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Summary

We have used conventional high-resolution transmission
electron microscopy and electron energy-loss spectroscopy
(EELS) in scanning transmission electron microscopy to
investigate the microstructure and electronic structure of
hafnia-based thin films doped with small amounts (6.8 at.%)
of Al grown on (001) Si. The as-deposited film is amorphous
with a very thin (~0.5 nm) interfacial SiO, layer. The film par-
tially crystallizes after annealing at 700 °C and the interfacial
SiO,-like layer increases in thickness by oxygen diffusion
through the Hf-aluminate layer and oxidation of the silicon
substrate. Oxygen K-edge EELS fine-structures are analysed
for both films and interpreted in the context of the films’
microstructure. We also discuss valence electron energy-loss
spectra of these ultrathin films.

Introduction

Thin films of transition metal oxides with dielectric constants
(k) greater than that of SiO, (k= 3.9) are currently investi-
gated as novel gate dielectric materials in complementary
metal-oxide—semiconductor (CMOS) devices (Kingon et al.,
2000; Wilk et al., 2001). High-k metal oxides that are poten-
tially stable in contact with silicon include HfO, and ZrO,,
and their alloys with SiO, (silicates) and Al,O, (aluminates),
respectively (Hubbard & Schlom, 1996). High-k films are
typically amorphous in their as-deposited state but crystallize
during high-temperature anneals that are required for device
processing. Crystallization is believed to be correlated with an
undesired increase in leakage currents (Kwo et al., 2001; Zhu
etal., 2001). Alloying the binary oxides with SiO, or AL,0, is
used to increase the crystallization temperatures (Neumayer
& Cartier, 2001; van Dover etal., 2001; Zhu etal., 2001).
While the electronic structure of bulk, crystalline ZrO, and
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HfO, has been investigated experimentally (McComb et al.,
1992; French et al., 1994; McComb, 1996; Lim et al., 2002),
less is known about that of silicates and aluminates, and those
of amorphous thin-film dielectrics. For example, single-phase
Zr- or Hf-aluminates that are of interest for gate dielectrics are
typically metastable and cannot be synthesized using tradi-
tional ceramic sintering processes that involve high process-
ing temperatures. Thin films might have electronic structures
different from their bulk counterparts because they can
accommodate significant amounts of non-stoichiometry and
structural disorder.

Electron energy-loss spectroscopy (EELS) is a powerful tech-
nique to analyse the unoccupied states above the Fermi level
with subnanometre spatial resolution. The energy-loss near-
edge fine structure (ELNES) results when the incoming electron
excites a core level electron into an unoccupied state above
the Fermi level (Egerton, 1996) and thus probes the site and
symmetry projected density of states. The low-loss (‘valence
loss’) region of the EELS spectrum (0—100 eV) reflects collective
valence electron excitations (plasmons) and single valence
electron excitations into unoccupied states in the conduction
band (Egerton, 1996) and can thus be compared with vacuum
ultraviolet (VUV) reflectance spectroscopies.

The crystal and electronic structure and the physical pro-
perties of HfO, are similar to those of ZrO,. Both oxides show
phase transformations from monoclinic to tetragonal to cubic
as the temperature increases. Doping with trivalent ions stabi-
lizes the higher symmetry phases at low temperatures. In the
purely ionic model, the Zr 4d bands and Hf 5d bands, respec-
tively, are empty, and the O 2p bands are fully occupied, due to
the 4d° and 5d° electronic configurations, respectively. Elec-
tronic structure calculations of partial densities of states also
show that the upper valence band is formed by the O 2p states
and the lowest conduction band is formed mainly by the
cation d-states (Medvedeva et al., 1990; Soriano et al., 1995;
de Boer & de Groot, 1998; Kralik et al., 1998; Jomard et al.,
1999). At higher energies, bands are formed from O 2p mixed
with metal (n + 1)sp states (n = 4 for ZrO, and n = 5 for HfO,).
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X-ray absorption (XAS) and EELS studies of oxygen K-edges
of crystalline HfO, and ZrO,, corresponding to transitions
from the 1s oxygen core states to the lowest conduction bands,
show two characteristic sharp features near the absorption
edge (Rowley & Graham, 199 3; Soriano et al., 199 3; McComb,
1996; Chen, 1997). In the absence of any p—d hybridization,
there should be no intensity in peaks in the energy-loss
spectrum that are due to transitions into d-bands, because
the s — d transition is forbidden by the dipole selection rule
(Egerton, 1996). The intensity at the oxygen K-edge onset is
therefore explained with a hybridization of metal nd and
oxygen 2p states (Rowley & Graham, 1993; Soriano et al.,
1993; Chen, 1997).

