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Calculated and experimental electron energy-loss spectra of La,03,
La(OH)3;, and LaOF nanophases in high permittivity lanthanum-based

oxide layers
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CEMES-CNRS, Université de Toulouse, 29 rue Jeanne Marvig, BP 94347, F-31055 Toulouse Cedex 4,
France

(Received 31 March 2011; accepted 27 May 2011; published online 17 June 2011)

Using first principles methods, the O K energy-loss near-edge structure of cubic and hexagonal
La,0;, La(OH);, and LaOF phases have been calculated. These calculations support the
identification of nanocrystalline phases evidenced experimentally by electron energy-loss
spectroscopy (EELS) performed in a transmission electron microscope. The nanocrystals have
been observed in atomic layer deposited La,O; thin films developed for advanced
metal-oxide-semiconductor field effect transistor applications. The presence of the nanophases can
be explained by the hygroscopicity and the particular reactivity with fluorine of La,O5. These
calculations provide a set of EELS fingerprints which will be useful for local phase identification in

La,05-based materials. © 2011 American Institute of Physics. [doi:10.1063/1.3600783]

An intense research activity is dedicated to reduce the
size of electronic devices and in the same time to increase
the performances of metal-oxide-semiconductor field effect
transistors (MOSFETSs). Particularly, the decrease in the gate
oxide thickness together with the control of the leakage cur-
rents required the introduction of oxides with higher permit-
tivity than classical SiO,, called high-«. Hf-based oxides in
combination with metal gate electrodes have already been
introduced for transistor production into the 45 nm Si
comllz)lementary metal oxide semiconductor (CMOS) process
line.” In the same time, rare earth oxides received attention
as candidates for sub-45 nm CMOS technology nodes.*”
Crystalline La,0j is particularly of concern due to its high «
value (~27) which is achieved when stabilized with the hex-
agonal P63/mmc structure.*’ However, this oxide is the
most reactive of the lanthanide series because
hygroscopicity6 associated with the lanthanide contraction
phenomenon2 impedes the formation of a stable hexagonal
La,05 phase as this quickly relaxes upon air exposure to
monoclinic LaO(OH) and hexagonal La(OH)3.5’ = More-
over, the lanthanide contraction phenomenon impairs also
the La,O5 thermal stability on Si, giving rise during growth
and postdeposition annealing to Si diffusion into La,05 (Ref.
10) and to the formation of an amorphous lanthanum silicate
interfacial layer.11 Instability of La,05 against CO, has also
been described leading to disordered oxy- and hydroxyl-
carbonate phases.lzf14 Nanophases of most of the La-based
compounds listed above can be observed in ultrathin La-
based oxide layers prepared by atomic layer deposition
(ALD) and developed for CMOS applications.9 In addition,
we evidenced La,O5 reactivity against fluorine.

Electron energy-loss spectroscopy (EELS) performed in
a transmission electron microscope (TEM) with a nanometer
sized probe is the relevant tool to both image and analyze
nanophases. EELS is useful when conventional diffraction
methods or high resolution imaging are not sufficient to con-
clude on the atomic structure of a nanophase. In particular,
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features and details appearing as fine structure at the oxygen
K-edge (O K) called energy-loss near-edge structure (EL-
NES) will be different for O atoms engaged in different
phases corresponding to different neighbors configurations.
Indeed, ELNES provides information on the contribution of
oxygen p orbitals to unoccupied states because electronic
transitions involved in this excitation edge from the oxygen
1s core-level to unoccupied valence states obey the electric
dipole selection rules."”

In this letter, we focus on the calculation of O K ELNES
and the comparison to experimental data for nanocrystalline
phases that can be detected within ALD prepared La- and
O-based thin films.”"" Based on the cross-correlation of high
resolution images, electron diffraction patterns, and chemical
analyses, we decided to calculate O K ELNES for hexagonal
La(OH);, cubic (c-) and hexagonal (4-) La,05, cubic, trigo-
nal, and tetragonal LaOF to interpret our experimental data.
C-containing phases being amorphous were not considered.
For noncubic crystals, the calculated spectra are spherically
averaged over the direction of the momentum transfer; this is
justified because the corresponding experimental spectra
usually include contributions from several randomly oriented
nanocrystals. Few literature data exists for La-based hydrox-
ide, oxide, and oxyfluoride O K ELNES. O K for polycrys-
talline La,O5 is shown in Ref. 16 with no indication of the
phase analyzed. The only work that discusses O K ELNES of
rare earth sesquioxides, among them h-La,05, was on the
basis of fine structure obtained a long time ago with limited
energy resolution.'” No data are available concerning the
O K ELNES of La(OH); and LaOF phases. We propose ab
initio calculated O K ELNES of La-based oxides. The calcu-
lations were performed with the code FEFF8, which is based
on the density functional theory and uses a self-consistent
real-space multiple-scattering axpproach.18 Clusters of atoms
with more than 200 atoms and a spherical harmonic basis
with maximum angular momentum /., =3 were typically
used. Core-hole effects were taken into account and a 0.7 eV
broadening has been used. The calculated ELNES have been
compared to spectra acquired on nanocrystals imaged in lan-

