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First-principles calculations of intrinsic defects in Al,O5
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First-principles plane-wave pseudopotential calculations were performed to study electronic structures,
structural relaxation, and energetics of intrinsic vacancies and interstitials,®; Aln the presence of the
intrinsic point defects, extra levels appeared in the band gap. Considering various charge states for the intrinsic
point defects, it was found that each point defect is most stable in its fully ionized state. From the formation
energies of individual point defects, Schottky, O Frenkel, and Al Frenkel energies were also evaluated and were
compared with previous results by experiment and static lattice calculations. Although previous static lattice
calculations showed different relative stabilities of Schottky and Frenkel formation, depending on the choice of
interatomic potentials, our calculations revealed that the relative values of formation energies are in the order
of Schottky< Al Frenkek< O Frenkel, which is in good agreement with experimental data.
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[. INTRODUCTION kel defects have a lower formation energy than Schottky de-
fects. There is a discrepancy between these results by atom-
Al,O5 with the corundum structure has a wide variety ofistic simulations as to which is a dominant defect type in
technological applications such as high-temperature strucAl,O;. As pointed out by Catlovet al.,'° this may be due to
tural ceramics, dielectric insulators, and optical devices. Thishe difference in potential parameters used for describing
is due to the fact that this material has excellent mechanicgiroperties of AJO;. Potential parameters for atomistic simu-
properties, good chemical inertness, and electronic structurgations are generally determined from perfect crystal proper-
suitable for microelectronics and laser optics. Many of theseies such as cohesive energy, equilibrium lattice constants,
properties are closely related to point defects and impuritieand bulk modulus. Thus it is not easy to conclude whether
introduced in bulk AJO3. For instance, diffusion of vacan- the potential parameters being used are appropriate for defect
cies or interstitials plays a crucial role for the high- calculations or not. It can be expected, however, that ions
temperature mechanical properties of,@4.1"% Optical  around defects are present in different chemical environ-
transmission of AIO; also depends on a small concentrationments from those in the perfect lattice, which should be cor-
of impurities and color centefslt is, therefore, very impor-  rectly taken into account for evaluating the defect-formation
tant to understand structures and chemistry of point defectsnergies.
in Al,O5. Recently, first-principles calculations, which are more ac-
Based on the requirement of charge neutrality and stoichieurate computational techniques, have been performed for
ometry, possible intrinsic defects in AD; can be simply isolated defects in metal oxidé-® Energetics, lattice relax-
classified into Schottky-type or Frenkel-type defects. For in-ation, and characteristic electronic structures of defects can
trinsic defects in AJO;, Mohapatra and Kiger reported be explored by using a large supercell, without a particular
from thermodynamic data that the formation energy ofchoice of interatomic interactions around defects. However, a
Schottky defectgtwo AI*" and three & vacancieswas limited number of theoretical studies on intrinsic defects in
3.83 eV per defect, while that of cation Frenkel defdoise  Al,O3 have been reported. This may be because the corun-
interstitial A" and one Af* vacancy was 4.45 eV per dum structure is rather complex, and its defect calculations
defect, indicating that Schottky defects are dominant in bulkequire significant computational time and resources. Xu
Al,0;.8 In contrast, intrinsic defects in AD; were also et al. employed the orthogonalized linear combination of
theoretically studied mainly by using empirical and semi-atomic orbitals(OLCAO) method to study the electronic
empirical method$-*? Dieneset al® performed shell-model structures and formations energies of neutral and charged
calculations based on ionic potentials for intrinsic vacancie®xygen vacancies in AD;.'” They found that these vacan-
and interstitials in AJO;. The authors showed that the for- cies introduced defect levels occupied by electrons in the
mation of Schottky defects is energetically more favorableband gap, and the optical transitions between the defect level
than that of cation- or anion-Frenkel defects, which is con-and excided states were in good agreement with available
sistent with the above experimental results. However, morexperimental data. Tanakat al. also carried out first-
recent atomistic simulatioh%2 showed that oxygen Fren- principles calculations of a neutral oxygen vacancy inG|
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using a plane-wave-basis pseudopotential mefﬁo‘ﬂ]ey TABLE |. Calculated structural parameters farAl,O; and
also calculated neutral oxygen vacancies in several oxide§eir comparison with previous theoretical and experimental results.
and pointed out a correlation between defect-formation ener
gies and defect-induced levels located around band gaps. Al- amo (A)  ame (deg  uy Vo
though th_ese studies prowdg physm_al |_n3|ght into the oxygen .« \vork GGA 5195 5532 0353 0.306
vacancy in AyOz, other possible intrinsic defects such as Al

