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Broad photoluminescence (PL) band at 2.97 eV excited in the band near 6.0 eV in amorphous chemical vapor
deposition films is related to the neutral oxygen vacancy by analogy with crystalline Al2O3. The identification
of this PL band was supported by the results of first-principle quantum chemical simulation, which showed
6.3 and 6.4 eV bands in the extinction spectra for α- and γ-Al2O3, respectively. Other PL bands are attributed
to ionized single vacancies (F+-centers), divacancies (F2) and, probably, interstitial Al.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The exceptional properties of alumina (Al2O3), such as
great hardness, high thermal and chemical stability, and high
melting temperature, make it a very attractive material. The crystalline
α-Al2O3 phase (corundum or sapphire) is the single stable modification
of alumina. The crystalline α-Al2O3 has the band gap Eg≈8.5 eV and is
widely used in optical devices. Sapphire doped with chrome (ruby) or
titanium is applied as an active medium in laser systems. In
microelectronics sapphire is used as a substrate for growing silicon
and gallium nitride (GaN). Alumina is a highly radiation-resistant
material and is used as a sensitive element in detectors when
measuring the ionizing radiation parameters. Formation of defects in
irradiated sapphire is the subject of numerous researches [1–8].

Recently much attention has been focused on amorphous alumina
(Al2O3) films. Alumina has a high permittivity (ε≈10) compared to
silicon oxide SiO2 (ε=3.9) which was used as a gate dielectric in
Metal-Oxide-Semiconductor (MOS) devices (field-effect transistors)
for last five decades. The informational density of silicon integrated
circuits grows with the decrease of the length of the MOS transistor
channel. The reduction of channel length is accompanied also by the
increase in gate capacity. Thus the gate capacity increases with
decreasing the SiO2 gate thickness. At present, typically used
technology node is 63 nm. Under such conditions the thickness of

thermal SiO2 gate is 1.2 nm. Further decrease in the length of MOS
transistor channels requires the increase in gate capacity. However
the capacity cannot be increased at the expense of further thinning of
the thermal oxide layer because of the unacceptably strong tunnel
current through the dielectric layer. The heavy tunnel current results
in the reduction of the steepness of current–voltage characteristics of
transistor because of minority current extraction from the channel. In
addition, it causes unacceptably high additional dissipation of power
(heating).

The major approach to the increase in gate capacity is the
replacement of thermal oxide by insulators with the high value of
permittivity (the so-called high-k dielectric). Amorphous alumina can
be used for this purpose [9–11]. Recently amorphous alumina is used
in the development of giga-and terabits scale flash memory.
Amorphous silicon nitride (Si3N4) with a high concentration of charge
carrier traps is used as a memory medium in this flash memory cell
[12,13]. Usage of amorphous Al2O3 allows one to increase the
thickness of tunnel oxide from 2 to 5 nm. The increase of tunnel
oxide thickness results in the blocking of tunnel current in the storage
mode of a flash memory cell and in the increase in its reliability.
However, the layer of Si3N4 is covered by the layer of amorphous
Al2O3 and the charge from silicon nitride can flow down through traps
in Al2O3. Therefore, understanding of the nature of (atomic and
electronic structure) of traps in amorphous Al2O3 is of great interest.

The aim of this work is spectroscopic study of the photolumines-
cence of amorphous Al2O3 in comparison with the results of
theoretical simulation of oxygen vacancy. To excite the luminescence
of Al2O3, we used synchrotron radiation (SR) providing intense
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emission in a wide spectral range from VUV to visible region. SR is a
powerful tool in spectroscopic study of wide-band-gap materials,
particularly crystalline and amorphous SiO2[14–16].

2. Experimental details

2.1. Preparation of Al2O3 films

TheAl2O3filmswere grown in aflow-type chemical vapor deposition
(CVD) reactor with hot walls using Al(acac)3 (acac=pentane-2,4-
dionate, AlO6H3(CH3)6) as precursor and argon as a carrier gas. Oxygen
was supplied on a separate line. The films were deposited on the n-type
Si(100) substrate with resistance ρ ~10Ωcm. The Si substrates were
cleaned by a sequence of boiling in CCl4 and acetone. Further the
substrates were etched in the H2SO4+HNO3=1:1 mixture and finally
in the diluted HF (50%). The cleaning procedure resulted in removal of
the native oxide and surface contaminations. The temperature of
substrate was 600 °C during the CVD process. The film thickness and
refractive index were determined at the single wavelength LEF-3
ellipsometerwith aHe–Ne laser,λ=632.8 nm: the obtained parameters
were 50–100 nm and 1.65, respectively. Photoelectron spectra were
registered with VG EASCALAB HP spectrometer using nonmonochro-
matic Al Kα radiation with hν=1486.6 eV, the films had been shown to
consist only of aluminum and oxygen atoms and their composition is
close to Al2O3. According to Raman scattering data, the films contain an
admixture of carbon in amorphous forms, whose concentration was
~5 at.%.

