Oxygen defects in amorphous Al,O3: A hybrid functional study
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The electronic properties of the oxygen vacancy and interstitial in amorphous Al,O3 are studied via ab initio molec-
ular dynamics simulations and hybrid functional calculations. Our results indicate that these defects do not occur in
amorphous Al,Os, due to structural rearrangements which assimilate the defect structure and cause a delocalization
of the associated defect levels. The imbalance of oxygen leads to a nonstoichiometric compound in which the oxygen
occurs in the form of O~ ions. Intrinsic oxygen defects are found to be unable to trap excess electrons. For low Fermi
energies, the formation of peroxy linkages is found to be favored leading to the capture of holes. The relative +2/0

defect levels occurs at 2.5 eV from the valence band.

PACS numbers: 61.20.Ja,71.15.-m,71.10.-w

Defects in amorphous alumina (a-Al,O3) may impact the
performance of this material as gate dielectric in metal-oxide
semiconductor (MOS) technology.l‘5 For this reason, na-
tive defects in Al,O3 have been the subject of extensive ex-
perimental and theoretical investigations aiming at verifying
the presence of deep-level traps in the dielectric.52! The
vast majority of theoretical studies performed so far have
focused on crystalline phases of Al,O3. However, Al,O3
in MOS devices is usually deposited via atomic layer de-
position, which results in an amorphous phase with elec-
tronic properties differing considerably from those of crys-
talline phases.?!~2* Furthermore, the experimental character-
ization of defect states in a-Al,O3 has led to conflicting in-
terpretations. The oxygen vacancy has been invoked as an
electron trap in oxygen-deficient a-Al,O3 films on the ba-
sis of electron energy loss, photoluminescence, and capaci-
tance measurements, and this suggestion has received support
from theoretical studies based on density-functional-theory
calculations.®?! At variance, Arhammar et al.” synthesized
a-Al,O3 via physical vapour deposition and investigated the
defect states in the gap using X-ray absorption and resonant
inelastic scattering techniques. Supplementing their experi-
mental results with computational studies, they assigned the
observed defect states to peroxy linkages between two oxy-
gen atoms (O-O) rather than to oxygen vacancies.

In order to elucidate the nature of oxygen-related defects
in a-Al,O3, we here investigate the structural and electronic
properties of oxygen vacancies (Vo) and interstitials (O;) in
a-Al, O3 through ab initio molecular dynamics (MD) simula-
tions and hybrid functional calculations. We find that struc-
tural rearrangements in the amorphous can assimilate oxygen
vacancies in the 42 charge state and oxygen interstitials in the
—2 charge state removing any electronic state from the band
gap. While excess electrons cannot be trapped by intrinsic
oxygen defects, the presence of excess holes results in the for-
mation of peroxy linkages, with defect states in the band gap
at 2.5 eV from the valence band.

All the calculations are carried out with the freely available
CP2K suite of codes,?> which is based on the use of atomic
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basis sets and of a plane-wave expansion for the electron den-
sity. Analytical Goedecker-Teter-Hutter pseudopotentials®®
are used to account for core-valence interactions. We use
a triple-{ correlation-consistent polarized basis set?’ for O
atoms, and the shorter range molecularly optimized double-
zeta basis set with one polarization function®® for Al atoms.
For the plane-waves, a cutoff of 500 Ry is employed. The
sampling of the Brillouin zone is achieved at the sole I"-point,
as justified by extensive convergence tests.”? Structural relax-
ations and MD simulations are carried out with the Perdew,
Burke, and Ernzerhof (PBE) functional.?* In order to over-
come the band gap underestimation associated with the use of
the PBE, the electronic properties are finally evaluated with
the functional proposed by Heyd, Scuseria, and Ernzerhof
(HSE).3132 We set the fraction of Fock exchange to ot = 0.45,
as this value has been found to reproduce the experimental
band gap of a-Al,03.2° The range-separation parameter is
kept fixed at its original value, it = 0.11 bohr~! (Ref. 32), to
ensure the accuracy of the hybrid functional >3 We perform all
HSE calculations using the auxiliary density matrix method.>*
With the present setup we indeed reproduce the experimental
band gap of 9.13 eV «-Al,O3 (Ref. 35), in accord with the
result achieved with a plane-wave scheme.?” As a further test,
we consider the O, molecule, for which our HSE calculations
yield a binding energy of 5.02 eV and an equilibrium bond
length of 1.20 A, in good agreement with their experimental
counterparts (5.12 eV, 1.21 A)36

