
APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 26 25 JUNE 2001
Band gap of amorphous and well-ordered Al 2O3 on Ni 3Al „100…
I. Costinaa) and R. Franchy
Institut für Schichten und Grenzfla¨chen (ISG3) des Forschungszentrum Ju¨lich, D-52425 Ju¨lich, Germany

~Received 26 February 2001; accepted for publication 27 April 2001!

The vibrational and electronic properties of amorphous and well-ordered alumina formed on
Ni3Al ~100! were investigated using high-resolution electron energy loss spectroscopy. The structure
of well-ordered alumina was analyzed by low-energy electron diffraction. The amorphous Al2O3

films are prepared by adsorption of O2 at room temperature, while the well-ordered Al2O3 are
obtained by direct oxidation of Ni3Al at 1150 K. The band gap energy is;3.2 and;4.3 eV for
amorphous alumina and well-ordered alumina thin films respectively. The lowering of the band gap
with respect to the bulk value of Al2O3 is associated with defect-induced states located in the band
gap. © 2001 American Institute of Physics.@DOI: 10.1063/1.1380403#
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Alumina (Al2O3) presents a great interest in various a
plication areas such as catalysis, coatings, microelectron
and thin-film devices.1 The latter applications take into ac
count the electronic properties of Al2O3. Among the elec-
tronic properties, the band gap has been a subject of dis
sion particularly in the case of thin Al2O3 films.2,3 The
decrease of the energy band gap value reported for
a-alumina4,5 andg-alumina2 is explained in terms of the ap
pearance of a metallic characteristic in the alumina surf
layers4 or due to some defect levels located in the band ga2

Such defect states were found also in Al2O3 film grown on
Al ~111! and they were related to intermediate Al oxidati
states.6 The tunneling experiments performed on Al2O3 film7

showed an asymmetric potential barrier. This has been in
preted in the terms of the existence of a semiconductor-
phase at the metal–insulator interface.

In this letter we report the investigations of the growth
Al2O3 on Ni3Al ~100!, focusing our attention on the band ga
of the thin oxide films. We observed a decrease in the b
gap of Al2O3 thin films with respect to the bulk value sug
gesting the appearance of defect levels located in the b
gap. Ni–Al compounds, in various stoichiometry, are w
known as suitable alloys for the preparation of thin alum
films through direct oxidation.8 In general, the formation o
Al2O3-oxide is thermodynamically favored, having a heat
formation (DH f521675.761.3 kJ mol21) higher than the
corresponding value for NiO (DH f52240 kJ mol21).9

Ni3Al crystallizes in the LI2 ~Cu3Au-type! structure which is
cubic ~space groupPm3m! and contains four atoms per un
cell.10 This is a fcc structure with Al atoms located at th
cube corners and Ni atoms occupying the face centers. T
are two possible terminations for the top atomic layer in
case of Ni3Al ~100! surface, the first one contains 50% N
50% Al composition~mixed layer!, and the second possibl
configuration being 100% Ni. The first principles calculati
of cohesive energy and low-energy electron diffracti
~LEED! investigations10 suggest that the mixed-layer surfa
is more stable, but when the oxide is present, a ‘‘terminat
inversion’’ occurs stabilizing the 100% Ni structure as to
most layer.

a!Electronic mail: j.costina@fz-juelich.de
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The experiments were performed in a UHV system11

with facilities for Auger electron spectroscopies, LEE
and high-resolution electron energy loss spectrosc
~HREELS!. The Ni3Al ~100! single crystal was cut by spar
erosion and polished mechanically. It was oriented using
x-ray diffractometer with an accuracy of 0.1°. The cle
Ni3Al ~100! surface was obtained after several cycles of
gon ions sputtering~1 keV; 5.4mA/cm2! followed by anneal-
ing at 1400 K. The HREEL spectrometer is based on o
mized 127° cylindrical deflectors,12 with a typical resolution
of 2–3 meV, and has been operated in two modes. The
mode is used to study the vibrational properties of alumin
oxide film. In order to observe the electronic transitions t
spectrometer was operated in a second mode where the
spectra cover a energy range up to 10 eV.

