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Abstract—The electronic structure of an oxygen vacancy in a-Al,O5 and y-Al,Oj; is calculated. The calcula-
tion predicts an absorption peak at an energy of 6.4 and 6.3 eV in a-Al,O5; and y-Al,O3, respectively. The
luminescence and luminescence excitation spectra of amorphous Al,O; are measured using synchrotron
radiation. The presence of a luminescence band at 2.9 eV and a peak at 6.2 eV in the luminescence excitation
spectrum indicates the presence of oxygen vacancies in amorphous Al,O5.
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1. INTRODUCTION

a-Al,O; (corundum or sapphire) is the most stable
phase of crystalline aluminum oxide. Sapphire has a
broad bandgap (8.7 ¢V) and is widely used in optical
devices. Sapphire doped with chromium or titanium is
used as an active medium in lasers. In nuclear power,
sapphire is used as radiation-resistant material and a
radiation detector; in microelectronics, it is used as
substrates for the growth of silicon and gallium nitride
GaN.

Amorphous aluminum oxide is now extensively
used as an insulator to substitute for gate silicon oxide
[1—3] and as a buffer layer in the next-generation flash
memory based on the memory effect in silicon nitride
[4—6]. To be applied in silicon devices, aluminum
oxide must have low leakage currents and a low trap
concentration. The conduction of amorphous Al,O;
was found to occur along traps [7, 8]. The accumula-
tion of electrons at traps leads to an unstable threshold
voltage and, thus, low reliability of silicon devices. To
reveal the nature of traps (their atomic and electronic
structure) is a challenging problem.

Numerous investigations demonstrate that, as a
rule, oxygen vacancies serve as traps in metal oxides
(Zr0O,, HfO,, Ta,0s, TiO,, La,0s, etc.). We assume
that oxygen vacancies also serve as electron traps in
amorphous Al,O;. The electronic structure of oxygen
vacancies in crystalline a-Al,O; was studied by photo-
luminescence methods in [9—17]. It is now reliably
established that an oxygen vacancy in a-Al,O; has a
luminescence band at an energy of about 3 eV. The
excitation spectrum of this band has a maximum near

6 eV. To the best of our knowledge, the electronic
structure of an oxygen vacancy in amorphous Al,O,
has not been studied. The purpose of this work is to
study the atomic and electronic structures of an oxy-
gen vacancy, which is considered to be the most prob-
able candidate for the trap responsible for the conduc-
tion of an insulator, in amorphous aluminum oxide.

2. SAMPLE PREPARATION

Al,O; films were deposited by ion beam sputtering
deposition [18]. A silicon wafer was located near a tar-
get made of metallic A999 aluminum with an alumi-
num content higher than 99.98%. The target was sput-
tered by an Ar* ion beam, and high-purity oxygen
(0, >99.9%) was simultaneously supplied to the tar-
get and wafer zone. The flux of sputtered particles
from the target was incident on the wafer surface to
form an Al,O; film. The Ar* ion beam used to sputter
the target material was formed by a Kauffmann-type
Klan-52 source (Platar Ltd., Moscow) [19]. The Ar*
ion energy was 1.2 keV, and the ion current density at
the aluminum target was 1.5 mA/cm?. The deposi-
tion thickness and rate were controlled with a quartz
TM-400 transducer (Maxtec Inc.) placed near the
wafer. The films were grown at a deposition rate of
0.15 nm/s and a partial oxygen pressure of 8.7 x 1073
Pa (the limiting pressure in the growth chamber was
10-° Pa).

Before placing in a vacuum chamber, silicon wafers
were processed in an HF solution to remove a natural
oxide. The films were deposited at room temperature.
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According to fast-electron diffraction data, the depos-
ited Al,O; films were amorphous. The Al,O; film
thickness determined by ellipsometry was about
100 nm, and the refractive index was n = 1.65 at a
wavelength of 632.8 nm. After vacuum annealing for
2 h, the initially amorphous films underwent partial
crystallization: the intensity of light scattering by sin-
gle crystals in the film volume increased, and diffrac-
tion lines appeared in X-ray diffraction patterns.

