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Al, O films 150 A thick are deposited on silicon by the ALD technique, and their x-ray (XPS) and ultraviolet
(UPS) photoelectron spectra of the valence band are investigated. The electronic band structure of corundum
(0-Al,O3) is calculated by the ab initio density functional method and compared with the experimental results.
The a-Al,O5 valence band consists of two subbands separated with an ionic gap. The lower band is mainly
formed by oxygen 2s states. The upper band is formed by oxygen 2p states with a contribution of aluminum 3s
and 3p states. A strong anisotropy of the effective mass is observed for holes: mj, = 6.3m( and m; = 0.36m,

The effective electron mass is independent of the direction m

ko ko
= mey = 0.4m,.
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Aluminum oxide Al,O; is widely used as optical
elements in lasers and optical devices, as a catalyst, and
as a radiation-resistant transparent dielectric in nuclear
power systems. Recently, Al,O5 thin films (=50 A) are
intensively studied for their use in silicon devices as a
gate dielectric in field-effect transistors and as a block-
ing layer in high-speed FLASH memory [1-3]. Al,O4
belongs to so-called high-k dielectrics possessing a
high value of the dielectric constant (e = 10) as com-
pared to silicon oxide SiO, (€), which is currently most
widespread. The persistent trend toward a decrease in
the channel length of silicon field-effect transistors
requires a reduction in the effective thickness of gate
SiO, to values <10 A. In this case, the direct tunnel
injection of electrons and holes through the dielectric
becomes the main limiting factor. With the use of high-
k dielectrics, the thickness of the gate-dielectric layer
can be increased and spurious injection can be
decreased. The injection of electrons and holes through
a perfect (defectless) dielectric layer is performed by a
tunneling mechanism. The rate of electron and hole

injection exponentially depends on the electron m>*

and hole m;* effective masses. The goal of this work is
to experimentally and theoretically study the electronic

1 The text was submitted by the authors in English.
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structure of Al,O; and to estimate the effective masses
of electrons and holes.

In the crystalline state, aluminum oxide Al,O; exists
in the form of several allotropic modifications, corun-
dum () being the most widespread and practically
important of them. The corundum crystal has hexago-
nal symmetry. The o-Al,O5 unit cell and the first Bril-
louin zone for a 30-atomic cell are shown in Figs. la
and 1b. The hexagonal unit cell with parameters a =
4.76 A and ¢ = 12.99 A containing 12 six-coordinated
Al atoms and 18 four-coordinated O atoms [4] was used
in the calculations [4] (see Table 1). The electronic
structure of o-Al,O; was studied experimentally by x-
ray emission spectroscopy in [5]. Theoretically, the
electronic structure of o-Al,O5 was studied in [6-9].

ALO;, films 150 A thick were deposited on silicon
by atomic layer deposition (ALD) from trimethylalu-
minum Al(CHj;);. X-ray and ultraviolet photoelectron
spectra (XPS and UPS, respectively) were measured on

Table 1. Position of basis atoms in o-Al,O5 (space group
R-3cH) in the intrinsic (crystalline) coordinates

Atom

Al
o

X <

0.35224
0.25

0.3065

—_
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Fig. 1. (Upper panel) a-Al,O3 unit cell and (lower panel)

the corresponding Brillouin zone with labeled symmetry
points.

a Phi Quantum 2000 spectrometer. The XPS were
excited by monochromated AlK, radiation with the
energy i = 1486.6 eV. The UPS were excited by the
Hell line of a helium lamp with the energy Am =
40.8 eV. The Al,O; bandgap was determined by the
electron energy loss technique using monochromatic
electrons with an electron-beam energy of 200 eV on a
LAS 3000 spectrometer.

The band structure calculations were performed
using the Quantum-ESPRESSO program package [10].
The program is based on the density functional theory
(DFT), a plane-wave basis set, and pseudopotentials for
the description of core electrons. The periodic crystal
structure is taken into account using periodic boundary
conditions at the unit cell boundaries.

The following electronic configurations were used
in the calculations: [Ne] 3s?3p! for Al and [He] 2s*2p*
for O. The indicated states related to the valence shells,
and [Ne] and [He] designated the core shells. The core
electrons were described using the ultrasoft Vanderbilt
pseudopotentials. The exchange—correlation functional
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Energy (eV)
Shbowwasoaw
T

K

Fig. 2. 0-Al,O5 band structure. The zero energy corre-
sponds to the position of the valence band top.

was used in the local density approximation (LDA)
with the PBE parameterization. The plane-wave cutoff
energy in the self-consistent field (SCF) calculations
was selected in such a way that the convergence in the
total unit-cell energy be no worse than 0.001 Ry/atom
and was taken equal to 55 Ry. The k-point mesh density
in the reciprocal space was chosen based on the same
considerations.

The effective electron and hole masses were numer-
ically estimated by the obtained set of E(k) points in the
Brillouin zone by approximating the dispersion curve
with a parabola in the vicinity of the local extremum. To
accurately determine the positions of the extremal
points (the valence band top and the conduction band
bottom) and to obtain a dense point grid in the vicinity
of extrema, additional non-SCF calculations were per-
formed using the potentials obtained in the preceding
SCEF calculation.

Figure 2 presents the calculated band spectrum of o-
Al,Oj; electronic states. The calculated bandgap equals
6.26 eV. The ionic gap (the gap between the upper and
lower valence bands) equals 8.9 eV.