A " . LDA 5.111 55.37 0.352 0.306
vacancy and interstitials have not been considered. It cannot

. . Ref. 29 5.086 55.30 0.352 0.306
be, therefore, theoretically concluded which type of defect
formation is energetically ¥avorable in pureﬁ];./p Ee:. 22 gig; 223; 822; 8'282
In this study, a first-principles pseudopotential method Ref' 3 5‘045 57'23 0'355 0'312
was used to study electronic structures, atomic geometriesE et " : . . .
and formation energies of intrinsic defects in,®. The xperiment 5136 5528 0352 0.306

formation energies of isolated intrinsic defects were calCUagqterence 28.
lated by using large supercells. Possible defect reactions such
as Schottky and Frenkel types were considered, and their

formation energies were compared with available experiment@meteras, obtained in this study is slightly larger than
tal and simulated results. those obtained by experiment and previous calculatfof$

with the local density approximatiolLDA). This is due to
the use of the GGA in the present study. Separate LDA cal-

Il. COMPUTATIONAL METHODS culations of a-AI_203 were also performed with the
exchange-correlation function of Ceperley and Alder as pa-
A. Pseudopotentials and supercells for-Al,04 rameterized by Perdew and Zung&By using the similar

First-principles calculations of intrinsic defects in,@,  conditions for pseudopotentials-space integration, and

were performed using a plane-wave pseudopotential methdgeut: 1t Was found that the present LDA results agree with
as implemented in theasp codel® 22 For the exchange- the ones by other researchers, as shown in Table I. Such

correlation potential, the generalized gradient approximatiof€nds in theoretical lattice parameters by the GGA were also
(GGA) was employed, and the GGA functional given by Peinted out for other oxide systerts’
Perdew and Wang was us&tEorces on atoms were calcu- Based on the optimized structural parameters for the per-
lated, and atoms were allowed to relax using a conjugatfeCt crystal, AbO; supercells were constructed for defect
gradient technique until their residual forces had convergeg@lculations. Figure 1 displays anAl; supercell used in
to less than 0.1 eV/A. this study. The supercell containing 120 atoms is in the hex-
In order to reduce the number of plane-wave basis func@gonal lattice with dimensions 08y=9.65 A and co
tions necessary for accurately describing electronic wavé 13-16 A. To introduce an isolated vacancy, an interior Al
functions, ultrasoft Vandelbilt pseudopotentials implemented’ O atom is removed from the supercell. In the case of an
in vasp were used? The ultrasoft pseudopotential for Al was isolated interstitial, an atom of Al or O is putllnt.o the super-
generated from the atomic configuration| dfe]3s23p?, and cel!, where thg normally vacant_ octa_thedra_l _S|te.|n the Al sub-
the 32 and P? electrons were treated as valence electronslattice is considered as a possible interstitial site. For calcu-
The core radius was taken to be 2.65 a.u. (1 a.ylations of the defective supercells, atoms located within a
—0.529 A). For O, the reference configuration for the ultra-"adius of 3.4 A from defects were allowed to relax. In this
soft pseudopotential waHe]2s22p? with a core radius of radius fpr relaxation, atoms W|th|n_th|rd-n(_aarest-ne|ghb(_)r
1.55 a.u., and the® and 2* electrons were considered as (3NN) .S|tes are pres_gnt for vacancies, while those within
valence electrons. Although these core radii for Al and oANN sites for interstitials. In order to check an effect of
result in a slight core overlap in the bulk and defect struc-
tures of ALO;, a number of previous studies demonstrated (a) (b)
the transferability of Vanderbilt pseudopotentials even using
large core radif*~?®To check the applicability and accuracy
of the above pseudopotentials, calculations of perfegDAl
were carried out. For the rhombohedral primitive unit cell of
a-Al,03, which hasR3c symmetry and contains two /D3
formula units, Brillouin-zone integrations were made by a
4Xx4x4 k-point mesh(ten irreduciblek pointy generated

according to the Monkhorst-Pack schefidn this case, a ¢

plane-wave cutoff energyH;,) of 500 eV was used. It was \ l
confirmed that the total energy at 500 eV was converged less a b

than 0.1 meV/atom with respect to that at 700 eV. Optimized ¢

values ofa,,, (lattice parametgr a.n, (an angle between FIG. 1. Structure of AIO; supercell containing 120 atoms used