3. LUMINESCENCE MEASUREMENT
PROCEDURE

The luminescence of oxygen vacancies in o.-Al,O5
is observed at an excitation energy of about 6 eV. As a
radiation source, a hydrogen or xenon lump is usually
applied. The study of an oxygen vacancy in bulk
(thick) corundum samples is not very difficult. Amor-
phous Al,O; films have a typical thickness of 10—
100 nm. The luminescence intensity excited by a lump
source is rather low: it is characterized by a low signal-
to-noise ratio. The synchrotron radiation intensity in
the ultraviolet region is higher than the intensity of
lump sources by several orders of magnitude. There-
fore, we used synchrotron radiation to excite lumines-
cence in thin Al,O5; amorphous films in the ultraviolet
region.

Photoluminescence (PL) and luminescence exci-
tation (LE) spectra were measured at a temperature of
7.5 K in steady-state and time-resolved modes using
the synchrotron radiation of the SUPERLUM station
located at the DESYLAB Laboratory (Hamburg, Ger-
many) [20]. To excite PL in the range 3.7—26 eV, we
used a double-meter vacuum monochromator with a
spectral resolution of 3.2 A. The PL radiation was
detected with an ARC Spectra Pro-308i monochro-
mator 0.3 m long and an R6358P Hamamatsu photo-
multiplier. Allowing for the luminescence kinetics, we
chose delay times 0f with respect to an excitation pulse
and time window width Az. We used the following two
windows: of; = 2.7 ns and A¢; = 11.8 ns for the fast
component and 6z, = 60 ns and Az, = 92 ns or the slow
component. When measuring LE spectra, we per-
formed normalization per the same number of inci-
dent photons using sodium salicylate, the lumines-
cence quantum yield in which is independent of the
photon energy at v > 3.7 eV.

4. AB INITIO QUANTUM-CHEMICAL
CALCULATION PROCEDURE

The electronic structure of solids is known to be
determined by the kind of atoms and an atomic short-
range order. Using X-ray emission spectroscopy, the
authors of [21] found that the crystalline oo and y mod-
ifications of Al,O; have qualitatively close electronic
structures and that these structures are close to the
electronic structure of hydrogenized aluminum
Al(OH);. At present, there is no rigorous theory that
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can describe the electronic structure of amorphous
solids. Based on the fact that the electronic structure
of Al,O; is determined by a short-range bond order, we
perform band calculations of the electronic structures
of a- and y-Al,O; with oxygen vacancies and compare
the results obtained to experimental data for amor-
phous Al,O;. It should be noted that the crystalline y
phase and the amorphous Al,O; phase have similar
atomic coordinations and densities [22—24].

To perform the calculations, we used the QUAN -
TUM-ESPRESSO software package [25] in terms of
the density functional theory (DFT) [26, 27] in the
local density approximation and also used a basis set of
plane waves and norm-preserving pseudopotentials
[28—30]. In these calculations, we applied the approx-
imation of a periodic defect in the a-Al,O; and
v-Al,Oj5 superlattices.

5. RESULTS AND DISCUSSION
5. 1. Oxygen Vacancy Calculations

An o-AlLO; crystal has a trigonal unit cell (space
group R3cR) containing ten basis atoms. Aluminum
atoms are coordinated by six oxygen atoms that, in
turn, are fourfold coordinated by aluminum atoms. It
is generally accepted that y-Al,O; has a structure of
defect spinel with vacancies in cation positions. In this
work, we use a y-AlL,O; atomic cell containing
40 atoms and formed from a spinel structure with two
cation vacancies in the octahedral positions located at
the maximum distance from each other. Such a struc-
ture was proposed in [31] and used in [32, 33]. In this
structure, aluminum atoms have coordination num-
bers 4 and 6, and oxygen atoms have coordination
numbers 3 and 4. To simulate an oxygen vacancy, we
used a-Al,O; and y-Al,O5 superlattices containing
160 atoms from which 1 oxygen atom was removed.
A triply coordinated oxygen atom was removed from
the structure of y-Al,O5;.

The calculations demonstrate that both crystals are
direct bandgap insulators with a valence band top and
a conduction band bottom located at point I of the
Brillouin zone and a bandgap of 7.3 eV for a-Al,O,
and 5.1 eV for y-Al,O;. The calculations of the partial
density of states (PDOS) in defectless a-Al,O; (Fig. 1,
dashed lines) and y-Al,O5 (not shown) crystals dem-
onstrate that the valence band of Al,O; consists of two
subbands formed mainly by the O2s (lower subband)
and O2p (upper subband) states with a low contribu-
tion of the Al3s and Al3p states. The conduction band
is mainly formed by aluminum states. The calculated
electronic structure of defectless .- and y-Al,O; crys-
tals agrees well with the results of the DFT calculations
performed in [34—38].

