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Native point defects in LaAlOj: A hybrid functional study
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We investigate the electronic structure of defects in LaAlO; (LAO) and their effects on electronic properties of
bulk and heterostructures. Our calculations indicate that vacancies have lower formation energies than interstitials
and antisites. The La vacancy (V.,) and the Al vacancy (Va,) are deep acceptors, while the oxygen vacancy (Vo) is
a deep donor. The impact of these defects on the performance of metal-oxide-semiconductor devices is analyzed
by placing the LAO band edges and defect levels with respect to the band edges of GaN, InGaAs, and Si. Vo
introduces levels in the gap or in the vicinity of the semiconductor conduction band, resulting in carrier traps
and/or leakage current through the gate oxide, while Vi, and Vj,, are sources of negative fixed charges. We
also discuss how oxygen vacancies in LAO can influence the observed two-dimensional electron gas (2DEG)
in LaAlO;/SrTiO;3 heterostructures. We conclude that Vi in the LAO layer may provide electrons that fill
compensating surface states, resulting in higher 2DEG densities, at least for modest LAO layer thicknesses.
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I. INTRODUCTION

LaAlO; (LAO) is an insulator with a large band gap; the
reported values lie in the range of 5.6-6.2 eV."? It crystallizes
in the perovskite structure and is widely used as a substrate
for epitaxial growth of high-7¢ superconductors and magnetic
and ferroelectric thin films. There is great interest in LAO
as a gate dielectric in Si-based complementary metal-oxide-
semiconductor (MOS) devices due to its large band gap, high
dielectric constant,® and good thermal stability,* aiming at
minimizing current leakage through the gate dielectric>® as
the devices are scaled down in size. LAO has also been
considered as a gate dielectric for III-V-based MOS devices,
with the potential of enabling novel functionalities and adding
flexibility to device design.”~'° The quality of the high-x
oxide and of its interface with the semiconductor channel are
critical for MOS devices. Defect-induced carrier traps and
fixed charges in the oxide cause current leakage and scatter
carriers in the channel.”"!!

LAO also plays a key role in complex-oxide heterostruc-
tures. The observation of a two-dimensional electron gas
(2DEG) at the LaAlO3/StTiO; (LAO/STO) interface!? has
triggered studies on the source of the 2DEG.'*!° Formation
of oxygen vacancies in either LAO or STO has been proposed
to be important for the formation of a 2DEG at the LAO/STO
interface, based on the fact that the sheet resistance shows a
strong dependence on the oxygen partial pressure in the growth
environment or in postgrowth anneals.?*-?? Direct evidence of
the presence of oxygen vacancies is still lacking, however.

Experiments have shown the presence of defect states in the
band gap of LAO. Photoluminescence (PL) spectra for 3.1-eV
excitation energies (well below the band gap) of bulk single
crystals reveal three emission peaks: a broad peak at ~2.1 eV
and two narrower peaks at 1.8 and 1.7 eV.>* Electron-spin-
resonance (ESR) and absorption measurements reveal a broad
absorption peak at 3.0 eV in bulk single crystals grown by
the Czochralski method; this peak was attributed to cation
vacancies.”> Two weaker ESR signals were also observed and
attributed to an “F* center” (an oxygen vacancy that captured
an electron) and to an “O~ center” (a cation vacancy that
captured a hole, which localized to a neighboring O>~ ion).?
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Kanai et al. reported PL measurements on single crystals at
temperatures of 10 and 300 K. They found peaks at 1.6—1.7,
2.0, and 2.8 eV.2° A follow-up experiment measured the peaks
at 1.6-1.7 eV in single-crystal and polycrystalline LAO and
proposed a Cr impurity as a possible cause.?’ Kawabe et al.,
finally, reported a PL peak at 2.5 eV in LAO single crystals
grown with the float-zone method in a reducing atmosphere
and attributed it to the oxygen deficiency.”® In spite of the
attempts at attribution, the microscopic origin of all of these
signals remains uncertain.