lattice vectory, andu, andvg (internal parameters for Al in the present study. Solid circles indicate Al atoms, while open
and O are listed in Table I. Our calculated values are in goodkircles O atoms(a) and(b) are the top view along theaxis and the
agreement with experimefft.It is noted that the lattice pa- side view alongb axis, respectively.
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relaxation cutoff radius on defect formation energies, super-
cell calculations with a larger relaxation cut¢f.6 A) were
also performed for oxygen interstitial. This is because an
oxygen interstitial has a large ionic size and thus may induce
large relaxation of surrounding atoms. It was found that the
formation-energy difference between relaxation cutoff radii
of 3.4 and 3.6 A was less than 0.1 eV, which does not affect
the present results significantly. Numerical integrations over
Brillouin zone were performed only at thepoint because of
the large size of supercells. Af. ,; value was selected to be
500 eV for all supercell calculations. It was confirmed that
total energies of defective supercells Bf,=500 eV were
converged within 1.5 meV/atom relative to those B&f;
=700 eV. -15

ENERGY (eV)
&

o=
B. Defect formation energies r A H K r ML H
WAVE VECTOR

The formation energies of intrinsic defects in,® were
calculated from the total energies of defective supercells FiG. 2. Band structure fog-Al,05 along symmetry lines of the
based on the standard formalism by Zhang and NortFﬁup. hexagonal irreducible Brillouin zone. The valence-band maximum
In the case of AlO;, the formation energies of intrinsic is set at 0 eV.
defects depend on the chemical potentials of Al and O, and

also vary with electronic chemical potentighamely, the jfference in average potential®/{) between the perfect
Fermi leve) if a defect has a charge of For a defect witha  gypercell and a bulklike environmetiar from the defeotin
chargeq (including its sign, its formation energy Kly) is  defective supercells as follow&#°
given by
E :Eperfect L Vdefect_ Vpen‘ect_
H¢=Er(defectn) —Naua—Nomotd(er+Evam)- Ve Ve * * ©
(1)  The first term of the right-hand side of E(B) can be ob-

whereE(defectp) is a total energy of a supercell with the tained by

defect, andN 4 andNg are the numbers of Al and O atoms in perfect_ oA .

the defective supercellz, and ug are chemical potentials Evew — Er(perfect;) —Er(perfect: 1), @

of Al and O atoms, respectively:r is the Fermi energy whereE(perfect;0) is the total energy of the neutral perfect
measured from the valence-band maxim(WBM). In a su-  supercell[namely, =E(perfect) in Eq.(2)]. Eq(perfect;
percell calculation for an isolated point defect, Ej.can be  +1) is that of the+1 charged perfect supercell, which cor-
rewritten in terms of a total energy of the perfect,@®} responds to the situation that one electron is removed from

supercell E(perfect)] as follows: the VBM of the neutral perfect supercell.
The Fermi level ofe¢ in Eq. (1) varies from the VBM to
H¢=Er(defectn) —{Er(perfec) + naua + Noro} the conduction-band minimuf€BM), therefore, in a range
+q(ep+Evyay). 2 of the band gap valueE;). However, GGA(and also LDA

calculations usually underestimdg as compared to experi-
Hereny, andng are the numbers of Al and O atoms removedmental data. From the calculated band structure of perfect
from or added to the perfect supercell to introduce a vacancl,O; (Fig. 2), it is found that theE value at the™ point is
or interstitial. For examplen,=—1 andny=0 for an Al 5.82 eV, which is much smaller than the experimental one of
vacancy, anchy =+1 andngy=0 for an Al interstitial. For 8.7 eV**? This difference between theory and experiment
each defect species, its chaggearying from neutral to fully ~ (AEy=2.88 eV) could affect formation energies of intrinsic
ionized states was considered3~ +0 for an Al vacancy defects in A}O;.*3 When a defect induces extra occupied
(Va), =0~ +2 for an O vacancy\p), +0~+3 foran Al  levels below the CBM, which are composed of cation orbit-
interstitial (Al), and—2~ =0 for an O interstitial (¢). als similar to the conduction band, its formation energy will
As can be seen in Ed2), Eygy should be determined be underestimated since the energy position of the CBM it-
from supercell calculations in order to obtain the formationself is underestimated. This situation corresponds to oxygen
energy of a charged defect. However, the positiogfy, in  vacancy and Al interstitial in AlO;, which will be shown
the defective supercell is in general different from that in thelater. In such cases, it was assumed as crude correction that
perfect supercell. This is due to the finite size of supercell$he conduction band is rigidly shifted upward to match the
and the effects of background charge for neutralizing superexperimentak, . Then formation energies were corrected by
cells with charged defecf%° Therefore, it is necessary to adding a value ofnxXAEg, wherem is the number of elec-
line up band structures of the perfect and defective supetrons at defect-induced levels &, .*3
cells. For this purposeg gy values of defective supercells ma and g in Eq. (2) are not independent, but are con-
were obtained from the one of the perfect supercell and atrained by the equilibrium condition of 2+ 3ug
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= a0z, Where wapoz is a total energy per molecule of 200 (a) Defect-free E,