X-ray diffraction measurements were carried out at the station
“Anomalous scattering” of the Siberian Center of Synchrotron
Radiation (λ=1.5405 Å). Fig. 1a shows the X-ray diffraction pattern
of the films, which evidences that the film is amorphous. Diffraction
pattern 2 conforms to the cubic modification of γ-Al2O3 taken from
the base of structural database (PDF-3-914). In Fig. 1b one compares
the film diffraction with that of rhombohedral modification of α-
Al2O3 (PDF-2-1227). The halo in the range from 10 to 30 of 2Θ points
to amorphous structure of Al2O3 films, short-range order of which
complies with cubic γ-Al2O3

2.2. Computational procedure

The theoretical results are obtained using the QUANTUM-ESPRESSO
code [17], which implements density functional theory within the
plane-wave as a basis set and pseudopotential approximation [18]. The
core electrons were described using norm-conserving Local Density
Approximation in the Perdew–Zunger parameterization [17]. We use a
periodic supercell approach for the calculation of the oxygen vacancy in
α-Al2O3 and γ-Al2O3. The Brillouin Zone of the unit cell was sampled
with 2×2×2 Monkhorst–Pack k-points mesh for both α- and γ-Al2O3

supercells. The plane-wave cutoff energy was taken equal to 30 Ry.
The perfect crystal of α-Al2O3 has a trigonal unit cell containing

two Al2O3 molecules (space group R-3cR). The coordinates of the
atoms are such that an Al atom is surrounded by six O atoms of two
different nearest-neighbor (NN) distances and each O atom has four
NN Al atoms. The crystal structure of γ-alumina has been a long-
standing issue. At present, there are two principal theoretical models
of bulk γ-Al2O3: spinel-related structure and nonspinel structure [19].
It was ascertained that the band structures of both models are very
close to each other [20].

Thereby in current investigations we take the minimal 40 atoms
defective spinel structure of γ-Al2O3. This structure is derived from
the spinel with two cation vacancies at octahedral sites that are
farthest from each other [21]. Thismodel waswidely used in literature
[22–24]. To calculate oxygen vacancy in Al2O3, a supercell of sufficient
size should be used in order to avoid the possible defect–defect
interaction. The α- and γ-Al2O3 supercells contain a total of 160
atoms, in which one of the interior O atoms is removed. The threefold
coordinated O atom was removed in the case of γ-Al2O3.

2.3. Photoluminescence measurements

PL and photoluminescence excitation (PLE) spectra were mea-
sured at 7.5 К in stationary and time-resolved regimes, using
synchrotron radiation on the SUPERLUM station of the DESYLAB
laboratory (Hamburg, Germany) [25]. For excitation in the 3.7–26 eV
range we used a 2 m vacuum monochromator with a 3.2 Å spectral
resolution. PL emission was detected with the 0.3 m ARC Spectra Pro-
308i monochromator and the R6358P Hamamatsu photomultiplier.
Taking into account the luminescence kinetics, the time delay (δt)
with respect of excitation pulse and time window length (Δt) were
chosen. Two time windows were used: δt1=2.7 ns, Δt1=11.8 ns for
the fast component and δt2=60 ns, Δt2=92 ns, for the slow
component. The PLE spectra were measured at excitation energy
normalized to an equal number of incident photons, using sodium
salicylate whose quantum efficiency is independent of photon energy
at hν N3.7 eV.