Point defects in LAO have also been investigated by
first-principles calculations.?*~>* Most of these studies were
carried out using the local-density approximation (LDA) or
the generalized gradient approximation (GGA) within the
density-functional theory (DFT). In this approach the band
gap is severely underestimated, leading to errors in defect
formation energies and in the position of transition levels with
respect to the band edges. Attempts have been made to correct
for these errors,**3! but that has led to large variations in the
calculated results. For example, in the case of Vg in cubic
LAO (c-LAO), Luo et al.** reported a formation energy of
6.5 eV for the neutral Vg, while Yamamoto and Mizoguchi®'!
reported a value of nearly 9.5 eV for the same defect. For Vg
in rhombohedral LAO (r-LAO), Yamamoto and Mizoguchi®!
found a formation energy of the neutral Vg larger than 10 eV,
but the LDA calculations by Mitra et al.* revealed a value
of nearly 8 eV. Reported charge-state transition levels display
equally large variations: Mitra et al. found that Vj introduces a
donor level (+2/0) at ~3 eV above the valence-band maximum
(VBM), whereas Xie et al.?® showed the same level at 1.8 eV
above the VBM. These discrepancies in formation energies and
defect levels can be mostly attributed to the treatment of the
band-gap problem: Luo et al.’® and Xie et al.”® seem to have
rigidly shifted the conduction band by the difference between
the calculated and experimental band gap, while Yamamoto
and Mizoguchi®' applied a rigid shift to both the occupied
gap states and the conduction band in order to match the
experimental band gap. Mitra et al.** did not mention any
correction.

In the present work we use DFT with a hybrid functional, an
approach that has been demonstrated to result in accurate band
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structures and enthalpy of formation®—37 and has provided a

reliable description of defect formation energies and defect
levels in wide-band-gap semiconductors.’®*> A systematic
assessment of the performance of hybrid functionals in studies
of point defects is included in Ref. 43. Hybrid functional
calculations for Vo in LAO were recently reported;**** in
the present work, however, we address a much wider range
of defects and an extensive discussion of their effects on
electronic properties.

Details of the calculations are provided in Sec. II. The
electronic and structural properties of each defect are described
in Sec. III. The impact of defects on LAO/semiconductor MOS
devices is addressed in Sec. IV A, and the relevance of oxygen
vacancies in LAO for the 2DEG in LAO/STO heterostructures
is discussed in Sec. IV B.

II. COMPUTATIONAL APPROACH
A. Density-functional theory

The calculations are based on DFT and the screened
hybrid functional of Heyd-Scuseria-Ernzerhof (HSE),*%
implemented with the projector augmented-wave method*®
in the VASP code.*’ The calculated lattice parameter and band
gap of LAO using the HSE and the GGA of Perdew, Burke,
and Ernzerhof*® are listed in Table I and compared with
experimental values.'>#

LAO undergoes a phase transition from rhombohedral
(R3c) to cubic perovskite (Pm3m) at 820 K.° We have
performed bulk calculations for both phases, but our defect
calculations have been performed in the cubic phase. The
local bonding environment in the two phases is very similar,
and one therefore expects defect energetics to be similar as
well; this was indeed confirmed in the DFT-GGA study of
Ref. 31. The mixing parameter in the HSE (i.e., amount of
the nonlocal Fock-exchange) was set to 32%, providing a
band gap of 5.9 eV for r-LAO, which is within the range of
the reported experimental values, 5.6 eV (Ref. 1) and 6.2 eV
(Ref. 2). For c-LAO, the calculated indirect band gap between
the conduction-band minimum (CBM) at I and the VBM at
R is 5.30 eV, and the direct gap at I is 5.46 eV. The calculated
lattice parameters for both phases are close to the experimental

TABLE I. Lattice parameters and electronic band gaps of cubic
and rhombohedral LaAlO; from GGA and HSE calculations and
from experiment. o refers to the rhombohedral angle. The mixing
parameter was set to 32% in the HSE calculations.