perfect ALO;. Although us and ug can vary under the
equilibrium condition, upper limits oft and i are deter-

mined by the stability limit of AJO; in terms of total ener- 1001 |
gies for metallic Al and molecular £in the following man- M
ner:
0 ! 1 I A
200 T T
BASHA,  HOSHO) (5) (b) VS

where,u,tiI and,uoO are total energies per atom of metallic Al
and molecular @, respectively. Also, the formation enthalpy

(AHf'ZO?’) can be obtained by

100

i
=

— 0
| — :
AHFPP=2(up— ) + 3(so— 1) 6 3 2T v
-~ [
From Egs.(5) and(6), the range ofug is represented as o
S 1001
1 A0 2
FAHT? S+ po=po=pd. (7) »
o
o L — .
Here po=pu2 and uo=1/3AH"2%+ 49 correspond to the 200 AP
oxidation and reduction limits, respectively. '
In order to obtain the range qf,, separate calculations 100 )

of the total energies of metallic Al with fcc structure and
molecular Q were performed. For metallic Al, a 414

X 14 Monkhorst-Pack mesi280 irreduciblek pointy and 0
E.=500 eV were used. The optimized lattice parameter 200
was 4.04 A, which agrees well with an experimental one of

4.05 A* For O,, an isolated @ molecule was placed in a

cubic cell with the dimension of 2815x15 A3, In this 100
case, only thd™ point was used. The O-O bond length of

1.24 A thus obtained was in good agreement with experi-

ment(1.21 A).*° The resulting formation enthalpy of 4D, 06 16 12 8
obtained from Eq(6) was—16.71 eV/ALO5, which is com-
parable to the experimental value 6f17.37 eV/AbO;.%°

——

()0

—
=

N

-|404812
ENERGY (eV)

FIG. 3. Densities of states at tHé point for defect-free and
Ill. RESULTS AND DISCUSSION defective supercells. The valence-band maxima are set at 0 eV. The
. ) highest occupied levels for the defective supercells are denoted by
A. Electronic structures of isolated defects arrows.
As a typical example, calculated densities of stdiE99)
at thel” point for the defect-free supercell and those containyccepiorlike levels at the vicinity of the VBM. In contrast,
ing f_our_ kinds of neutral isolated defects are shown in Fl_g. SV% [see Fig. )] induces the highest level occupied by two
In this figure, the VBM for each DOS, which was determined lectrons at 2.3 eV. as indicated by the arrow. As will be
from corrections by average potentials as described in Se€ o y .
I B, was set at 0 eV. The highest occupied levels in the DOSShOWn later, this level is co.mposed of ABJrbitals, and
of defective supercells are depicted by the arrows. thus comes from the CEM in the presenpe\t%. Such a
In the VB structure of perfect AD; [Fig. 3(@], the lower  deep level inEy due toVg was also found in previous first-
O 2s band is located at around 20~ — 16 eV, while the  principles studies!®
upper O 2 band at about-7~0 eV. BeyondE, (=5.82 In the case of Al, two extra levels appear in the upper
eV), the CB composed of Al 8 and P bands is present. part ofE[see Fig. 8d)]; the level at 4.78 eV is occupied by
These VB features are consistent with previous theoreticdwo electrons, while the one at 5.71 eV by one electron. For
resultst’ 1832 0° [Fig. 3(e)], extra levels are introduced close to the VBM.
As can be seen from Figs.(t3—3(e), the overall DOS Its highest occupied level with two electrons is situated at
profiles for defective supercells are quite similar to that of1.43 eV, and another unoccupied one is also located at the
perfect ALO;. However, extra levels can be observed atsame energy. The presence of the highest occupied level
around VB or CB edges of the band gig. In the case of around the VB edge is similar to the case\tﬁl. However,
V&, [Fig. 3b)], its highest occupied level with one electron is its energy position is higher than that af,.
located at 0.3 eV, and one unoccupied level is also present at In order to investigate features of the highest occupied