In ALO;, the upper valence band is derived from O 2p states
and the conduction band is derived from Al 3s and 3p states.
The lowest unoccupied bands of alloys of the binary transition
metal oxides with AL,O; or SiO, are expected to be formed by
the transition metal d-states, which lie lower in energy than
the unoccupied states of Si and Al. For example, XAS and
ELNES studies of the oxygen K-edges of zircon (ZrSiO,) show
that the edge onset is associated with transitions to zirconium
4d empty states hybridized with oxygen 2p orbitals (McComb
et al., 1992; Wu & Seifert, 1996). Transitions at higher energy
losses are associated with transitions into silicon 3s/3p
orbitals hybridized with O 2p orbitals and zirconium 5s and
5p orbitals (McComb et al., 1992). Therefore, the band offsets
with Si, which determine the device performance, are deter-
mined by the energy levels of the transition metal d-states and
the oxygen 2p band, respectively (Lucovsky, 2002). Investiga-
tion of the unoccupied d-bands in high-k oxides and their
alloys is therefore of great practical importance (Lim et al.,
2002; Lucovsky, 2002).

In this paper, we use EELS to investigate the electronic struc-
ture of as-deposited and annealed jet vapour-deposited Hf-
aluminate gate dielectric films using ELNES of oxygen K-edges
and valence loss EELS (VEELS) spectra. We also report micro-
structure changes associated with annealing.

Experimental

Hf,_ AL O,_,,, films with x=0.068 were deposited by jet
vapour deposition (JVD) at room temperature on HF-last Si
substrates. Hf and Al vapour were generated by dc sputtering
in separate nozzles and were brought into the deposition
chamber by a supersonic Ar jet. A supersonic jet of O, was also
brought into the deposition chamber from a separate nozzle.
Details of the deposition process are described elsewhere (Ma,
1998). X-ray photoelectron spectroscopy was used to confirm
the composition of the films. The electrical and structural
properties of as-deposited and annealed samples, respectively,
were investigated. Post-deposition annealing was performed
for 2 min in N, at 700 °C. Note that the nitrogen gas anneal-
ing atmosphere contains sufficient oxygen (> 1 p.p.m., corre-
sponding to an oxygen partial pressure of > 10~ torr) to cause
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interfacial SiO, formation by oxidation of the silicon substrate
if oxygen diffuses through the high-k film (Stemmer et al.,
2002). Al was used as a back electrode and Pt was e-beam
evaporated as top electrode for electrical measurements. After
electrode deposition, the samples were annealed at 150 °C
(as-deposited) and 300 °C (annealed), respectively, in N, to
improve Pt adhesion. Details of the electrical measurements
will be reported elsewhere. The equivalent oxide thickness
(EOT), defined as the thickness of the high-k dielectric scaled
by the ratio of its dielectric constant to that of silicon dioxide,
was less than 1.1 nm after deposition and increased to
~1.6 nm after annealing at 700 °C.