Property GGA HSE Experiment
Cubic

aA) 3.81 3.77 3.81°
E, (eV) 349 5.30

Rhombohedral
a (A) 5.39 5.33 5.36"
o (®) 60.23 60.19 60.10°
E, (eV) 4.08 5.92 5.6, 6.2¢

4Reference 49.
bReference 1.
‘Reference 2.
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values® (see Table I). The fact that our choice of mixing
parameter produces a band gap close to the experimental value
facilitates the comparison with experiment. We have verified
that our qualitative conclusions, such as the appearance of hole
localization, are not sensitive to the choice of mixing parameter

The calculations for native point defects in LAO were
performed for the cubic perovskite phase, using a 3 x 3 x
3 supercell containing 135 atoms. The wave functions were
expanded in a plane-wave basis set with an energy cutoff
of 400 eV, and integrations over the Brillouin zone were
carried out using the I' point. Atomic positions were relaxed
until the Hellmann-Feynman forces were reduced to less than
0.01eV/ A. The La vacancy (VL,), the Al vacancy (Vy)), the O
vacancy (Vp), the O interstitial (O;), the La antisite (La,;), and
the Al antisite (Al ,) were considered. Cation interstitials were
not studied because they are already known to be energetically
unfavorable.?%-3 In all cases, symmetry-broken configurations
and spin polarization were taken into account.

B. Formation energy and transition level

The formation energy of a defect D in charge state g is
defined as>'

E/(DY) = E(D?) = E(LAO) = Y " nipi + ger + A7,

ey

where E (D7) is the total energy of a supercell containing
a defect D in charge state ¢, and E(LAO) is the total
energy of perfect LAO supercell. n; is the number of atoms
of type i added to (n; > 0) and/or removed from (n; < 0)
the perfect crystal to form the defect, and u; (i = La, Al,
and O) are the atomic chemical potentials. €r is the Fermi
level referenced to the VBM, and A4 is the correction term to
align the electrostatic potential in the perfect bulk and defect
supercells and to account for finite-cell size effects on the total
energies of charged defects. Different approaches to correct
for the finite size of the supercell in the case of charged defects
have been proposed;’>—>> here we have adopted the approach
of Freysoldt et al.,>®>7 which comprises a rigorous treatment
of the electrostatic problem.

The charge-state transition level (g/q’) is defined as the
Fermi-level position below which the defect is most stable in
charge state g and above which the same defect is stable in
charge state ¢’. It can be derived from formation energies as

Ef(D%;er =0)— E/(D?;ep = 0)
(¢ —q)

where E/(D%;er = 0) is the defect formation energy for
charge state ¢ when ep is at the VBM. The position of the
transition level in the band gap does not depend on the chemical
potentials.

(q/9) = . @

C. Atomic chemical potentials

The defect formation energy depends on the atomic chemi-
cal potential u;, which is taken with respect to the total energy
per atom of the standard phase of the species i. That is, I’L(S)r
is referenced to the total energy per atom of Sr bulk, ,uOAl is
referenced to the total energy per atom of Al bulk, and ,uoo
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TABLE II. Calculated and experimental formation enthalpies for
La,05, Al,O3, and LaAlO; for the cubic (¢) and rhombohedral (r)
phases.

Materials Present work (eV) Experiment (eV)
La,04 —19.35 —18.57*
Al,O4 —17.15 —17.37°
c-LaAlO;3 —18.86

r-LaAlO; —18.83 —18.69¢

4Reference 58.
bReference 59.
‘Reference 60.

is referenced to half of the total energy of an isolated O,
molecule.

