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Formation energies of antisite defects in Y;Al;0,,: A first-principles study
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We perform the first-principles calculations for the formation energies of cation antisite defects in
Y;Al50,. This method provides precise values of formation energy and thus allows us to estimate
the defect concentration. The calculations show that Y 4 ¢, is the most predominant antisite defects
at high temperature for the single crystal growth and its concentration significantly decreases at low
temperature for the single-crystalline film preparation. The calculated defect concentrations are
quantitatively accord with the experimental estimation. Aly has high formation energy even with
excess Al,O3, which indicates Aly is energetically unfavorable and the defect process is not intrinsic
but nonstoichiometry. © 2009 American Institute of Physics. [DOI: 10.1063/1.3109799]

Garnet Y3Al;0,, (YAG) is an important host material
with various applications in laser materials,’ scintillation
materials,” and phosphors.4 Recently, it is also found that
rare-earth ion doped YAG phosphors5 are promising near-
infrared  luminescent  materials in  fiber  optical
communication.” In the application of scintillator Ce-doped
YAG, the presence of lattice defects are responsible for the
reduced light yield and slow components that prevent this
promising material from a practical scintillator despite it
have been proposed for more than 10 years. Many evidences
show that the cation antisite defects in YAG are the most
important defects that could form shallow electron traps and
thus degrade the scintillation preference.&9

Experiments such as x-ray diffraction (XRD) (Ref. 10)
and x-ray absorption fine structure' "' revealed the presence
of cation antisite defects. Despite the antisite defects include
Y, (Y3* at APP* site) and Aly (Al at Y site), however, only
Y 4 have been experimentally observed."? Single-crystalline
films (SCF) (Ref. 14) of YAG prepared at rather low tem-
perature (~1000 °C) exhibit the extremely low concentra-
tion of antisite defects compared with the single crystals
(SCs) obtained from the melt at considerable high tempera-
ture (~2000 °C), which indicates that the antisite defects are
strongly temperature dependent.

Several calculations based on the pair-potential simula-
tion techniques were performed and found that the cation
antisite defects could be energetically favorable though dif-
ferent values of formation energies were obtained in those
individual studies.”"" Nevertheless, the pair-potential simu-
lation used in the studies mentioned above is typically less
reliable for the quantitative calculation than the first-
principles calculation based upon the density functional
theory.

Therefore, it is necessary to perform a more precise first-
principles calculation of the formation energies for the anti-
site defects in YAG. In the present work, we obtain the for-
mation energies of antisite defects taking into account the
different chemical environments, and thus the defects con-
centration deduced from the obtained formation energies.

The density functional theory calculations within the
local-density approximation were performed using plane-
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wave pseudopotential code ABINIT.'®" Norm-conserving
Troullier—Martins> type pseudopotentials for Y, Al, and O
were used. The electronic wave functions were expanded in
plane waves up to a kinetic energy cutoff of 30 hartree. A
unit cell has eight YAG molecules and 160 atoms. We opti-
mized the lattice constant of the unit cell with the experimen-
tal data (a=12.0 A) as initial input. The calculated result
(a=11.9 A) is highly consistent with the experimental one.
Brillouin zone integrations were made with a 2X2X?2
k-point mesh generated according to the Monkhorst—Pack
scheme. All the atoms were allowed to relax using the
Broyden—Fletcher—Goldfarb—Shanno algorithm until the
maximum residual force was less than 5 meV A~!. For the
calculations of the formation energy, we adopt a primitive
cell with 80 atoms considering the calculation burden, as-
suming that the interaction between antisite defects in differ-
ent periodically repeated cells could be ignored.

Since in the crystal growth the Al,O5 and Y,O5 are the
raw materials, the defect formation energy of Y, is referred
to the energy required for a Y ion from Y,O; into YAG and
an Al ion from YAG to Al,O;, described by the following
formula:

%Y203 + I’ZY3A15012
— 1ALO; + (nY3Al01, - Al + Y ), (1)
Where n=4 and (I’LY3A15012—A1+YA1)
Y pi-containing YAG cell.