the same energy. It can be said, therefore,vﬂ@introduces levels in the defective supercells, contour plots of squares of
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0 ° 0 ° antibonding interactions. Although this level has similar or-
@)V ° (b) Vo bital character with the upper VB, therefore, such antibond-
S o b o ing interactions give rise to its energy shift upward from the
VB edge, which can be clearly seen in Figej3
@ GO °© ° As stated above, intrinsic defects in,8; induce defect
8 levels around the VB and CB edges in the band gap. Since
° structural relaxation also takes place around a defect, the
) o X o distances between a defect and surrounding atoms after
° ' structural relaxation were examined. Results for defects with
various charge states are summarized in Table Il. It is noted
that atoms in a certain coordination shell do not always have
() AI° o (d) O° o the same distance from a defect site, which is due to the low
F . i symmetry of the corundum structure. For example, an Al

O
o
o
o

4 vacancy site has six O ions at 1.88 and 2.00 A as 1NN ions
o 0@ o @ before relaxation. In such a case, the average value of 1.94 A
m} is shown in this table.
In the presence o¥/9,, it can be seen that INN O ions
exhibit outward relaxation of about 7%, while 2NN Al ions
°© © °© ° show inward relaxation of about 4%. This can be understood
® ° in terms of ionic size and charge effects. When an Al atom is
removed to form the vacancy, INN O ions are no longer
electrostatically attracted to the vacancy and therefore move
FIG. 4. Contour maps of wave functions of defect levels on andway from the vacancy. In contrast, 2NN Al ions move
{1120} plane of the corundum structure. The contour lines are fronl0Ser to the vacancy since electrostatic repulsions of Al-Al
0.04 to 0.2 with an interval of 0.01 in units of electron&/&olid  are reduced by the vacancy formation. When negative charge
and open circles indicate positions of Al and O ions, respectivelystates ofV,, increase, 2NN Al ions undergo more inward
The position of each defect species is represented by “X.” relaxations due to the electrostatic attraction betwgen
and 2NN Al ions. As compared to the 2NN Al ions, however,

their wave functions on af.120} plane are shown in Fig. 4. the distances betweér, and INN O ions do not change so
As can be seen, these levels have distributions almost withiftuch with rising charge states ®f . Since O ions with a
second nearest neighbors from the defect positions. This ifarge ionic size are subject to significant electrostatic repul-
dicates that these levels are induced by the presence of tiséons with surrounding O ions, it is thought that O ions are
defects and thus are called as “defect levels” hereafter.  energetically more difficult to relax than Al ions, even in the
From Fig. 4a), the defect level bw,tiI is composed of O presence of the charged defects.
2p orbitals neighboring the vacancy. Since the defect level For VS, 1NN Al ions move toward the vacancy by about
has similar orbital components with the upper VB of perfect1.5%, and 2NN O ions show slight inward relaxation of
Al,0s, it can be understood that this level is located veryabout 0.4%. Such inward relaxation of 1NN Al ions is con-
close to the VBM as shown in Fig.(8. In contrast, the — trary to the case o¥/3. This can be attributed to the large
defect level byVg [Fig. 4(b)] is constructed mainly by jonic size of oxygen. When an O atom is removed, attractive
neighboring Al 3 orbitals. It is noteworthy that the AIS3  interactions of 1NN Al ions with the O atom are missing, but
orbitals adjacent t(v% extend to the vacancy, indicating sig- alternatively an open space is formed at Yhgsite. Due to
nificant localization at the vacancy site. Although Ad 8r-  the open space by thég formation, 1NN Al ions with a
bitals make the conduction band in perfect@4, such lo-  small ionic size can slightly relax toward the vacancy. It is
calization of Al 3s orbitals at the defect level brings about a noted, however, that 1NN Al ions foro with higher charge
considerable energy shift downward from the CB edge, restates move farther away from the vacancy. In the case of
sulting in the formation of the deep defect levelfg as is V2" it is found that 1NN Al ions show an outward relax-
seen in Fig. &). ation of 9.7%. This can be explained by the electrostatic
For AI” and d, contour maps of their defect levels are repulsions between INN Al ions anth with a positive ef-
more complicated than those 8, andV2. The defect level fective charge.
by AI? [Fig. 4(c)] is constructed mainly by combination of  In perfect ALO3, the interstitial site has two 1NN Al ions
Al; 3s and neighboring Al 8 orbitals. Due to such Al 8  at 1.94 A and six 2NN O ions at 2.00 A. When’As intro-
orbital character, this defect level is situated at the CB edgeéuced, Al and O ions surrounding it undergo significant out-
as shown in Fig. @l). It is noted here that Of2 orbitals in  ward relaxation of more than 7%. As can be seen from Table
this level also interact with Al 8 orbitals in an antibonding 11, six O ions are located at 2.15 A as 1NN ions of &ind
manner, so that this level does not become a deep defetwo Al ions at 2.20 A as 2NN ions. With increasing positive
level in Eg4, unlike that ofVY,. In the case of & its defect charge states of A six O ions come closer to Al and their
level is constructed by @p and adjacent O 2 orbitals with  distances become similar to Al-O bond lengths in perfect