3. Results and discussion

3.1. Calculation of oxygen vacancy

The peak at 6 eV was related to oxygen vacancy in [1–8]. To
theoretically support this interpretation, we studied the dispersion of
extinction coefficient (k) for α-Al2O3 and γ-Al2O3 in a wide range of
spectra. The calculated spectra k=f(hν) for ideal α-Al2O3 and γ-Al2O3

crystals and for these crystals with oxygen vacancies are shown in Fig. 2.
To calibrate the calculation procedure, we compared the results of
calculation for bulk α-Al2O3 with corresponding spectra from [26]. The
results agree well. It is necessary to note that the calculated coefficients k
(hν) for the α-Al2O3 and γ-Al2O3 modifications have a weak anisotropy
and we present here the averaged values. The calculated spectra for
γ-Al2O3 agree in generalwith the data forα-Al2O3. In thisworkweused a
limited fragment of theγ-Al2O3 structure,which contains only octahedral
cation vacancies.

Fig. 1. X-ray diffraction patterns for amorphous Al2O3 films (1) and crystalline Al2O3 of
cubic (γ-Al2O3, PDF-3-914, pattern 2) and rhombohedral (α-Al2O3, PDF-2-1227, 3)
modifications.
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The calculated spectra k(hν) for the cells with oxygen vacancies in
α- and γ-Al2O3 have peaks at 6.4 and 6.3 eV, respectively. They are
absent in perfect crystals and can be related to oxygen vacancies.
These energies are close to the experimentally obtained values for the
absorption of F-centers in crystalline Al2O3[1–8]. This result supports
the fact that the absorption peak 6 eV is related to oxygen vacancy.

3.2. Photoluminescence

For independent identification of oxygen vacancies we studied the
low-temperature PL and PLE spectra of amorphous Al2O3 films. They
are shown in Figs. 3 and 4, respectively. The same as in the case with
crystalline Al2O3, the PL and PLE spectra of amorphous Al2O3 are a set
of broad bands: a fine structure was not detected even at very low
temperature (7.5 K). Thus, here the case of strong electron–photon
interaction is realized and the Huang–Rhys values (S, average number
of participating phonons) range from 9 to 12 [2,8]. In this case, the
shape of the band is close to Gaussian.

In the PL spectra recorded at 6.52 eV excitation (Fig. 3), the slow
component dominated by a wide 2.97 eV peak (with the full width at
half maximum (FWHM)=0.82 eV) followed by a weaker peak near
4.2 eV. The PL spectrum of fast component has the samepeak at 2.97 eV,
butpredominantpeaksare thoseclose to2.2 and4.2 eV. Thesolid lines in

Fig. 3 show the Gaussian components into which the fast PL spectrum is
decomposed. In addition to peak 2.97 eV, four additional peaks were
detected: 1.95, 2.165, 3.83 and 4.23 eVwith FWHMvalues 0.35, 0.2, 0.58
and 0.61 eV, respectively. The time-resolved PL spectra measurements
evidence that the PL decay time is a fewns for the last four bands and is a
few tens of ns for 2.97 eV. All these transitions were earlier observed in
crystallineα-Al2O3 and are related to intrinsic defects formed during the
growth, thermal treatment, and corpuscular irradiation rather than to
impurities [1–8,27]. Thus, the slow band 3.0 eV with a low-energy
shoulder in bulk α-Al2O3 is attributed to the occurrence of neutral
oxygen vacancy (F-center) [2,8], whereas the fast band 3.8 eV is related
to the same but positively charged center (F+) [2,7]. Corresponding
peaks were also observed in the spectra for amorphous Al2O3 films
(Fig. 3): bands of F and F+-centers have maximums at 2.97 and 3.83 eV,
respectively. The low-energy bands 1.95 and 2.165 eV were observed at
high irradiation doses and in strongly reduced Al2O3 crystals [27]. The
bands 1.95 and 2.165 are assumed to be the result of some of pair defects
(F2 –centers). Another type of simple donor centers is interstitial cations.
Optical transitions in Al0, Al+ and Al2+ range from 3 to 7.5 eV [27], but
they are shifted to lower energies when these ions are incorporated into
the Al2O3 structure.

The PLE spectra for 2.97 eV and 4.23 eV emissions recorded in
time-resolved regime are shown in Fig. 4. In amorphous Al2O3 the
2.97 eV luminescence of F-centers is excited most efficiently in three
ranges: 5–7, 7–10 and 18–26 eV. The PLE spectra recorded in time-
resolved and time integrated regimes are similar to those for
crystalline Al2O3[8,19]. The low-energy range corresponds to intra-
center excitations in oxygen vacancy and the second is the excitation
near the fundamental absorption edge (hν≈Eg) and, finally, the
increase in signal at hν≥18 eV demonstrates multiplication of
electronic excitations at photon energy hν≥2Eg. It is well seen that
the first range PLE spectra for 2.97 eV emission consists of two bands
with maxima at approximately 5.7 and 6.3 eV (Fig. 4) and two
maxima at 7.91 and 11.7 eV can be distinguished in the second range.
The UV emission at 4.2 eV is best excited in the 6.31 eV band.