Transmission electron microscopy (TEM) samples were pre-
pared by standard cross-section preparation techniques, with
Ar ion-milling as a final step. The film microstructure and
chemistry were investigated using a 200-kV transmission
electron microscope (JEOL JEM 2010F) equipped with a
field-emission gun, an annular dark-field detector and a post-
column imaging filter (Gatan GIF200). This microscope is
capable of achieving sub 0.2-nm probe sizes in scanning
transmission electron microscopy (STEM) for microanalysis
and incoherent Z-contrast (or high-angle annular dark-field,
ADF) lattice imaging (James et al., 1998). EELS analysis across
the gate stack was performed in STEM mode by positioning
a 0.2-nm probe at different locations in the ADF image of the
stack and subsequently recording a spectrum. The energy
resolution (full width at half maximum) measured at the zero-
loss peak was about 1 eV. Details of the acquisition parameters
are given in the figure captions. No deconvolution of the spectra
was performed. All spectra were dark current and gain corrected.

Results and discussion

Microstructure

Figure 1(a) shows a conventional high-resolution TEM
(HRTEM) micrograph of the as-deposited Hf, g5,Al) 06501966
film. An interfacial SiO, layer, brighter in contrast and about
0.5 nm thick, can also be observed. This interfacial layer
appears dark in the ADF image (inset in Fig. 1a), due to the
lower atomic number of Si compared to Hf. The SiO,-like
nature of the interfacial layer, as opposed to a silicate, can be
verified using the ELNES of the oxygen K-edge (see section
below). The film appeared amorphous across the entire TEM
sample. In contrast, the film annealed at 700 °C showed crys-
tallization in some regions of the film and amorphous struc-
ture in others. Figure 1(b) shows an HRTEM micrograph of an
area where lattice fringes are visible in the film. Fast Fourier
transforms (FFTs) showed that the lattice plane spacing in
the film was different from that of the Pt electrode, and thus
ensured that lattice fringes in the film are not an artefact due
to delocalization of Pt lattice fringes in the image due to the
coherent nature of the field-emission source (Otten & Coene,
1993). Figure 1(b) also shows that the interfacial SiO, layer
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Fig. 1. (a) Cross-section HRTEM micrograph of the as-deposited
Hif)) 93,Al),06501.966 film. The inset shows an ADF image. (b) Cross-section
HRTEM micrograph of the sample after annealing at 700 °C, recorded
from a region underneath the patterned Pt electrode.

has grown in thickness to ~1.6 nm during annealing, most
likely by oxygen diffusion through the Hf-aluminate film.
Growth of a low-permittivity, interfacial SiO, connected in
series with the high-k film is the likely origin for the increase in
the EOT measured after annealing.

With respect to the crystallizing phase, the Hf-aluminates
are expected to behave similar to Zr-aluminates. For the latter
system, equilibrium and metastable phase diagrams have

20 25 30 35 40 45 50
20

Fig. 2. Grazing incidence X-ray diffraction scan using Cu Ko radiation
of 100-nm-thick Hf, y5,Al) 4501 96 annealed for 2 min in nitrogen at 500
and 600 °C, respectively, showing onset of crystallization at temperatures
above 600 °C. The reflections can be assigned to monoclinic hafnia.

been reported in the literature. The equilibrium solubility of
Al O, in ZrO, is limited due to the small size of AI** compared
to Zr**, and is negligible at temperatures below 900 °C. At
room temperature, a two-phase microstructure, consisting of
monoclinic ZrO, and a-Al,0,, is predicted from the equilib-
rium phase diagram (Lakiza & Lopato, 1997). However, inves-
tigators have reported the crystallization of metastable phases
with extended solid solubilities from amorphous precursors
in several oxide systems, including ZrO,—Al,O; (Levi, 1998).
Crystallization to a single phase of tetragonal (Zr,Al)O, was
observed for compositions with up to 40 mol% Al,O; (x = 0.57
in the notation used above) and temperatures up to 900 °C
(Balmer et al., 1994). Given the relatively low annealing tem-
peratures and the small concentration of Al in this study, we
therefore expect crystallization to a single, metastable crystal-
line HfO, phase with Al in solid solution. Grazing incidence X-
ray diffraction scans of thicker films (~100 nm) showed onset
of crystallization with peaks appearing at 20 = 31.5° and 35°
for samples annealed at 600 °C and above, corresponding
to the 111 and 200 reflections, respectively, of tetragonal or
monoclinic hafnia and no peaks that could be assigned to
alumina (Fig. 2). EELS investigations, described below, further
confirmed that both as-deposited and annealed films are
compositionally homogenous, and partially crystallized in the
annealed film.