S
O
)
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TABLE II. Structural relaxation around each defect species. Average distances from the defect positions
to neighboring atoms are listed. Neighboring atomic species and their coordination numbers are also shown
in parentheses.

Distance in A(atomic species, coordination numper

1 NN 2 NN 3 NN 4NN
Al (bulk Al,O3) 1.940;6) 2.80Al;4) 3.26Al;3), 3.260;3
it 2.090;6) 2.69Al;4) 3.25Al;3), 3.260;3)
Vi 2.090;6) 2.67Al;4) 3.23A1;3), 3.2710;3)
var 2.070;6) 2.63Al;4) 3.20A1;3), 3.290;3)
% 2.090;6) 2.59Al;4) 3.16A1;3), 3.290;3)
O (bulk Al,Os) 1.94Al;4) 2.760;12) 3.26A1;2)
v 1.92(Al;4) 2.750;12 3.26Al:2)
Vg’ 2.03Al:4) 2.720;12) 3.26A1;2)
va* 2.13Al:4) 2.680;12 3.27Al;2)
Interstitial (bulk Al,O53) 1.94Al;2) 2.000:6) 2.80Al;6) 3.340;6)
Al? 2.150;6) 2.20Al;2) 2.89A1;6) 3.360;6)
Al 1.900;6) 2.26A1;2) 2.89A1;6) 3.31(0;6)
AIZ* 1.890;6) 2.27A1;2) 2.89A1;6) 3.310;6)
AR 1.890;6) 2.28A1;2) 2.89A1;6) 3.300;6)
o? 1.89A1;2) 2.170;6) 2.84Al;6) 3.330;6)
o 1.80Al;2) 2.220;6) 2.81(Al;6) 3.340;6)
o* 1.70Al;2) 2.280:6) 2.79Al;6) 3.340:6)

Al,O; (1.88 and 2.00 A while two Al ions move farther understood from the ionic picture of AD5, where AbO; is
away from A| due to the electrostatic repulsions of Al and constructed by A" and G~ ions and thus vacancies and
Al; . interstitials formed are also fully ionized. Among these stable
Unlike the case of A\, it is found that the distance from defects,\/i,‘ exhibits a negativél; value, indicating that this
Oi0 to INN Al becomes smaller by 2.6%, as compared to that
in perfect ALO;. This is reasonable since the distance of VBM EjJ2 CBM
O-1NN Al (1.89 A) is close to the Al-O bond lengths in 30¢ |
perfect AbO;. However, the 2NN O ions undergo outward
relaxations of more than 10%, especially with rising negative
charge states of ,0

H,(eV)
N
o

B. Formation energies

-
o

Figure 5 shows formation energiels for isolated defects
in Al,O5 as a function of the Fermi level: . As stated in
Sec. Il B,H; values also vary with atomic chemical poten-
tials. In this figure, calculated results in the oxidation limit
(mo= ,uoo) are plotted. It can be seen that the most stable
charge states of respective defect species depend on the po-
sition of e . For instance, wheng is nearE, gy (close to 0
eV), the stable charge state for each defect can be repre- —~ .20
sented a¥%,, V4", AI?* , and Q. On the other hand, when
er is located close t&cgy, Vi , VO, AllT, and G~ are TS
the most stable. These two situations &gf correspond to '300 2 4 6 8
p-type andn-type electronic environments induced by dop-
ants, respectively, as often found in extrinsic semiconductors.
In this case, an insulating system of pure,®{ is consid-
ered, "’}Qd thus the Fermi level can be selected at the midpoifib, of the Fermi levelsy at the oxidation limit. For each defect
of Eg- species, only the lowest-energy charge states with respegt doe

It can be seen from Fig. 5 that the highest charge stateéshown. The zero energy aofe corresponds to the valence-band
for respective defect species are most stable eat  minimum, while the vertical dotted line at 8.7 eV indicates the
=E4/2: namelyVy , V5", AI’*, and G~ . This can be  conduction-band minimum using the experimeriglvalue.

rmation energy,
o o
T

Fo

Fermilevel, g (eV)

FIG. 5. Formation energies of intrinsic point defects as a func-
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Reduction limit Oxidation limit
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25
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Formation energy, H; (eV)

-10

-6 -4 -3
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FIG. 6. Calculated formation energies for individual point de-
fects against the oxygen chemical potentiAI#(oz,uo—;Loo) at
EE= Eg/2

defect is easy to form. © also has a small positivel
value (1.68 eV} as compared to Al and V3" . The rela-
tively high value ofH; for Ali3+ can also be imagined from
the large lattice distortions as shown in Table II.