The adsorption of 500 L O2 ~saturation! at 300 K led to a
diffuse LEED pattern which is not shown here. After anne
ing at 1150 K, the LEED pattern showed very sharp sp
and very low background, indicating the formation of a we
ordered oxide. A similar LEED pattern is also obtained wh
Ni3Al ~100! surface is directly oxidized at 1150 K. A repre
sentative LEED pattern obtained by the oxidation
Ni3Al ~100! surface with 2000 L O2 at 1150 K is given in Fig.
1. The oxidation has been performed at a pressure o
31026 mbar. A similar hexagonal structure of aluminum o
ide in LEED pattern was reported in Ref. 13. The latti
constant estimated from LEED was found to correspond
O22 periodicity. The coincidence of unit vector lengths es
mated from LEED with the length of the basis vectors alo
the ~111! plane ofg8-Al2O3 suggested that this is the pha
formed on Ni3Al and that the oxide growing with the~111!
plane parallel to the substrate surface plane.13

Figure 2 shows typical HREEL spectra of th
Ni3Al ~100! surface oxidized at room temperature and at 11
K. The sample oxidized at 300 K shows two broad losse
575 and 868 cm21. A similar HREEL spectrum was reporte
for amorphous Al2O3.

14 Therefore, we conclude that the ox
dation at room temperature of Ni3Al ~100! leads to the for-
mation of an amorphous Al2O3, whereas the direct oxidation
at 1150 leads to a HREEL spectrum with three losses loca
at 415, 640, and 875 cm21. The vibrational losses are simila
to those obtained by Franchyet al.15 for g8-Al2O3 grown on
9 © 2001 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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NiAl ~111! ~losses at 427, 637, and 887 cm21!. Beckeret al.16

found a very similar spectrum in the case ofg8-Al2O3 on
Ni3Al ~111! with losses at 440, 647, and 909 cm21. As the
dielectric theory is the theoretical framework of th
HREELS, the comparison between calculated and meas
spectra can give some important indications about struc
and thickness of the films.17 We calculated the theoretica
HREEL spectra for amorphous and well-ordered oxide us

FIG. 1. LEED pattern of Al2O3 /Ni3Al ~100!. The Ni3Al ~100! surface was
oxidized at 1150 K with 2000 L of O2. Ep554 eV.

FIG. 2. HREEL spectra of Ni3Al ~100! exposed to 500 L O2 at 300 K ~bot-
tom! and 2000 L O2 at 1150 K~top!. The experimental data are represent
by circles, and the calculated spectra by solid lines.
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a program18 which allows to simulate the HREEL spectru
for electrons specularly reflected at the surface. The par
eters used for the simulation of the HREEL spectra for am
phous and well-orderedg-Al2O3 are taken from Ref. 19. The
Ni3Al substrate is represented through a Drude term w
vp57.4 eV andgNi3Al50.03.20 The calculated spectra ar

also represented in Fig. 2~solid line!. For the amorphous
Al2O3 a slight disagreement can be observed between
calculated and the experimental spectra concerning the
quency positions and the intensity ratio of the losses. Am
phous Al2O3 has a short range order and can be describe
clusters of randomly oriented oxygen fcc lattices, with
cations sitting in tetrahedral interstices. The shift of me
sured loss peaks with respect to the calculated ones wa
terpreted as the existence of different Al–O–Al bond angles
and lengths within the AlO4 tetrahedra.14 A similar effect was
found for O/Si~111!.21 Another reasons could be the failur
of the dielectric theory in producing the correct frequen
position of the surface energy-loss peaks in the case of u
thin films ~less than;2 nm!.22 A better agreement betwee
calculated and experimental spectra was found in the cas
well-ordered film. The best fit was obtained considering
thickness of 5 Å for the well-ordered Al-oxide. This valu
has to be considered only as approximate, taking into
count the number of parameters used for calculation.