The formation energy E¢[X9] of an isolated defect X with
charge state g can be expressed as a function of the Fermi
energy €f, defined with respect to the valence band maximum
(VBM) &, of the bulk system:37-8

E¢ [Xq] = Ewt [Xq] + Egorr — Eot [bu}k]
— Yinilti +qler + & +Avg s (1)

where Ey[X9] is the total energy of the supercell with a de-
fect X in the charge state g, Eyot[bulk] the total energy of bulk
a-Al», O3, n; the number of added or subtracted atoms of the
species i needed to create the defect X, and y; the respective
chemical potential. The chemical potential of oxygen g is
here set to half the energy of an oxygen molecule. The po-
tential alignment term Avy, accounts for the potential shift

between the bulk and the neutral defect calculation.*® Finally,
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FIG. 1. Representation of (a) a threefold and (b) a fourfold O atom
in a-Al, O3, prior to vacancy formation.

EZ . is a finite-size electrostatic correction related to the use of
periodic boundary conditions.*®3° In this work, a defect level
is defined as a thermodynamic charge transition level €(q/q’),
corresponding to the specific value of &r for which the forma-
tion energies in the charge states g and ¢’ coincide.

For a-Al,O3, we use an atomistic model structure gener-
ated previously through ab initio molecular dynamics.?® The
model contains 64 Al and 96 O atoms in an orthorhombic su-
percell with sides of 11.5, 11.2, and 12.8 A, corresponding to
a mass density of 3.29 g/cm?, which falls within the exper-
imental range (3.05 — 3.65 g/cm?).***2 Structural properties
such as radial distribution functions and coordination numbers
also agree well with the experimental characterization.?® Fur-
thermore, the HSE band gap of this model of a-Al,O3 is 6.67
eV, in agreement with experimental values (6.1-7.0 eV). B34

We first focus on the oxygen vacancy, which is found to be
an important defect in crystalline Al,O3, as well as in numer-
ous other oxides.*** In our calculations, Vg is created by
directly removing an O atom from the pristine bulk a-Al,O3
model. For removal, we consider five threefold and five four-
fold coordinated O atoms (Fig. 1), yielding a distinct defect
model for each case upon full structural relaxation. We do
not find significant differences among these ten models. The
relative energies of the various charge states are illustrated in
Fig. 2(a) for the most stable Vo model. As for crystalline
oxides,®!? the neutral and the +2 charge states are the most
stable ones with a +2/0 charge transition level occurring in
the band gap of a-Al,O3 at ~5 eV from the VBM.

To investigate the stability of the neutral oxygen vacancy
(V?)), we then carry out an annealing cycle using ab ini-
tio molecular dynamics. Through the use of a Nosé-Hoover
thermostat,>*>! the defect system is first equilibrated at 2000
K for 8 ps and then progressively cooled down to 800 K over
a period of 8 ps, corresponding to a cooling rate of 150 K/ps.
Other tested cooling rates (100, 200, 300 K/ps) produce fi-
nal structures of equivalent total energy. We here use a high
annealing temperature to accelerate the transition of energy
barriers in the structural relaxation around the defect in order
to restrain the process to time scales that can be afforded in
MD simulations. To monitor the total energy during the evo-
lution, the system is fully relaxed from MD configurations at
regular intervals showing that a stabilization of almost 5 eV is
achieved through the annealing cycle [Fig. 2(e)]. The evolu-
tion is continued until the total energy has clearly reached a
plateau value. Recalculation of the defect energies in the var-
ious charge states reveals that the charge state +2 now domi-
nates throughout the band gap [Fig. 2(b)]. This stabilization is
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FIG. 2. Relative energies of a-Al;O3 upon removal of one O atom,
(a) before and (b) after MD annealing. The energies are referred to
the energy of the neutral defective system after MD simulation. The
extent of the defect state upon the removal of one neutral O atom is
illustrated (c) before and (d) after the MD simulation; (e) total energy
during the annealing cycle of the neutral O vacancy, obtained by full
structural relaxation from configurations occurring during the MD
evolution; (f) corresponding evolution of the occupied single-particle
energy level of the system upon MD annealing.