Figure 6 displays variations ¢f; as a function ofug . As
mo shifts from the oxidation limit to the reduction limit,
based on Eq(2) and the equilibrium condition of 24
+3uo= B0, Hi values of A] and Vg are found to de-

crease, while those o¥, and Q increase. For all defect

PHYSICAL REVIEW B 68, 085110(2003

to compensate defect charges may be formed at very high
temperatures, these can be considered to be minor defect
species. In addition, AD; is a stoichiometric material, and
thus the formation of Schottky and Frenkel pairs comprising
the charged point defects according to charge neutrality has
to be taken into account. In this case, the Schottky quintet of
2V +3V3', the O Frenkel pair of © +V3" and the Al
Frenkel pair of Af* + V3, can be considered. The values

for individual charged point defects in Figs. 5 and 6 were
then combined to give the Schottky and Frenkel formation
energies as shown in Table Ill. It is noted here that the
Schottky and Frenkel energies are independent®f since

the whole system of AD; is still stoichiometric even after
their formation.

From Table Ill, the Schottky quintet has a smaller forma-
tion energy per defect, as compared to those of O Frenkel
and Al Frenkel pairs. In addition, the formation energy of Al
Frenkel pairs is smaller than that of O Frenkel pairs. Moha-
patra and Krger experimentally suggested that the Schottky
quintet is dominant in AlO;.8 Their reported enthalpies of
Schottky and Al Frenkel formation per defect were 3.83 and
4.45 eV, respectively, which are close to our calculated
values.

In contrast, previous theoretical results using static lattice
calculations showed different relative stability between the
Schottky and Frenkel defects from one another. Dienes
et al® reported that the Schottky defects are most stable, and
yet O Frenkel defects have a smaller formation energy than
Al Frenkel pairs. Catlowet al. employed two types of pair
potentials for A}O3; one was derived from empirical fitting
to bulk crystal properties and the other from the electron-gas
model!® The former provided the relative stability of
O Frenkek Schottky< Al Frenkel. Similar results were also
found in the recent static lattice calculations by Grifesd
Lagerld and Grimes'?> However, the latter showed the rela-

species, their highest charge states still exhibit the smallesive stability was in the order of SchottkyAl Frenkel
formation energies. It is also found that the relative stability< O Frenkel, whose trend is consistent with our results al-

of the charged defects 3, <O?” <V3"<AI?* in a wide
range ofug. Whenpug is close to the reduction limit, how-
ever, theH; of V4" becomes smaller than that of ©.

As shown above, intrinsic defects in &); are stable in

though their absolute values are much higfsere Table II).

Therefore, defect-formation energies obtained by static lat-
tice calculations are very sensitive to interatomic potentials
used, which is not conclusive to determine a dominant defect

their fully ionized charge states. Although electronic defectsstructure in A}Os;. This may be because many of the inter-

TABLE lll. Calculated Schottky and Frenkel formation energies in@y. The values obtained by static

lattice calculations and experiment are also shown,

for comparison.

Formation energy per defe@V)

Schottky quintet

O Frenkel pair Al Frenkel pair

This work 4.01
Static lattice calc.

Ref. 9 5.7

Ref. 10(empirica) 4.70
(electron-gas modgl 5.14
Ref. 11 5.86

Ref. 12 5.17
Experiment 3.83

6.52 4.95
7.0 10.0
4.06 6.47
8.27 7.09
5.79 6.30
4.87 6.59
- 4.45

®Reference 8.
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TABLE IV. Calculated formation energies of associated Frenkel
pairs in AbO;.