The spectra of the partial density of states of
a-Al,O; shown in Fig. 1 demonstrate that the pres-
ence of an oxygen vacancy causes defect levels in the
energy spectrum of the crystal. We obtained similar
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Fig. 1. Calculated partial density of states of a.-Al,O5 (solid
curves) with and (dashed curves) without oxygen vacan-
cies. The position of the valence band top was taken as zero
energy. The spectra are broadened using the Lorentz for-
mula with a half-width ¢ = 0.1 eV.

spectra for y-Al,O; and, hence, do not show them. The
ground state of the defect level (oxygen vacancy) cor-
responds to a position in the energy spectrum above
the valence band top by 2.8 eV for a-Al,0; and by
1.2 eV for y-Al,O; (Fig. 2). The first excited state of an
oxygen vacancy is located near the conduction band
bottom. The defect levels are formed by the 3s and 3p
states of aluminum with an insignificant contribution
of the 2p states of oxygen. The systematic error in the
calculated position of the defect levels related to the
well-known underestimation of the bandgap in the
DFT calculations should be noted.

Figure 3 shows the calculated spectra of absorption
coefficient k of ideal and defect a- and y-Al,O; crys-
tals. With the software package used in this work, we
were able to take into account the underestimation of
the bandgap in calculating the optical properties by
introducing the corresponding correction. We intro-
duced the correction that increases the bandgap of
both phases of Al,O; by 1.4 eV. The calculated spec-
trum of dispersion of the absorption coefficient for
a-Al,O; is compared with the corresponding experi-
mental spectrum [39].
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Fig. 2. Band structures of (a) a-Al,O5 and (b) y-Al,O3 that
are calculated for 160-atom cells with oxygen vacancies
and are constructed along high-symmetry directions in the
Brillouin zone. The position of the valence band top was
taken as zero energy.

The optical constants of both crystals have weak
anisotropy; therefore, we present averaged values in
Fig. 3. It is seen that a-Al,O; and y-Al,O5 have quali-
tatively similar optical spectra of the absorption coef-
ficient. Note that we used a rather limited model of the
structure of y-Al,O;, which contains cation vacancies
only in octahedral positions.

The ab initio calculation of absorption coefficient &
of both Al,O; crystals shows that the presence of oxy-
gen vacancies results in the appearance of absorption
peaks at 6.4 and 6.3 eV for a- and y-Al,O;, respec-
tively, in the spectra. As will be shown below, these val-
ues are close to the energies experimentally obtained
for PL excitation bands near 3 eV. As is seen from
Fig. 1, the appearance of the calculated peaks at ener-
gies of 6.4 and 6.3 eV in the optical spectra are related
to transitions between the aluminum states. The
Al3p—Al3s transitions predominantly contribute to
these calculated peaks. The PDOS spectra in Fig. 1
demonstrate that the transition energy is about 5 eV for
both modifications of Al,O;. However, as noted above,
Vol. 111
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Fig. 3. Calculated dispersion characteristics of absorption
coefficient k for (a) a-Al,O3 and (b) y-Al,O3: (solid
curves) crystals with vacancies, (dashed curves) ideal crys-
tals, and (dotted curves) experiment [39].

we took into account the underestimation of the band-
gap width when calculating the optical properties by
introducing a correction of 1.4 eV.

5.2. Luminescence of Amorphous Al,0;

To identify vacancy centers, we studied the low-
temperature PL and LE spectra of amorphous Al,O;
films (Figs. 4, 5). Figure 6 shows the PL decay curves.
Asin the case of a.-Al,O5 single crystals [9—16], the PL
and LE spectra of amorphous Al,O; consist of a set of
broad bands, and a fine structure was not observed
even at a low temperature (about 8 K). Thus, the case
of a strong electron—phonon interaction takes place,
and the Huang—Rhys factor (S is the average number
of involved phonons) varies in the range 9—12 [10, 16].
In this case, the curve shape is close to a Gaussian
shape.