accompanied by a complete disappearance of the void result-
ing from O removal. Interestingly, even the doubly-occupied
localized electronic state associated to the vacancy [Fig. 2(c)]
has evolved to a delocalized state [Fig. 2(d)], with a concur-
rent shift of its single particle level from 2.8 eV above the
VBM to the conduction band edge [Fig. 2(f)]. Starting from
the oxygen vacancy in the +2 charge state, we observe that
the localized unoccupied single particle level similarly disap-
pears upon annealing. These results indicate that the vacancy
is completely assimilated by the amorphous structure, a prop-
erty which has previously also been observed for O vacan-
cies in amorphous HfO,.*® Since any signature of defect lo-
calization has vanished, the use of defect formation energies
as defined in Eq. (1) is inappropriate and the energies in Fig.
2 have been referred to the neutral configuration after anneal-
ing. The stability of the 42 charge state and the occurrence
of delocalized electrons in the neutral charge state indicate
that oxygen removal corresponds to the removal of an O?~
ion, whereby the amorphous is turned into a defect-free sub-
stoichiometric oxide, a-Al,O5;_g. Thus, unlike in crystalline
phases, the oxygen vacancy cannot serve as an electron trap in
a-Al,O3. The oxygen deficiency results in a release of elec-



I A T | T

1T T T 1 T ]T/T
I
AN

formation energy (eV)
oS hAPONE®®

=

o
N
w
IN
(&)
o

Fermi level (eV)

FIG. 3. (a) Representation of the O-O peroxy linkage formed upon
the insertion of an interstitial O (O;) in a-Al,O3; (b) formation en-
ergy of O; in various charge states as a function of Fermi energy. The
chemical potential of oxygen is set to half the energy of an oxygen
molecule.

trons which are likely to be captured by extrinsic defects, e.g.
N and C impurities.>?

Next, we investigate the interstitial oxygen (O;) in a-Al,O3.
To determine a suitable location, we carry out a Voronoi
analysis which provides us with the position and size of the
voids.>? In consideration of the oxygen ionic radius, we select
ten voids with radii ranging between 1.7 and 2.5 A. For each
selected void, we insert an O atom and carry out MD at a tar-
get temperature of 1000 K for a duration of 3 ps. This process
is repeated for 3 different charge states: 0, —1, and —2. Struc-
tural configurations at simulation times of 1, 1.5, 2, 2.5, and 3
ps are sampled from every MD trajectory and then structurally
relaxed. Among those configurations, only the lowest-energy
one is kept for further investigation, resulting in 10 models
for each charge state. During the MD runs, the structural rear-
rangement induced by the defect is accompanied by a general
relaxation of the amorphous structure. In order to ensure that
the defect formation energy is not affected by this effect, we
adopt a cycling procedure, as proposed earlier for the study
of defects in amorphous systems.*? In this procedure, we first
remove the O; from its relaxed configuration and relax the re-
sulting structure. Hence, we reinsert the defect and relax the
structure again. The cycling is continued until the total-energy
difference Et[X9] — Eto[bulk] appearing in Eq. (1) converges.

In the charge state —2, the inserted 02 jon is found to be
either threefold or fourfold coordinated (Fig. 1), being thus in-
distinguishable from regular oxygen configurations in pristine
a-Al»O3. The same structural configurations are encountered
for O™. In the neutral charge state, we systematically observe
the formation of an O-O peroxy linkage with an average bond
length of 1.51 A [Fig. 3(a)]. We verify that the formation of
this linkage is robust against further structural relaxation at
the HSE level. The occurrence of O-O linkages is consistent
with NEXAFS and EELS experiments.” In Fig. 3(b), we show
the formation energy diagram of O; in a-Al,O3. The neutral
and —2 charge states are the most stable charge states with a
0/—2 charge transition level at 2.5 eV above the VBM. The
charge state —1 is metastable. The formation energies in Fig.
3 refer to the most stable model structures, but they differ by
less than 0.3 eV from the average obtained over the set of
ten model structures that we have considered for each charge
state.