Defect complex Formation energy per deféeY)

Gi-Vo
Ali-V

5.69
4.50

e@ oo

O

Table IV lists calculated formation energies of the
0?7-V3" and AF*-V3 complexes. The formation energy
of 0?7-V3' is smaller by 0.83 eV than that in Table Il
FIG. 7. Contour maps of total valence electron densities on a[;ndicating significant stabilization of the Frenkel pair by as-

- . . . . _ 37 .
{1120} plane of the corundum structurg) the perfect AJO; and sociation. le?WISe’ the /-er Va CO,mP'eX exhibits a
(b) the Oi— supercells. The contour lines are from 0.02 to 0.4 with smaller formation energy due to association, whose value of

an interval of 0.02 in units of electrons/ASolid and open circles 4-50 €V is in good agreement with experimental data5

indicate positions of Al and O ions, respectively. The position of€V)- It should be noted here that the Schottky formation

O? is represented by “X” in(b). energy obtained in Table Il is still smallest even by taking
into account the defect association of these two Frenkel de-
fects. Although the defect association of the Schottky quintet

atomic potentials were obtained by reference to perfect crys"-vas n_ot _treate_d in the pre_sent study, itis coqceivable _that the
tal properties. For instance, an interstitial ion has differen@SSociation will also contribute to decrease its formation en-
atomic coordination from an ion at a normal lattice site, ande"9Y: resulting in its more comparable formation energy with
its interactions with neighboring ions are more complex tharfXPeriment than that shown in Table III.

those between ions at normal sites. Figure 7 shows contour The present calculations showed that the"Schottky defects
maps of the total valence electron densities for perfegbal ~ are dominant in pure AD;. In contrast, Lagefibet al® and

and G~ obtained in this study. The electron densities be-Heuer and Lagefi8 suggested that Al or O interstitials may
tween Al and O at normal sites exhibit a typical ionic char-Play an important role for the diffusion mechanism of un-
acter of bonding. It can be seen, however, that electron derfloped AbO;. Since point-defect concentrations in undoped
sites of G~ undergo significant distortion due to Al;Os are expected to be relatively small due to their high
interactions with their neighboring ions. Such electronic in-formation energies, it is plausible that their concentrations in
teractions will affect its defect-formation energy. Although areal undoped AlO; may depend on the presence of a small
complementary theoretical techniqgue such as the Mottamount of impurities such as Mg, Ca, and Si. Such effects of
Littleton method® was included for atomistic simulations to impurities on the point-defect chemistry in /& are impor-
take into account electronic polarization around defects, it isant to understand its mass-transport and optical properties,
likely that detailed electronic interactions around defectsyhich will be done using a similar first-principles method.
have to be treated in a first-principles manner, so as to obtain
guantitative defect-formation energies.

The present calculations indicate that the relative values
of the formation energies are of the order of Schottky
<Al Frenkel=O Frenkel. It should be noted, however, that First-principles pseudopotential calculations were per-
the calculated values in Table Il are for the situation thatformed to study electronic struct qf i .
individual point defects explicitly have no interactions with ="~ ™ y €lectronic structures and formation energies
each other. In order to conclude whether the Schottky defeé%f intrinsic defects |n_AQO3. The results obtained in this
is most stable in AIO; or not, it is necessary to consider a StUdy can be summarized as follows. o
possibility of defect association. This is because individual (1) In the presence of vacancies and interstitials for Al and
point defects in AJO; have nonzero effective charges as O extrg levels were '|nduced around valence-band or
shown in Fig. 5, which will give rise to their electrostatic conduction-band edges in the band gap il In the case
interactions. In addition, each point defect induces latticeof the neutral oxygen vacancy/f), a deep defect level was
distortions around it, and thus elastic interactions betweeformed at around the midpoint of the band gap. This is due to
point defects will be present. Hence further supercell calcuthat this wave function composed of Als3orbitals is
lations were performed for defect complexes qu’@\/é+ strongly localized at the vacancy site.
and AP*-V3,, which correspond to O Frenkel and Al Fren-  (2) Various charge states for individual point defects were
kel associated pairs, respectively. In this case, it was assumé&@nsidered, and their formation energies were calculated. For
that a vacancy is present at the 1NN site of an interstitial, anall defect species, the fully ionized states 8}, , V5",
the defect complexes were placed at around the center aﬁflf’*, and C?’ were found to be most stable in pure,8%.
supercells as shown in Fig. 1. Structural relaxation was also (3) Based on the above results, formation energies of the
performed for ions within 3.4 A from each point defect. Schottky and Frenkel defects, which maintain charge neutral-

OO,

IV. SUMMARY
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ity and stoichiometry of AIO;, were evaluated. It was found that the Schottky defects are dominant in pure@l, which
that the calculated formation energies exhibit good agreeiS consistent with experiment.

ment with available experimental data, and the Schottky de-

fects have the smallest formation energy.
(4) By taking into account defect association, further cal-
culations of Al and O Frenkel pairs were performed. Their
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