Abroad 1.00-eV-wide peak at 2.87 eV dominates in
the PL spectra of the initial Al,O; films at an excitation
energy of 6.26 eV in the slow component (Fig. 4), and
it is accompanied by weak peaks located near 2.2 and
4.2 eV, which are stronger in the spectrum of the fast
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Fig. 4. PL spectra at an excitation energy of 6.26 eV for an
amorphous Al,O; film (a) before and (b) after annealing at
900°C. (points) PL spectra recorded at 8 K (/) in a time-
integrated mode for the (2) fast and (3) slow PL compo-
nents. (solid curves) The decomposition of the spectrum
shown in Fig. 1b into Gaussian components.

component. After annealing at 900°C, the peak at
2.87 eV also dominates in the Pl spectra, and the peaks
with maxima at 2.14, 4.28, and 3.78 eV become much
stronger. The solid lines in Fig. 4b illustrate the results
of the decomposition of the time-integrated lumines-
cence spectrum into four Gaussian components. The
full widths at half-maximum (FWHDMs) of these bands
are 1.0, 0.21, 0.52, and 0.48 eV, respectively. As follows
from the time-resolved measurements (Figs. 4, 6), the
2.87 eV PL (which is detected within several hundred
nanoseconds) is the slowest decaying component,
which decays according to a nonexponential law.
Apart from this slow component, the bands at 2.14,
3.78, and 4.28 eV also contain an exponential compo-
nent with a decay time T = 5 ns.

It should be noted that all these transitions were
also detected earlier in crystalline a-Al,O; and that
they were referred to the self-defects that form during
growth, thermochemical treatment, or particle irradi-
ation [9—17]. In [9—17], the broad band near 3.0 eV
with FWHM = 0.40 eV, a low-energy shoulder, and
slow decay (t = 34 ms) in bulk a-Al,O was attributed
to the appearance of a neutral oxygen vacancy (F cen-
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Fig. 5. Luminescence excitation spectra of anamorphous
Al,O5 film for luminescence at (a) 2.9 and (b) 4.3 eVata
temperature of 8 K. PL spectra recorded at 8§ K (/) in a
time-integrated mode for the (2) fast and (3) slow PL com-
ponents.

ter) [10, 16]. The “fast” band near 3.8 eV (FWHM =
0.34 eV, 1<7ns[14]) is related to the same center hav-
ing a positive charge (£*) [10, 15]. The corresponding
peaks can also be recognized in the spectra of amor-
phous Al,O; (see Fig. 5): in this case, the bands of the
F and F* centers have maxima at 2.87 and 3.78 eV,
respectively. The low-energy bands (1.95, 2.165 eV)
are detected even at high irradiation doses and in
strongly restored Al,O; crystals [17]. The bands at 1.95
and 2.165 eV are assumed to be caused by any F,-cen-
ter-type pair defects. Another type of simple donor
centers is represented by interstitial cations. The opti-
cal transitions in free Al°, Al*, and AI** fall in the range
3—7.5 eV [17], and they shift toward a low-energy
region when these ions are introduced into the Al,O,
lattice. The authors of [17] attributed the peaks at 2.45
and 3.8 eV to an interstitial aluminum atom in sap-
phire; however, they can be caused by other defects in
amorphous Al,O;. The question of the nature of the Pl
bands at 1.95 and 2.165 eV is still open and requires
additional studies.

The LE spectra of amorphous Al,O; were measured
using time resolution for luminescence at 2.9 (F cen-
ter) and 4.3 eV in the range 3.7—26 eV. The following
three characteristic ranges can be distinguished in
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Fig. 6. PL decay for luminescence at 4.13 eV in an amor-
phous Al,Oj5 film at 7'= 8 K (/) before and (2) after 2-h
vacuum annealing at 900°C. The excitation energy is
6.26 V.

these LE spectra: 5—7, 7—10, and 18—26 eV. The low-
energy range corresponds to intracenter excitations in
an oxygen vacancy; the second represents a band—
band excitation (hv ~ E,, where E, is the bandgap
width) in exciton systems; and, finally, the increase in
the signal intensity with the photon energy at Av >
18 eV demonstrates the multiplication of electron
excitations at photon energies 4v > 2E,. On the whole,
the time-resolved LE spectra of the amorphous films
are similar to the spectra of crystalline Al,O; [16, 40].
It should be noted that the main maximum in the sec-
ond LE range is located near 9 eV [8], whereas it is
shifted toward 8 eV in the case of an amorphous Al,O,
film. Since the specific features of this range are con-
trolled by band—band transitions, this finding suggests
a lower bandgap in an amorphous Al,O; film as com-
pared to that in crystalline Al,O5.