Electronic structure

Figure 3 shows EELS oxygen K-edges recorded from the as-
deposited film (Fig. 3a), the annealed film (Fig. 3b) and the
interfacial SiO,-like layer (Fig. 3c), respectively. Edges from
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both films show characteristic double peaks (p, and p,) at the
edge onset, similar to bulk, crystalline HfO,. The peaks are wider
in the as-deposited film and thus appear less well resolved. The
splitting between the two peaks is about 4.2 (as-deposited) and
3.8 eV (annealed sample), respectively. Given our energy reso-
lution the splitting is in the same range as the one measured
by other authors for pure HfO, (Soriano et al., 1993; Chen,
1997). Other authors have shown that in transition metal
oxide films with oxygen deficiency or excess oxygen, the p,—p,
peak splitting would be absent (Ramanathan etal., 2001;
Busch et al., 2002). In contrast, the oxygen K-edge ELNES
of the interfacial layers (dark layers in ADF) show no peak
splitting and a fine-structure typical for SiO, (Wallis et al., 1995).

It is interesting to note that the as-deposited film shows two
peaks at the edge onset despite its amorphous nature. Thus p,
and p, must reflect the nearest neighbour co-ordination and
are little affected by the absence of long-range order. For cubic
hafnia (and zirconia), the p, and p, peaks are interpreted to
reflect the splitting of the d-bands by the crystal field due to an
eight-fold co-ordination of the cations to form e, and t,, sub-
bands via the p—d hybridization. Electronic structure calcula-
tions of cubic and tetragonal zirconia and hafnia show two
d-subbands (Kralik et al., 1998; Ostanin et al., 2000; Peacock
& Robertson, 2002). It is therefore tempting to interpret the
presence of the double peaks in the amorphous film as short-
range order in which Hf is in nearly symmetrical eight-fold
co-ordination with oxygen. However, the d-band in monoclinic
zirconia (and likely hafnia) where the metal has seven-fold
coordination is degenerated (French et al., 1994), but experi-
mental and calculated EELS and XAS spectra of the mono-
clinic polymorph still show the characteristic double-peaks
(Ostanin et al., 2000).

With respect to the differences in the oxygen K-edge fine-
structures between the as-deposited and annealed film, either
structural rearrangements or changes in the point defect
chemistry can be responsible. McComg et al. have shown that
in crystalline ZrO, the separation as well as the depth of the
minimum between the first two peaks reflects the specific
polymorph (cubic, tetragonal or monoclinic) and the doping
concentration (McComb, 1996; Vlachos et al., 2001). Similar
trends are likely for HfO, polymorphs. Although no experi-
mental data are yet available to support this, calculated band
structures of cubic ZrO, and HfO, are similar, except for a
greater splitting of the Hf 5d conduction band states (Demkov,
2001; Peacock & Robertson, 2002). Theoretical calculations

Fig. 3. EELS oxygen K-edges of (a) the as-deposited film, (b) the film after
annealing at 700 °C, and (c) the interfacial SiO, in the annealed sample.
EELS spectra were acquired in STEM mode with an exposure time of 8 s,
and an energy dispersion of 0.1 eV per channel. The oxygen K-edges
shown here are a sum of three (a), five (b) and two (c) spectra, respectively.
Solid dots represent the raw experimental data after background
subtraction and summation. The solid lines are the same spectra after
smoothing using a 1-eV filter in the Gatan software.
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of oxygen K-edges of undoped ZrO, polymorphs show that an
increase in symmetry is associated with a greater peak split-
ting and narrower peaks (Ostanin et al., 2000). A greater sym-
metry of the Hf-O polyhedra in the annealed film, for example
due to crystallization and more equal bond lengths, would
cause p, and p, to become more narrow with a more pro-
nounced gap between the peaks, as is observed. The annealing
temperature was sufficient to allow for structural rearrange-
ments, because the annealed film is partially crystallized.
Similar changes in the ELNES should also take place with a
reduction in the point defect concentration. Doping of zirconia
with trivalent yttrium, which introduces oxygen vacancies
for charge neutrality reasons, causes the gap between p, and
p, to fill and also a shift of p, to higher energies (Ostanin et al.,
2000, 2002). Here, the Al dopant concentration is expected to
be the same for both films. Al substitution on Hf sites should
introduce oxygen vacancies into the lattice, similar to'Y doping,
for charge compensation. Defect reactions that might poten-
tially take place during annealing can be very complex. They
include filling of oxygen vacancies by oxygen present in the
annealing atmosphere, segregation of Al to grain boundaries,
and formation of complex defect associates (Guo, 2001). In
particular, filling of oxygen vacancies could have taken place
during annealing, as enough oxygen was present in the anneal-
ing atmosphere to form additional SiO, at the interface. Further
investigations, including modelling of the EELS spectra, are
necessary to investigate the influence of such complex changes
in the point defect chemistry on the oxygen K-edges ELNES.