Thus, the formation energy (AH,) of Y can be deter-
mined by total energy calculations,

denotes the

AH; = E(d) - E(p) + 5[E(AL,O3) - E(Y,03)]
+ %(MA]ZOS - ,U~Y203) ) (2)

where E(d) is the total energy of antisite-defect-containing
YAG cell and E(p) is the total energy of perfect YAG cell.
E(Al,03) and E(Y,03) are the total energies of corundum
Al,O3 and cubic Y,Os3, respectively. MALO, and My 0, are
chemical potentials of Al,O; and Y,O;, which reflect the
chemical environment in growth process.

Similarly, the formation energy of Aly can be expressed
by
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TABLE I. The formation energies of antisite defects in YAG.

Formation energies
(eV)

Y,0; rich and Al,O3 poor
MYZO}:O and,

Al,05 rich and Y,0; poor
#A1203:0 and,

Defects ie., ,U«A|,63=—0~48 eV ie., py,0,==08 eV
Y L 16a 1232 1.872
Y s 1.606 2246
Aly 3.629 2.989

AH;=E(d) - E(p) + 5[E(Y,03) — E(AL,05)]
+ %(MY203 = KaL,0,)- (3)

In order to maintain a stable YAG compound rather than
other structure such as YAIOj;, the chemical potentials are
restricted by the following equilibrium conditions:

%MA1203 + %MY203 =AH(Y3Al501,) (4)

is the equilibrium condition for formation of YAG.

%IU“A1203 + %NY203 = AH(YAIO3) &)

is required to prevent the formation of YAIO;.

MaLo, =0 and py o =0 (6)

are also needed to prevent the deposit of Al,O3 and Y,0;5,
respectively.

The enthalpies of formation of AH(YAG) and
AH(YAIO;) from Al,O5 and Y,05 are —1.2 and —0.025 eV,
respectively. Considering Egs. (4)—(6), therefore, the chemi-
cal potentials can be determined as My,0,=0 eV and
MALO, =-048 eV for Y,0; rich and Al,O; poor, and
MALO, —0 and wy ,0,= -0.8 eV for Al,O; rich and Y,O;
poor, which correspond to the excess Y,0O3 nonstoichiometry
and Al,O5 nonstoichiometry, respectively.

Let us discuss the calculated formation energies for the
antisite defects. There are two types of Y, antisite defects
(noted as Yap 16, and Yapp4g) corresponding to the two Al
sites (the 16a octahedral site and the 24d tetrahedral site) in
the ideal crystal structure of garnet, while there is only one Y
site. As a consequence, we calculate three types of antisite
defects, i.e., Yaj 1640 Yal1240> and Aly.

The formation energies of Y, and Aly are summarized
in Table 1. The formation energy of Y 4 14, is lower than that
of Y 51244 by 0.374 €V, and thus it is indicated that Y ») 16, is
energetically more favorable than that of Y 4 54,. This result
is consistent with the prev10us expenentlal 1nvest1gat10ns”’12
study and calculated results' by atomistic simulation. The
formation energy is strongly dependent on the chemical po-
tentials of Y,03 and Al,O3, which clearly indicates that the
formation energy of Y »j 16, is low with excess Y,05 nonsto-
ichiometry and becomes somewhat high with excess Al,O3
nonstoichiometry. It is interestingly found that Aly has a
considerably high formation energy even with excess Al,O3
(2.989 eV), compared with that of Y16, (1.872 eV). Such
high formation energy of Aly suggests that the formation of
Aly antisite defect is predicted to be quite unlikely. There-
fore, it is suggested that Y, ¢, antisite defects are always
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FIG. 1. (Color online) Percent concentration of antisite defects of Y aj 164
Y Al24¢- and Aly with a function of growth temperature. The inset is a clear
display at very small ordinate values.

predominant regardless excess Y,05 or excess Al,Os. It is in
good agreement with the fact that only Y, rather than Aly
were observed.