In this formalism the chemical potentials u; (i = La, Al,
and O) are variable, yet restricted by the formation of limiting
phases containing La, Al, and O. The chemical potentials w;
must satisfy the stability condition of LAO:

MLa + a1 + 3o = AHy(LAO), 3)

with ., < 0, ua < 0, and po < 0. AHf(LAO) is the
formation enthalpy of perfect LAO crystal. The chemical
potentials p1,, pal, and po are further constrained by the
formation of La,03 and Al,O3 phases:

2urs + 3o < AH¢(Lay03), “4)

2uar + 3uo < AHp(ALLO3), ®)]

where AH(La;O3) is the formation enthalpy of LayOs,
and AH;(Al,O3) is that of Al,Os. The calculated formation
enthalpies are listed in Table II. We use Eq. (5) with a
combination of Eqs. (3) and (4) to define a region in the
Wo versus pua; plane in which LAO is stable. This region
is illustrated in Fig. 1.
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FIG. 1. (Color online) Allowed values of Al and O chemical
potentials defining the stability of LaAlO;. The chemical potentials
MLas Mal, and (o are limited by the formation of the secondary phases
La, 05 and Al,O; as described in the text. The filled circle corresponds
to o = —1.84 eV, a value chosen to represent defect energetics in
LaAlOj; grown by pulsed laser deposition (PLD) or molecular-beam
epitaxy (MBE) (see text).
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FIG. 2. (Color online) Formation energies of native point defects
as a function of the Fermi level for puo = —1.84 eV and uu =
—5.82 eV, corresponding to growth or annealing conditions as
discussed in the text.

LAO films as gate oxides or in heterostructures are usually
grown using techniques such as atomic layer deposition
(ALD),! pulsed laser deposition (PLD),'>%* or molecular-
beam epitaxy (MBE).%* It is difficult to know the values of
chemical potentials during growth. As an estimate for the
conditions during PLD or MBE growth we set the oxygen
chemical potential to o = —1.84 eV, corresponding to an
O, partial pressure Py, = 10~ mbar at a temperature T =
1000 K. These values lie in the range of typical growth
conditions for PLD or MBE (P, =10"3-10"7 mbar and T
= 900-1100 K).'2-2163-65 We also set ua= —5.82 eV, which
corresponds to taking Al,O3; as the limiting phase. These
values of o and ua; are indicated in Fig. 1. Postgrowth
annealing at Po, = 10~° mbar at a temperature 7 = 1000 K in
an Al-rich atmosphere would result in the same values. Taking
La,0j3 as the limiting phase (instead of Al,O3) would change
the formation energies of La and Al vacancies by 0.6 eV.

III. RESULTS

InFig. 2 we show the defect formation energies as a function
of Fermi-level position in the band gap. The slopes of the
formation-energy lines indicate the charge state of the defect,
and the kinks in the lines correspond to the position of the
charge-state transition levels in the gap. Figure 2 shows that
the vacancies are the lower-energy defects. Oxygen vacancies
are donors, while La and Al vacancies are acceptors. VL_a3 is
lower in energy than V,j (by 1.8 eV); this would be true even
if La,O3 were taken as the limiting phase, the difference in
formation energy then still being 0.6 eV. In the absence of
impurities, the Fermi level will be pinned by charge neutrality
between positively and negatively charged defects, i.e., when
the concentration of V> defects is equal to two-thirds the
concentration of Vg 2 defects; this will occur for a Fermi level
close to 2.3 eV above the VBM.