© 2011 American Institute of Physics
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FIG. 1. Electron ELNES at the oxygen K-edge for lanthanum hydroxide
La(OH);. The upper and lower curves, respectively, describe the experimen-
tal and the calculated spectra. The spectra have been normalized to the most
intense fine structure near the edge onset.

thanum oxide-based films, with a FEI Tecnai F20 TEM op-
erating at 200 kV, equipped with a field emission gun, an
objective lens corrected for spherical aberrations (CEOS)
and a Gatan Imaging Filter (TRIDIEM). The energy reso-
lution of the experiments is close to 1 eV.

Typically, the experimental O K fine structure in as-
grown films shown in Fig. 1 (top) corresponds to the lowest
La/O stoichiometry, around 0.3. In this case, the electron
diffraction pattern was clearly associated with the hexagonal
La(OH); phase but the EELS analysis revealed the presence
of carbon in addition to lanthanum and oxygen. The features
of the calculated ELNES for the hexagonal structure of lan-
thanum hydroxide La(OH); with space group P63/m (Ref.
19) shown in Fig. 1 (bottom) are at the same energies than
the experimental ones, even if the relative height of the peaks
and shoulders is slightly different. It consists in a first broad-
ened structure for energy losses between 532 and 550 eV,
with a small shoulder at 533 eV and a higher peak at 536 eV,
and two smaller peaks near 540 and 546 eV. This broadened
structure is followed by a large distribution between 550 and
570 eV, with a maximum intensity around 560 eV. The en-
ergy region between 530 and 535 eV is more intense in the
experimental ELNES. This difference could be attributed to
the added signature of O atoms engaged in amorphous oxy-
and hydroxyl-carbonates that are generally present at the sur-
faces of crystalline La(OH)5;'> ™' it could also originate from
the dependence of the EELS spectra on the electron beam
energy, illuminating and collection angle not taken into ac-
count in our calculations. After a relevant vacuum annealing
procedure, it is possible to obtain the La,O5 phase.4’5’9 De-
termination of the La/O stoichiometry is not sufficient to
distinguish between c-La,O; and h-La,0;. Therefore, we
concentrate our effort on the identification of these
nanophases from their O K ELNES. The fine structure of
c-La,0O3 with Ia-3 sgace group20 and of h-La,O; with
P63/mmc space group 123 was calculated. For c-La,03, two
intense peaks with similar intensities at 532.4 and 536.8 eV
that reflect the hybridization of unoccupied oxygen p with
lanthanum e, and t,, orbitals splitted by the crystal field** are
followed by a plateau with smooth oscillations (Fig. 2 bot-
tom). The calculation of the fine structure at the O K edge for
h-La,05 is more difficult, the unit cell of s-La,O5 containing
two nonequivalent oxygen atoms. The spectra calculated for
each of these two atoms must be added to get the ELNES of
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FIG. 2. Same as in Fig. 1 for the cubic phase of lanthanum oxide La,0Os.