In order to measure electronic transitions, the HRE
spectrometer was set in the second operation mode.
spectra were recorded using a primary energy of 32 eV
Figs. 3~a! and 3~b! the loss features up to 10 eV energy lo
are given for amorphous and well-ordered alumina, resp
tively. The elastic beam, and the vibrational losses are
shown ~i.e., losses below;0.2 eV!. The spectrum of the
amorphous Al2O3 shows a shoulder at 0.7 eV and a bro
loss feature at an onset of;3.2 eV. In the case of the well
ordered Al-oxide, the broad feature starts at;4.3 eV. The
loss probability is proportional to the joint density of state
disregarding the matrix elements effects.14 Using a very
coarse approximation of parabola around the maxim
~minimum! of the valence~conduction! band the loss prob-
ability is proportional toQ(\v2Eg)A(\v2Eg) ~with the
Heaviside step functionQ!. The fit of our data with this
function yields Eg>3.2 eV for amorphous oxide andEg

>4.3 eV for the well-ordered oxide.
The band gap of the bulkg-Al2O3 has a value of 8.7

eV.23 In order to understand the decreasing of the band
value, we have to make some remarks concerning the in
band transitions. For a one-electron model, neglecting
relaxation effects in photoemission transition or exciton
efects in interband transition, the interband transition can
described as an electronic excitation from bound state~va-
lence or core! to an unoccupied state located in the condu
tion band.24 The onset of the broad energy losses in t
HREEL spectrum can be associated with an interband t
sition. If the energy losses are lower than the energy gap,
can be interpreted as electronic transitions between the
lence band and unoccupied states located in the band g3

As we have mentioned before, the states could be induce
defects. This hypothesis is supported also by the densit
states calculation of Ciraci and Batra25 which obtained empty
energy levels located in the band gap supposing the exist

 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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of ideal vacancies in Al2O3. In Ref. 3 the authors show tha
the band gap for thing-Al2O3 film is dramatically reduced
up to 2.6 eV. The appearance of the empty levels induced
defects located in the band gap is considered as a reaso
the decrease of the band gap value. The dangling Alspzbond
at the surface is also responsible for the existence of a
crete level located below the conduction band minimum
ergy. Taking into account this small value of band gap
authors do not consider theg-Al2O3 thin film as isolator, but
as a phase with different properties characterized by the
crease of the ionicity of the oxygen sites. In the case of
(A313A31)R69° reconstructed surface ofa-Al2O3~0001!4

the band gap is also found to be smaller than it’s bulk val
In this case no empty levels are detected in the band gap.
decreasing of the band gap from 8.3 to 7 eV is interprete
terms of rehybridization between O 2p and Al 3s– 3p and,
consequently, to the modification of charge transfer betw
aluminum and oxygen. In the case of Al2O3 the upper va-
lence band is derived from O 2p states and the conductio
band is derived from Al 3s and 3p states.26 In the case of
u-Al2O3 formed on NiAl~001!, Bartolucci et al.27 have
found a band gap value of about 7.4 eV which is also dim
ished with respect to the value for the bulk.

In our studies a broad loss feature in HREEL spec
starts at about 3.2 eV for the amorphous Al-oxide and at

FIG. 3. Wide range HREEL spectra of~a! amorphous alumina and~b!
well-ordered alumina formed on Ni3Al ~100! surface. The primary electron
energy was 32 eV.
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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eV for the well-ordered Al-oxide. In the case of an ide
defect-free crystalline insulator, the intensity should incre
abruptly at the energy gap. In contrast, in our experime
these sharp edges are not present. However, the energy l
induced by defects, which are located in the band gap,
minish the band gap energy. In amorphous semiconducto
was also found that a distribution of tail states encroac
into the otherwise empty band gap region.28 The analysis
shows that tail states are localized by the site disorder
they are responsible for many of the unique properties ex
ited by amorphous semiconductors.29,30

In conclusion, we have measured the band gap
ultrathin amorphous and well-ordered Al2O3 formed on
Ni3Al ~100!. In both cases the values obtained are stron
diminished with respect to the bulk values. We associate
lowering of the band gap value of thin alumina film on Ni3Al
with the existence of defect induced states encroached in
band gap region.

This work was supported by the HGF project ‘‘Magn
toelectronics.’’
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