The electron energy loss spectrum of Al,O; at the
energy of the monochromatic electron beam equal to
200 eV is presented in Fig. 3. The upper estimate for the
bandgap width yields E, < 8.8 eV. This value is close to
a value of 8.7 eV obtained from optical spectra in [11,
12]. The energy loss at 5.3 eV corresponds, presum-
ably, to the excitation of defects in Al,O5. The measured
energy of valence-electron plasma oscillations is 7w, =
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Fig. 3. Energy loss spectrum of monochromatic electrons.
The incident beam energy is 200 eV. The zero energy corre-
sponds to the energy of elastically scattered electrons.

23.7 eV. It is interesting to compare this value with the
simple estimate for the free-electron gas, which is given
by the equation

0)]2, = 4nNe*/m.

Here, N is the concentration of valence electrons mak-
ing a contribution to plasma oscillations. With regard to
the O 2p and Al 3s and 3p valence electrons, this esti-
mate gives the value 2w, = 24.2 eV, which is close to an
experimentally measured value of 23.7 eV. If it is
assumed that the O 2s states (the lower valence band)
also make a contribution to plasma oscillations, the cal-
culated plasmon energy will be 27.9 eV, which is higher
than the value observed experimentally.

The results of x-ray emission spectroscopy (taken
from [5]), XPS, and UPS are presented in Fig. 4 on the
same energy scale. The position of the valence band top
(E,) is taken as the zero energy. The experimental
results are presented in solid lines, and the calculated
partial densities of states with a given symmetry of
wavefunctions are shown in dashed lines. The calcu-
lated spectra were broadened using a Lorentzian curve
with a half-width of 0.25 eV. The fourth and sixth pan-
els present the experimental UPS and XPS, respec-
tively. Dashed lines present the calculated spectra
obtained by summing the partial densities of states with
regard to the corresponding photoionization cross sec-
tions taken from [13].

The valence band of Al,O;, like that of SiO,, con-
sists of two subbands separated with an ionic gap [14,
15]. The lower valence band (at an energy of =20 eV) is
mainly formed by oxygen 2s orbitals with an admixture
of aluminum 3s and 3p orbitals. The upper valence
band (the energy in the range 0-12 eV in the experi-
mental Si L, ; spectrum) is mainly formed by oxygen
2p and aluminum 3s and 3p orbitals. Note that the cal-
culated relative intensities of peaks corresponding to
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Fig. 4. Experimental data for (the first, second, and third
panels from above) x-ray emission and absorption spectra
taken from [5], (the fourth panel from above) ultraviolet
photoelectron spectrum, and (the sixth panel from above) x-
ray photoelectron spectrum. The zero energy (vertical line)
corresponds to the position of the valence band top E.. The
conduction band bottom is denoted as E. Dashed lines des-

ignate theoretical densities of states in the valence and con-
duction bands. The symmetry of wavefunctions for elec-
trons participating in x-ray transitions and the symmetry of
wavefunctions for electrons related to partial densities of
states are indicated in each panel.

the partial density of Al 3p states in the lower valence
band substantially exceeds the intensities of peaks in
the upper valence band. Previously, such a discrepancy
for Si 3p peaks was observed in SiO, and Si;N, [16,
17].

It should be noted that the features of the structure
of the experimental Si L, ; spectrum cannot be ade-
quately described using the calculated partial density of
the Al 3s states. In particular, the upper peak at an
energy of =3 eV is absent in the Al 3s spectrum. In
SiO, and Si;N,, where a similar discrepancy is
observed, the upper peak in the valence band originates
from silicon 3d orbitals and associated with nonlocal
(two-center) transitions [16]. It is worth noting that,
according to authors' calculations, the inclusion of sili-
con 3d orbitals does not lead to a significant change in
the effective masses of electrons and holes in SiO, and
Si;N,. The calculation of the Al,O; band structure with
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Table 2. Effective electron and hole masses in 0-Al,O4
along the preferential directions in the Brillouin zone

Direction my/my m,/my
-m 6.2 0.39
I-A 0.36 0.41
-K 6.4 0.39

a correct consideration of the contribution of aluminum
3d orbitals for the description of x-ray emission spectra
was beyond the scope of this work. a-Al,O; is a direct-
gap dielectric whose valence band top and conduction
band bottom are located at the center (I'] point) of the
Brillouin zone (Fig. 2). The calculated Al,O; bandgap
is 6.20 eV, which is lower than the experimental value
E, = 8.7 eV. This discrepancy is evidently associated
with the fact that DFT systematically underestimate the
bandgap width in solids.

Table 2 presents the calculated values of the electron
and hole masses in 0.-Al,O;. The flat top of the valence
band in the prism plane (Fig. 1) corresponds to heavy
holes in the I'-M, T-K direction. Light holes are
observed in the perpendicular direction along the prism
axis. It should be noted that the calculation gives two
bands close in energy (AE = 0.01 eV) at the valence
band top (I" point), which have an essentially different
dispersion law. The band located lower corresponds to
heavy holes with a mass tens of times higher.

The effective electron mass is in the range m}, =

mZ¥ = 0.4m,. This value should be compared with the
experimental values of the tunneling effective mass for
electrons in AlLL,O; m* = (0.05-0.3)m, [18], m* =

0.3m [19], and m} = (0.22-0.42)m,, [20]. It should be

noted that an anisotropy of effective electron masses
was found in [6], which is not confirmed in our work.

The calculations in this work were performed using
the Quantum-EXPRESSO program package [10]. This
work was supported by the Russian Foundation for
Basic Research (project no. 06-02-16621), by the Sibe-
rian Division of the Russian Academy of Sciences
(Integration Project no. 97), and by the Korean Ministry
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