Figure 4 shows VEELS spectra of the annealed film and the
interfacial SiO,. The energy of the intensity threshold in the
Hf-aluminate film, which is a measure of the band gap, is
around 5 eV. The film shows two peaks at ~16 eV (peak A) and
24-25 eV (peak B). The peaks between 31 and 38 eV are the
Hf 0, ; edge. In contrast to ZrO,, no quantitative assignments
of peaksin the low-loss region of bulk hafnia exist in the itera-
ture, although low-loss spectra of the two materials are very
similar (Ahn & Krivanek, 1983). Following the assignments
made for Zr0O,, peak A corresponds to a bulk plasmon of HfO,.
Some controversy existsregarding the interpretation of peak B
for ZrO, (Camagni et al., 1994). In the Hf-aluminate films, the
position of this peak varied between 23 and 26 eV. Different
degrees of overlap with the plasmon signal of the interfacial
Si0, (~22 eV) or the Pt electrodes (~23 eV) are a possible
explanation. Other authors have observed a delocalization of
the low-loss EELS signal of up to 4 nm in ZrO, (Suenaga et al.,
1998), which is greater than the Hf-aluminate film thickness.
Other explanations include variations in the composition of
the film. Furthermore, the height of peak Bis greater than that
of peak A, contrary to what is observed in bulk HfO, and ZrO,.
This might be due to overlap with the plasmon signal from the
adjacent layers, or due to the influence of the Al dopant. Qual-
itatively, the low-loss spectra obtained here look similar to
those of an alumina/zirconia interface (Suenaga et al., 1998),
which supports this interpretation.
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Fig. 4. Low-loss EELS spectra of (a) the annealed Hf-aluminate film and
(b) the interfacial SiO, in the annealed sample. The zero-loss peak is to the
left. Spectra were acquired with an exposure time of 0.02 s and an energy
dispersion of 0.1 eV per channel. The spectrum in (a) is the sum of four
spectra, the spectrum (b) is the sum of two spectra. Besides summation of
individual spectra, no other data processing was performed. The arrow on
the left indicates the onset of intensity in the Hf-aluminate film.

Conclusions

In summary, we have shown that the oxygen K-edge ELNES of
amorphous Hf-aluminate films grown by JVD show features at
the edge onset that represent the unoccupied metal d-states.
The as-deposited and an annealed film exhibited characteris-
tic double peaks at the edge onsets. The presence of these peaks
in an amorphous film also showed that they represent the
nearest neighbour Hf-O bonds. We showed that the oxygen K-
edge ELNES is sensitive to processing of the high-k films.
Annealing at 700 °C causes the films partially to crystallize
and the d-state features of the oxygen K-edges become
narrower. Future work to achieve an improved theoretical
understanding of the ELNES of these materials is required,
particularly of the origin of features at the oxygen K-edge
onset in the context of Hf-O coordination and the films’ point
defect chemistry. Such improved understanding would pro-
mote establishing relationships to the electrical and dielectric
properties of gate dielectrics, which might be determined by
the point defect chemistry.
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