A. Oxygen vacancy

The oxygen vacancy introduces two transition levels in the
upper part of the band gap: (4+2/+41) at 1.92 eV and (41/0)
at 1.29 eV below the CBM. Vj, is thus a deep donor, different
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FIG. 3. (Color online) Local atomic relaxations around the oxy-
gen vacancy in LaAlO; for (a) neutral (Vg), (b) singly positive
(V(;r 1, and (c) doubly positive (Vg D) charge states. The corresponding
Kohn-Sham states in the band gap, along with their occupation, are
shown in the lower panels. The charge densities of the occupied gap
state for V3 and V! are also shown. The isosurfaces correspond to
10% of the maximum.”

from a shallow-donor behavior in other complex oxides such
as SrTiO;3, BaTiO3, NaTaOj3, and KTaO3.33:64-% In the neutral
charge state V), the two nearest Al atoms are displaced slightly
outward from the vacancy by 0.01 A; in the singly positive
charge state Vg 1, the Al atoms relax outward by 0.09 A, and
in the case of Vg % they are displaced outward by 0.14 A. The
charge (spin) density of the defect state in the gap and the local
atomic relaxations are shown in Fig. 3.

Our results for Vo differ from previous GG as well
as HSE studies.** Those previous studies found that V is
always higher in energy than either Vg or V§ 2 (characteristic
of a “negative-U” center). We attribute this to the neglect of
spin polarization in these previous studies. Our calculations
indicate that spin polarization lowers the formation energy of
V3! by 0.55eV.

A29,30

B. Cation vacancies

The removal of a neutral La atom leads to a deficit of
three electrons; these holes can be trapped at oxygen atoms
near the vacancy, in principle giving rise to the neutral,
—1, —2, and —3 charge states. However, only one transition
level exists in the gap: the (0/-3) level at 0.29 eV above
the VBM. In the neutral charge state V)., we find a high-
spin configuration, S = 3/2, in which the unpaired holes
are localized on separate O atoms neighboring the vacancy.
Another spin-polarized configuration, § = 1/2, also leads to
an asymmetric distribution of holes and is close in energy
(within 0.01 eV). In the S = 3/2 configuration, the O atoms
holding an unpaired hole are displaced toward the vacancy by
0.06-0.10 A. The spin-polarized configurations are lower in
energy by 1.11 eV than the (non-spin-polarized) configuration
in which the three holes are equally distributed over the 12 O
atoms around Vp,. In the —3 charge state V{f, there are no
Kohn-Sham states in the gap. The neighboring O atoms are
displaced by 0.11 A away from the vacancy. The spin density
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FIG. 4. (Color online) Local atomic relaxations around the La
vacancy in LaAlOj; for (a) neutral (VLOa) and (b) negative (VL_a}) charge
states. The spin-density isosurface, representing the distribution of the
unpaired holes for V2, is also shown. The isosurfaces correspond to

10% of the maximum.”’

and the local atomic relaxations of V,’, and V;” are shown in
Fig. 4.

In the case of the Al vacancy, Al-O bonds are broken and
the three holes (or unpaired electrons) that are left occupy O
dangling bonds. We find that the Al vacancy is a deep acceptor,
with a (0/-3) level at 0.69 eV above the VBM. In the neutral
charge state, the unpaired electrons are localized on separate
O atoms around Vy in an S = 3/2 configuration (see Fig. 5).
This configuration is lower by 1.14 eV than the configuration
in which the unpaired electrons are equally distributed over
the six O atoms around Vy;. The S = 1/2 configuration of Vy
also shows asymmetric hole localization, but is less stable than
S =3/2by0.02eV.

C. Oxygen interstitial

The oxygen interstitial, O;, has a (0/-2) level at 3.72 eV
above the VBM. O; exhibits two distinct configurations, as
shown in Fig. 6. In the neutral charge state, O; forms a
dumbbell configuration with an O—O bond length of 1.40 A; a
similar configuration was reported in Ref. 32. In the-2 charge
state, O; prefers to sit in an ab basal plane, having two La
nearest neighbors with La—O distances of 2.09 A and four
O next-nearest neighbors with O-O distances of 2.37 A. This
configuration is stabilized by the Coulomb interaction between
O; 2 and the La ions in a +3 oxidation state. The (0 /-2) level at
3.72 eV differs from previous DFT-GGA calculations, which