Since extra or missing O atoms in a-Al,O3 generally appear
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FIG. 4. Formation energies of one and two holes in a-Al,O3 as a
function of &r with respect to VBM, (a) before and (b) after MD
simulations. The formation energy difference between the charge
states 0 and —2 for the Oy, E¢[0Y] — Ef[Oiz’}, is reported for compar-
ison; (c) total energy during the annealing cycle of the amorphous
system with two holes, obtained by full structural relaxation from
configurations occurring during the MD evolution; (f) corresponding
evolution of the unoccupied single-particle energy level of the system
upon MD annealing.

in the form of O%~ ions, we investigate whether the formation
of an O-O peroxy linkage observed in the case of the neutral
O;j could be induced by electron depletion. To this aim, we in-
troduce one or two holes (h') in the pristine a-Al,O3 model,
and apply the same computational procedure employed for O;.
Before MD simulation [Fig. 4(a)], the single hole is found to
be bound with a binding energy of ~2 eV, while the system
with two holes does not lead to any localized state. However,
upon MD simulations, the energy diagram changes consid-
erably [Fig. 4(b)]. In particular, the system with two holes
undergoes significant stabilization [Fig. 4(c)] with its unoc-
cupied single particle state moving from the valence band all
the way to the conduction band [Fig. 4(d)]. These changes re-
sult form the rearrangement of the amorphous structure lead-
ing to the formation of an O-O peroxy linkage. In view of
these observations, the neutral state of O; should be inter-
preted as the occurrence of an 0%~ ion with two independent
holes. Indeed, this interpretation is also supported by the cal-
culated formation energies. As illustrated in Fig. 4(b), we find
that the stabilization energy upon the formation of the peroxy
linkage is the same when the holes are introduced in the pris-
tine a-Al,O3 or in a-Al,O3 with an additional O~ jon, i.e.
Ef[0Y] — E¢[O?"] = E¢[2h*]. We remark that the formation of
a 0-0 linkage is a reversible process. When the two missing
electrons are returned, they first go into the conduction band
but eventually their energy level returns to the valence band
upon structural rearrangements which break the O-O bond.
Hence, we conclude that the formation of the peroxy linkage
is a direct consequence of electron depletion and that the as-
sociated charge transition level at 2.5 eV corresponds to the
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FIG. 5. Position of 4-2/0 hole trapping level in a-Al,O3 with respect
to the band edges of GaAs and GaN. The band alignment is taken
from photoemission experiments (Refs. 43—45, and 54).

binding of two holes in pristine a-Al,O3.

It is of interest to focus on practical implications for MOS
devices based on the Al,O3 dielectric. For GaAs/Al,O3
interfaces,*>* we show in Fig. 5 the position of the calcu-
lated charge transition level with respect to the band edges of
GaAs. The +2/0 charge transition level of a-Al,O3 falls at
~1.5 eV below the VBM of GaAs. Our study therefore rules
out that oxygen-related defects or intrinsic trapping mech-
anisms in a-Al,O3 could cause performance degradation in
such MOS devices. At variance, for the band alignment at
GaN/Al,O5 interfaces,”* the +2/0 charge transition level lies
in the band gap of the semiconductor and the peroxy linkage
might constitute a conduction channel for hole leakage in p-
type doping conditions.

In conclusion, we investigated the electronic properties of
oxygen vacancies and oxygen interstitials in a-Al,O3. The
structure of a-Al,O3 rearranges in such a way that the excess
or deficiency of isolated O>~ ions show electronic properties
which do not differ from those of the pristine material. The
oxygen vacancy leads to substoichiometric oxide in which ex-
cess electrons are released. Analogously, the presence of ex-
cess oxygen induces the generation of holes, which can be
bound in the amorphous structure through the formation of
peroxy linkages. The associated defect levels lie at ~2.5 eV
from the valence band edge and can thus not lead to device
degradation in GaAs-based MOS devices. In contrast, the per-
fomance of GaN-based MOS devices could be affected as the
defect level is found to be at ~2 eV above the valence band
edge of GaN.
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