The concentrations of native defects are mainly con-
trolled by their formation energies and the growth tempera-
ture. Based on the precise formation energies by density
functional method shown in Table I, we are allowed to esti-
mate the equilibrium defect concentrations using the formal-
ism by Zhang and Northrup as follows:*'

H
[D] = Nyites exp<_ g%) > (7)
where [D] represents the defect concentration, N, is the
number of sites per unit volume of the YAG where antisite
defects can be present, H; is the formation energy, 7 is the
growth temperature, and kp is Boltzmann constant.

In the case of garnet, the values of N, for the forma-
tion of Y164 Yaroaq and Aly are 0.926, 1.39, and 1.39
X 10?> cm™, respectively. The percent concentrations [val-
ues of exp(—H/ kyT)] of antisite defects, shown in Fig. 1, are
plotted according to Eq. (7) and the calculated formation
energies in Table I. The absolute concentrations could be
easily obtained by multiplying with N;.. The present calcu-
lated results predict that the percent concentration of Y aj j,
with excess Y,0j3 reaches 0.185% when the samples are pre-
pared from melt at 2000 °C, which is very close to the ex-
perimentally estimated value of 0.25%-0.5%.>* At such high
growth temperature, the percent concentration of Y ajo4y
(0.0187%) is lower by one order of magnitude than that of
Y a1.16.- However, if the SCF samples prepared using liquid-
phase epitaxy at low temperature of 1000 °C, the percent
concentration of Y4, is reduced to as small as 1.3
X 1073%, which is hard to observe in experlment

It is very interesting that with excess Al,O;, the forma-
tion energies of Y 16, (1.872 eV) and Y ;044 (2.246 €V)
significant increase but still much lower than that of Aly
(2.989 eV). This indicates that Y, antisite defect is always
dominant and Aly is hard to form even with excess A1208
condition. It is consistent with the experimental results,’
which show that with excess Al,03, YAG and Al,O5 could
coexist in sample and XRD measurement reveals the pres-
ence of Y-rich YAG. It could also be stated that Al-rich YAG
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is energetically unstable and tends to dissociate into Al,O3
and Y-rich YAG. Although with excess Al,O3, Y, is domi-
nant with respect to Aly, the concentration of Y, is indeed
decreased significantly since its relatively high formation en-
ergy.

It is also indicated from the present calculation that the
percent concentration of Aly is very small and thus could be
negligible even at high growth temperature of 2000 °C. This
provides a clear explanation why the experiment cannot ob-
serve the presence of AlY,'3 Therefore, the concentrations of
Y 4; and Aly are not equal. As a result, it is suggested that the
defect process of antisite could not be intrinsic but a devia-
tion from stoichiometry. The nonstoichiometry of YAG was
experimentally demonstrated by Patel et al. using XRD
measurements. '’

In summary, the present calculated results indicate that
the Y16, Tather than Y .4, is predominate at high tem-
perature for SC growth. The calculated percent concentration
of Y a1 16, With growth temperature of 2000 °C is consistent
with the experimental estimate value and the concentration
of Y16, dramatically decreases to a very small value at
1000 °C. The formation of Aly antisite defect is unlikely
even at very high growth temperature. It is suggested that
Y 5; antisite defects could be removed by using low prepara-
tion temperature and thus the scintillation preference could
be significantly improved. However, the application of SCF
materials might be limited since the bulk SCs are required in
many applications such as y-ray detection in medical imag-
ing or high energy physics experiment. Removing the anti-
site defects from YAG bulk SC is thus still an arduous and
urgent task. Another alternative way to reduce Y, as pos-
sible is to prepare the sample with excess Al,O5. However, it
might introduce the Al,Oj5 inclusions in the sample.
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