FIG. 5. (Color online) Local atomic relaxations around the Al
vacancy in LaAlO; for (a) neutral (V) and (b) negative (VA_13) charge
states. The spin-density isosurface, representing the distribution of the
unpaired holes for VJ,, is also shown at the isosurface level of 10%
of the maximum.”
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FIG. 6. (Color online) Local lattice relaxations around the oxy-
gen interstitial in LaAlO; for the (a) neutral (O?) and (b) doubly
negative (O;?) charge states. O is most stable in a dumbbell
configuration, while O;2 prefers to sit in a basal (001) plane, bonded
to two out-of-plane La atoms.

found it at ~1.7 eV (Ref. 29); we attribute this difference to
the band-gap underestimation in the DFT-GGA calculations.
DFT-GGA calculations by Luo et al. considered only the
dumbbell configuration for all the charge states and reported
that only Oi_2 is stable for the Fermi-level positions in the

gap.30

D. Antisites

The Alp, ansitite has a high formation energy and leads
to large local lattice relaxations, similar to the Ti antisite in
SrTiO3.”! Although Al is isovalent to La in LAO, an Al atom
substituting on the La site is unstable and undergoes an off-
site displacement. The Al atom is displaced along the [110]
direction by as much as 1 A. Alj, has a (+1/0) donor level at
0.30 eV above the VBM. For a Fermi level within 0.88 eV of
the CBM, Al occurs in a -2 charge state and prefers an off-
site configuration along the [111] direction. The Laa; antisite,
finally, results in transition levels (+2/4+1) = 0.04 eV and
(+1/0) = 0.17 eV above the VBM. The formation energy,
however, is even higher than that of Alp,. Both antisites (Aly,
and Lay,) are therefore unlikely to form in LAO.

E. Optical transitions

Finally, we comment on optical emission energies for
the defects that are expected to be most prevalent, i.e., the
vacancies. The stable charge states for the La and Al vacancies
are —3, and that for the O vacancy is +2. These charge states
are indeed most stable over a wide ranges of Fermi levels near
midgap, consistent with the fact that LAO is an insulator,
and the Fermi level is expected to be situated well away
from the band edges—see the argument above about charge
neutrality between acceptor- and donorlike defects. Based on
the calculated formation energies and using the Frank-Condon
principle’? we can determine the possible optical transitions
associated with these defects. Above-band-gap light (or exci-
tation with an electron beam in cathodoluminescence) would
create electron-hole pairs, and holes are rapidly captured by
La or Al vacancies, changing their charge states from —3 to —2.
An electron in the conduction band then recombines with the
trapped hole, emitting light. The transition V&z +e — fo
gives rise to an emission peak at4.1eV,and V> + e~ — V;;}
at 4.5 eV. For the oxygen vacancy, initially in the 42 charge
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state, electron-hole pair creation results in an electron being
captured by V.2, changing its charge state to +1. The transi-
tion Vg "y ht — Vg ? results in an emission peak at 2.4 eV.
This energy is close to the broad peak at 2.5 eV observed in
the photoluminescence spectra of LAO single crystals.?® This
peak was found to be greatly suppressed by oxidation at 500 °C
and slightly recovered by annealing in a reducing atmosphere
at 1000 °C, consistent with oxygen vacancies being the source.

Note that the broad peak at ~2.8 eV (Ref. 26) was also
suggested to be due to oxygen-vacancy-related defects. This
value differs from our calculated peak of 2.4 eV for the
transition V' + h* — V2. The difference may be due to
the presence of impurities near V. Transition-metal impurities
such as Cr and Fe can be unintentionally incorporated
in LAO samples.>-?>” These impurities can form metal-Vj
complexes,’? affecting the electronic structure of Vo (Ref. 71)
and leading to shifts in the emission peaks.