It is remarkable that the envelopes of PLE spectra for the emission
of F-centers in amorphous Al2O3 film (Fig. 4) and in crystalline α-
Al2O3[8] are rather similar. The main bands in the low-range for
crystalline α-Al2O3 have maximums at 5.6 and 6.3 eV and the
contribution of each depends significantly on the light polarization
and sample orientation [8]. The intricate shape of the PLE spectrum for
neutral oxygen vacancy results from the splitting of excited state in
the crystal field of C2 symmetry. In crystalline Al2O3 the 6.3 eV band
has analogs in the photoconductivity [2] and exoemission [28]. This
implies that the upper components of split excited state are localized
in the conduction band and excitation in this band results in the
ionization of oxygen vacancy and loss of an electron. Thus, the

Fig. 2. Calculated extinction coefficient k(hν) for α-Al2O3 (a) and γ-Al2O3 (b). Solid and
dashed lines correspond to calculated spectra for alumina crystals with oxygen
vacancies and for perfect alumina crystals, respectively; dotted line in the section above
is an experimental spectrum for α-Al2O3.

Fig. 3. Time-resolved PL spectra for amorphous Al2O3 film, obtained in the CVD process:
1, 2- fast and slow components, respectively. PL spectra were obtained at 6.26 eV
excitation, T=7.5 K. Points correspond to experimental spectra, solid lines show results
of decomposition of spectrum 1 into Gaussian components.

Fig. 4. Time-resolved PLE spectra for PL emissions at 2.9 (a) and 4.2 eV (b) in amorphous
CVD Al2O3 films. (1, 3)- fast and (2, 4)- slow components. T=7.5 K.
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luminescence at 2.97 eV and the 5.7 and 6.3 eV bands in the PLE
spectra explicitly evidences the presence of neutral oxygen vacancies
in amorphous Al2O3 films grown in the CVD process. The location of
the PLE band close to 6 eV agrees well with the results of first principle
quantum-chemical simulation in which the vacancy bands were
found at 6.3 and 6.4 eV for α- and γ-Al2O3, respectively (Fig. 2). The
presence of positively charged oxygen vacancies is inferred from the
presence of 3.83 eV component in the PL spectra in Fig. 3.

The maximum of the second range PLE band is localized close to
9 eV for α-Al2O3[8], whereas for the amorphous Al2O3 film it shifts to
7.9 eV. As the features of this range are due to band-to-band
transitions, this shift suggests that the forbidden band in the
amorphous Al2O3 film is narrower than that in crystalline Al2O3.

Fig. 5 shows a decay for the low temperature 4.2 eV emission at
6.26 eV excitation. It is seen that the decay law differs considerably
from exponential one: the decay curve is not a straight line in semi-
logarithmic coordinates as in crystalline Al2O3[2–8]. The non-
exponential character of the PL decay is, most likely, the result of
direct tunnel recombination between ionized deep centers of
luminescence and electrons captured in traps [29]. This, on the one
hand, agrees with the data on photoconductivity and exoemission for
Al2O3 and assumes ionization of deep centers at 6.26 eV excitation
and, on the other, suggests the presence of a great amount of traps in
amorphous Al2O3. The PL decay time during tunnel recombination
depends on the distance between two interacting centers and in sum
yields longer-term nonexponential decay in case of different distances
between them [29]. It is very important to compare the concentration
in amorphous and crystalline Al2O3 in direct experiments, for
example, on thermostimulated luminescence and this work is being
carried out.

4. Conclusions

In the PL spectra of amorphous CVD Al2O3 films we registered
broad bands in the UV-to-visible spectral range. By analogy with

crystalline Al2O3 the slow 2.9 eV PL excited in the band near 6.0 eV is
related to the neutral oxygen vacancy. The identification of this PL
band was supported by the results of first-principle quantum
chemical simulation, which showed 6.3 and 6.4 eV bands in the
extinction spectra for α- and γ-Al2O3, respectively. Other bands in the
spectrum of PL fast component are attributed to ionized single
vacancies (F+-centers), divacancies (F2) and, probably, interstitial Al.
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