig. 9, thus bypassing completely the unsplit site.
Subsequent work by Frodason et al.’* has shown in great detail
that this process is, indeed, favored and that furthermore, the inter-
mediate structure itself is metastable! Thus, the vacancy system
may not exist in the unsplit state.

©-Al,0; has the same monoclinic crystal structure™ as does
B-Ga,0s;. We have carried out CRYSTAL17 calculations on Al
vacancy defects in this system, mimicking the same calculations
done for Ga vacancies in B-Ga,0;, and in virtually every respect,
the outcomes map onto one another, with slightly different

1#:20:02 ¥20Z dunf 90

TABLE II. Cation (anion) vacancy in the corundum (anticorundum) structures.

AE = E(split) — E(normal).

Material Vacancy charge AE (eV) Favored
o-Al,O; -3 -0.7 Split
o-Ga,03 -3 -0.6 Split
(X-Inzo:; -3 —-0.6 Spht
Ti,O5 -3 +1.9 Normal
Mg;N, +3 —0.8 Split
Ca3N2 +3 oes Spht
o-ALO; + HY -2 +0.46 Normal
0-Ga,05+ H* -2 +0.52 Normal

J. Appl. Phys. 135, 170901 (2024); doi: 10.1063/5.0205665
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Shifted Shifted

Shifted
Ga(1) Ga(f) Gall)
Split Vigay)(C) Intermediate Split Vigar)(b)

Undercoordinated oxygens denoted by ¥

FIG. 9. Split Ga(1) vacancy sites in the B-Ga,O3 (and 6-Al,0;) structures. The inequivalent Ga and O sites are color coded by their coordination: tetrahedral Ga(1),
purple; octahedral Ga(2), dark green; trigonal pyramidal O(1), red; trigonal planar O(2), yellow; tetrahedral O(3), light green.

magnitudes of structural relaxations and energies, but very similar
outcomes. We have not considered the case of alloys of aluminum
and gallium oxides in the p-Ga,Oj; structure. The interest in these
alloys for device applications suggests that potential split defect
configurations could play a role.

. SUMMARY

Presented here is a sampling of results on a variety of (mostly)
oxide systems that serves to point out the importance of consider-
ing metastable cation defect structures, especially split configura-
tions, for a proper understanding of defect properties. Systems with
hexagonal or quasi-hexagonal structures, such as corundum, anti-
corundum, and beta-tridymite, as well as those with the monoclinic
B-Ga,0; structure, appear to be particularly susceptible to have
split cation vacancies in equilibrium.

As a sampling, these results leave open further work. Other
oxide structures such as polymorphs of Ga,O3 or Al,Os, in particu-
lar, ones that contain cation vacancies in their basic structure, bear
consideration. Systems such as VO,, which undergoes a metal-
insulator transition accompanied by a structural phase transition,
may well have interesting properties associated with metastable
cation vacancies. In addition, split configurations might be found
in systems with magnetic properties, as well as the plethora of more
complex oxides such as oxides with more than one cation constitu-
ent. It may well be that automated search processes, perhaps using
artificial intelligence, would be useful in finding candidate systems.
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APPENDIX: DETAILS OF CRYSTAL17 CALCULATIONS

The CRYSTAL17 code' was used for theoretical calculations at
Lehigh University reviewed here. In such calculations, many
choices may be made in terms of input conditions: basis set, hybrid
exchange, charge state, supercell size, numerical tolerances, and so
forth. While we have investigated from time to time the effects of

1#:20:02 ¥20Z dunf 90
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TABLE Ill. Basis set information.

Element Type Reference
H 3-11G* 45
N 6-21G* 46
(@) 8-411G 47
F 7-311G* 48
Mg 8-511G 49
Al 8-511G* 50
Si 66-21G* 51
Ca 86-511(3d)G 52
Ti 86-511(3d)G 53
Cu 86-4111(41d)G 54
Ga 86-4111(41d)G 55
Sn ECP, 411(51d) 56

these conditions, for the most part we have found that the results
obtained do not vary significantly as a result. Hence, for the most
part we have used the same conditions in all calculations, with the
expectation that if the conditions are “reasonable,” internal consis-
tency is important in allowing internal comparisons.

With this in mind, most of the results given here utilized
default tolerances, the B3LYP hybrid exchange function,* ionic
charge states, and supercell sizes of order 100 or more, with dimen-
sions carefully chosen to reflect the geometries of the defects being
investigated. The supercells of charged defects are neutralized by
the addition of a uniform charge density, after which no further
corrections are made in comparing the results for each configura-
tion of interest in a given defect system. The basis sets used are tab-
ulated in Table TII. It should be noted that nearly all of these may
be found on the CRYSTAL website: www.crystal.unito.it.
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