IV. DISCUSSION
A. Impact of defects on LAO gate dielectrics in MOS devices

In MOS devices, the Fermi level varies over a range that
roughly encompasses the band gap of the semiconductor.
Defects in the oxide, near or at the interface, can lead to carrier
traps and fixed charges. These are detrimental to device per-
formance, causing current leakage through the gate dielectric,
lowering of the carrier mobility, and shift of the threshold
voltage. We can determine the most likely charge state of
the defect in the oxide by examining the relative position of
the band edges of the oxide with respect to the band edges
of the semiconductor. The impact of the defects in LAO on
the electrical properties of MOS devices is thus addressed by
aligning the position of defect levels in the oxide with respect
to the semiconductor band edges.

The band alignment at the LAO/GaN interface was evalu-
ated by combining the results of an explicit interface calcula-
tion and separate bulk calculations. For the interface calcula-
tion, an (001) LAO/a-plane GaN superlattice, containing 70
atoms, resulting in a lattice mismatch of ~3%, is employed
to obtain the lineup of averaged electrostatic potentials across
the interface. Bulk calculations for c-LAO and wurtzite GaN
are performed to determine the position of their VBM with
respect to the averaged electrostatic potential in each material.
The band offsets between GaN and other semiconductors
were taken from previous calculations.”*”> The calculated
valence-band offsets with respect to LAO (illustrated in Fig. 7)
are 0.9 eV for GaN, 2.8 eV for Ing 53Gag 47As, and 2.9 eV for Si.
These values are in good agreement with experimental values
of 1.2 eV for GaN, 2.7 eV for Ing 53Gag 47As, and 2.7 eV for
Si.’

Figure 7 shows the position of defect levels in LAO with
respect to the band edges of the semiconductors. For a Si-based
MOS structure, the O-related defects Vg and O; lead to defect
levels in the vicinity of the Si band gap. The Vg (42/4-1) level
occurs at 0.69 eV below the Si CBM, and the (41/0) level
occurs at 0.06 eV below the CBM, indicating that Vg leads to
carrier traps and may increase leakage current. This explains
the experimental observations that postdeposition annealing
in O, lowers leakage current®' and reduces flat-band voltage
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FIG. 7. (Color online) Band alignment between semiconductors
(Si, Ing 53Gag 47As, GaN) and LaAlO;. The positions of charge-state
transition levels for native point defects in LaAlO; are shown within
the LaAlO; band gap and relative to the semiconductor band edges.
The zero was set at the vacuum level, with the GaN band-edge
positions taken from Ref. 77.

shift and capacitance-voltage hysteresis in LAO/Si MOS
structures.”®

The O; (0/-2) level occurs at 0.35 eV below the Si CBM.
However, since the neutral and —2 charge states involve two
distinct lattice configurations (Fig. 6), and for each atomic
configuration individually we find no levels within the range
of the Si gap, we conclude that O; does not lead to carrier
traps. O; could still act as a negative fixed charge, for instance,
in n-Si MOS capacitors or transistors.

VL. and Vy are stable in the —3 charge state across the Si
band gap; their transition levels occur near the LAO VBM and
are therefore well below the VBM of all of the semiconductors.
VLa and Vy) have modest formation energies (Fig. 2) and are
likely sources of negative fixed charge.

The overall features of Ings3Gag47As-based MOS struc-
tures are very similar to the case of LAO/Si MOS structures.
Vo plays arole as a carrier trap and may lead to leakage current,
whereas Vi,, Vai, and O; act as negative fixed-charge centers.

For n-channel GaN-based MOS structures, finally, the
defects show similar behavior to the case of Si and InGaAs
MOS structures: Vg introduces charge-state transition levels
in the upper part of the GaN band gap. The (+2/+1) level of Vg
lies 1.03 eV below the CBM, and the (+1/0) level is located
at 0.40 eV below the CBM. Therefore Vj is a carrier trap and
can cause leakage current in n-GaN-based MOS devices. Vp,,
Va1, and O; again act as negative fixed-charge centers in the
vicinity of LAO/n-GaN interfaces.