the whole crystal, keeping in mind that the edge onset may
not be exactly at the same energy for the two oxygen atoms.
The code FEFFS is reliable to calculate the ELNES of a given
atom (correct number of peaks and energy intervals between
these peaks). Unfortunately, this code does not calculate the
edge onset accurately and cannot give access to the energy
shift between the edge onsets of the two nonequivalent oxy-
gen atoms. We used the ab initio code WIEN2K (Ref. 25) to
estimate this shift: for each of the two nonequivalent oxygen
atoms, we calculated the energy difference between the 1s
core level and the lowest unoccupied energy band which
involves p atomic orbitals of this atom. This energy differ-
ence is greater for one of the oxygen atoms, leading to a 2.47
eV shift between the edge onsets. The whole spectrum cal-
culated for h-La,O5 is shown in Fig. 3. It contains a main
broadened peak between 530 and 540 eV, followed by a
rather flat plateau. The broadened peak contains four small
oscillations, each of the nonequivalent oxygen atoms being
responsible for the existence of two distinct peaks with in-
tensities and widths which differ from those calculated for
c-La,03, the crystal field being different. The calculated
c-La,05 is comparable to experimental data acquired on
La(OH); ALD thick films annealed at temperatures between
300 and 500 °C (Ref. 5) or transformed under the intense
electron beam of a field emission source TEM. The calcu-
lated h-La,05 can be compared to the experimental one of a
dedicated sample (Fig. 3). Indeed, due to the particular high
hygroscopicity of h-La,0;, it was difficult to stabilize this
phase without taking precautions. Particularly, even if this
phase was evidenced by x-ray analyses in ALD thin films
(20 nm) annealed under vacuum at 600 °C,” it was impos-
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FIG. 3. Same as in Fig. 1 for the hexagonal phase of lanthanum oxide
La,0;.
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FIG. 4. EELS spectra measured at the oxygen K-edge of lanthanum oxy-
fluorides LaO,F, with different chemical compositions. The experimental
data obtained for samples with [F]/[0]=0.7, 0.51, 0.21, and 0.0 are com-
pared to the spectra calculated for cubic LaOF (upper curve in the figure)
and cubic La,0O5 (lower curve in the figure).

sible to observe it in the corresponding TEM prepared
samples. We only succeeded in observing h-La,05 by elec-
tron diffraction and EELS in TEM slab prepared from dedi-
cated La,O5 film that were deposited by e-beam and sand-
wiched in situ between two silica layers after being annealed
at 800 °C.

Presence of fluorine was detected in the analyzed films,
particularly in the annealed ones together with c- and
h-La,05. Fluorine incorporation in high permittivity oxides
is well studied for semiconductor surface passivation and for
improvement of electrical performances, see, for example,
Refs. 26 and 27 but the effect of fluorine incorporation in
bulk and thin La,0O; films has not yet been reported. From
our TEM experiments, we suspect that fluorine was present
in the as-grown films evenly dispersed and that under the
intense electron beam of field emission source TEM some
reactivity occurs inducing the formation of lanthanum oxy-
fluoride, LaOF. LaOF can exist with the tetragonal (space
group P4/ nmm),?® trigonal (R-3m),”® or cubic (Fm-3m)
structure.” The calculated O K ELNES is rather similar
for all these phases (only ¢-LaOF is shown in Fig. 4), with a
first peak near 532 eV and a second peak which corresponds
to the maximum of intensity near 537 eV. Smaller peaks
follow, which are found at the same energies for the three
crystal structures. The experimental EELS spectrum mea-
sured on nanocrystals with different fluorine contents
([F1/[0]=0.7,0.51,0.21,0.0) are shown in Fig. 4 together
with the reference c-La,O5. The same trend is observed in all
the experimental data, with two important energy loss peaks
with maxima at energies similar to the ones calculated for the
LaOF phases. The second of these two peaks increases at the
expense of the first one when the fluorine content increases,
in agreement with the calculated spectra. The spectra calcu-
lated for cubic La,O3 and LaOF have different fine structures
and can be used as fingerprints for the identification of these
two phases which, otherwise, could not be distinguished b2y
diffraction methods because of vicinal diffracting planes.zo’ ?

In conclusion, we used ab initio methods to calculate the
fine structure of the EELS spectra at the oxygen K-edge of
hexagonal La,05, cubic La,05, hexagonal La(OH);, tetrag-
onal, trigonal, and cubic LaOF. The calculated spectra, which
clearly have a different fine structure, have been compared to
experimental data measured by EELS in a TEM on ALD

Appl. Phys. Lett. 98, 243116 (2011)

grown La-based films. These results can be used as a set of
fingerprints which could help to identify the atomic struc-
tures of nanocrystals which can be found in lanthanum-based
materials as illustrated here for high-« gate thin films.

Calculations have been performed at the CALMIP/UPS
Toulouse parallel computer center. Part of this work was sup-
port by the European FP6-Program “REALISE” (Grant No.
IST-NMP 016172), Luca Lamagna providing the ALD
samples, and Mircea Modreanu the e-beam sample.
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