It is seen that, in the first range, the LE spectrum
for luminescence at 2.87 eV consists of two bands with
maxima near 5.8 and 6.15 eV (see Fig. 5); in the sec-
ond range, two bands with maxima at 8 and 11.7 eV
can be distinguished. UV luminescence at 4.2 eV is
best excited in the band at 6.21 eV with a low-energy
shoulder of about 5.77 eV. Thus, for PL at 4.2 eV, exci-
tation directly to the absorption band of a center is
most effective, whereas the transition of excitation
from the matrix to the center is hindered (in contrast
to Fcenters). For crystalline a-Al,O;, the main bands
in the low-energy range have maxima at 5.6 and 6.3 eV,
and the band contribution depends substantially on
light polarization and sample orientation.

The complex shape of the LE spectrum results from
the splitting of an excited state in crystalline symmetry
field C, for a neutral oxygen vacancy. In crystalline
Al,O;, the band at 6.3 eV has analogs in the photocon-
ductivity [10] and exoelectron emission [40] spectra.
This means that the upper components of the split
Vol. 111
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6.0eV 3.0eV

Fig. 7. Configuration diagram for an oxygen vacancy in
Al,O3. The lower term corresponds to an occupied state of
defect, and the upper term corresponds to an unfilled
excited state. W[, is the polaron energy. The arrows indicate
optical transitions during excitation (6 ¢V) and lumines-
cence (3 eV).

excited state are in the conduction band and that exci-
tation in this band leads to oxygen vacancy ionization
and electron loss. The presence of the universal non-
exponential component for the luminescence of F
centers in the band at 4.3 eV of the PL decay of amor-
phous Al,O; differs substantially from the case of crys-
talline Al,O;, which is characterized by exponential
PL decay with times T~ 34 ms [10, 16] and t <7 ns[14]
for F and F* centers, respectively. This behavior is
most likely to result from the tunneling recombination
of electrons trapped due to excitation at deep ionized
centers [41]. On the one hand, this assumption agrees
with the photoconductivity and exoelectron emission
data for Al,O; and implies the ionization of centers at
an excitation of 6.26 eV; on the other hand, this sug-
gests a high trapping center concentration in amor-
phous Al,O;. The decay time during tunneling recom-
bination depends on the distance between interacting
centers and yields long-term nonexponential decay in
the case of different distances between them [41]. The
weakening of this component after annealing and the
strengthening of the fast exponential component (see
Fig. 6) agree with the data on partial recrystallization
of an initially amorphous film on annealing. It seems
very important to compare the concentration and
other parameters of traps in amorphous and crystalline
Al,O;samples in direct experiments (e.g., experiments
on thermally stimulated luminescence).

For example, the luminescence at 2.87 eV and the
excitation bands at 5.7 and 6.3 eV in the LE spectra
unambiguously prove the presence of neutral oxygen
vacancies in amorphous Al,O; films. The position of
the band maximum in the LE spectrum (near 6 eV)
agrees well with the ab initio quantum-chemical cal-
culation of an oxygen band in dispersion spectra for an
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absorption coefficient (these bands were found at 6.3
and 6.4 eV for a- and y-Al,O;, respectively). The pres-
ence of positively charged oxygen vacancies is indi-
cated by the fast component of PL for the peak at
3.78 eV.

6. DISCUSSION OF RESULTS

The luminescence spectra of amorphous alumi-
num oxide contain a luminescence band at an energy
of 3 eV, which is excited at an energy of about 6 eV, as
in the case of well-studied crystalline sapphire
a-Al,O;. The fact that the bands at energies of 3 and
6 eV belong to an oxygen vacancy in a.-Al,O; is beyond
question. The fact that the excitation band at 6 eV
belongs to an oxygen vacancy is independently sup-
ported by our quantum-chemical calculations. These
results indicate that oxygen vacancies are responsible
for these luminescence and luminescence excitation
bands in amorphous Al,O;.

Figure 7 shows a configuration diagram for an oxy-
gen vacancy in Al,O;. The excitation at an energy of
6 eV corresponds to a transition of a defect into an
excited state, and the transition at 3 eV corresponds to
a radiative transition of the defect into the ground
state. The polaron energy is half the Stokes shift, W, =
(6 —3)/2 = 1.5 eV. The polaron energy determined
from luminescence spectra coincide with the electron
trap energy (1.5 eV) determined in experiments on
charge transfer in amorphous Al,O; [7, 42]. The
polaron energy estimated from photoluminescence
measurements is also close to the electron trap ener-
gies estimated from experiments on thermally acti-
vated spectroscopy (1.6 [43], 1.54 eV [44]).
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