B. Role of V in the 2DEG at LaAlO3/SrTiOj; interfaces

Growing LAO on (001) STO leads to a 2DEG at the
LAO/STO interface.'> The source of the 2DEG has been a
subject of intense debate.'>~!*-7" Several experimental studies
have revealed that higher 2DEG densities are obtained by
annealing the LAO/STO structures at lower oxygen partial
pressures. This has led many groups to conclude that oxygen
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surface

STO

LAO

FIG. 8. Schematic band diagram of an LaAlO; (LAO) layer
grown on (001) SrTiO; (STO) showing the electrostatic potential
increase across the LAO layer. Toward the surface the valence-band
maximum (VBM) in LAO approaches the Fermi level.

vacancies, acting as donors, contribute to the increase in the
2DEG density.'*7° Most of the discussions have focused
on oxygen vacancies in the STO layer; here we show that
formation of oxygen vacancies in the LAO layer is more likely.

A typical band diagram of a thin LAO layer grown on
STO is depicted in Fig. 8. STO is nonpolar while LAO is polar
along the [001] direction. Due to the polar discontinuity, excess
electrons from the LaO plane at the interface are transferred to
the STO layer, forming a 2DEG.'® Electron counting results
in a 2DEG density of 0.5 electron per unit-cell area, or 3.3 x
10 cm~2. However, the observed 2DEG densities are more
than an order of magnitude lower. This corresponds to a net
positive charge at the interface (since ionic charge is not fully
balanced by electronic charge), which results in an electric
field, i.e., a buildup of electrostatic potential across the LAO
layer. This potential raises the VBM toward the Fermi level,
and electrons that are not accommodated at the interface fill
surface states on the LAO surface.'®

The formation energy of Vo is lowered as the Fermi level
approaches the VBM in LAO (Fig. 2). Oxygen vacancies,
acting as double donors, will donate electrons to passivate
the LAO surface, keeping electrons from the 2DEG at the
interface. Thus we conclude that forming oxygen vacancies in
the LAO layer will lead to increased 2DEG densities at the
LAO/STO interface, explaining the experimental observations
for annealing in an O-poor atmosphere.'*?’ These results
also suggest that oxidation of the surface becomes harder as
the formation energy of oxygen vacancies is lowered at the
surface. In addition, growing thicker LAO layers results in an
increasing fraction of the LAO containing high concentrations
of oxygen vacancies. These effects deteriorate the LAO quality
and possibly explain why the 2DEG density saturates, rather
than increases, as the LAO thickness increases beyond three
or four monolayers.'?

V. SUMMARY

We have investigated the electronic properties of point
defects in LAO using hybrid density-functional calculations.
The use of a hybrid functional allows for more correct
calculations of formation energies and defect levels, as well as
a proper description of hole localization in the case of acceptor
defects. Another aspect in which the present work goes beyond
previous studies is the inclusion of spin polarization. We find
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that cation vacancies are deep acceptors, with defect levels near
the VBM, whereas oxygen vacancies are deep donors with
defects levels within 2 eV of the conduction band. Oxygen
vacancies give rise to luminescence at 2.4 eV, Al vacancies at
4.1 eV, and La vacancies at 4.5 eV.

By analyzing the position of defect levels with respect to
the band edges of Si, InGaAs, and GaN, we find that oxygen
vacancies can act as carrier traps in LAO/semiconductor MOS
devices. The La and Al vacancies will be sources of negative
fixed charge in the vicinity of the interface, leading to carrier
scattering. Interstitials and antisites are much higher in energy
and unlikely to form.

We also find that oxygen vacancies can play a role in the
formation of the 2DEG at LAO/STO interfaces. The increase
in the electrostatic potential in the LAO layer results in the

PHYSICAL REVIEW B 88, 214117 (2013)

Fermi level being close to the VBM near the LAO surface,
favoring formation of oxygen vacancies and increasing the
2DEG density.
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