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We have investigated the microstructures and electronic structures of a series of hafnium aluminate
(HfAIO) films with Al concentration ranging from 0% to 100%. When the films evolve from pure
HfO, to pure Al,O5 by increasing the aluminum content, we find changes in their radial distribution
functions, which disclose the short-range order of the materials, despite the amorphous nature of all
films. The HfAIO films (with Al/Hf ratio ranging from 0.25 to 5.8) appear to be a single glassy
phase of Hf, Al, and O, instead of simple mixtures of HfO, and Al,O5. The Hf (Al)-O, Hf (Al)-Al,
and Hf—Hf bonds are observed to be insensitive to the amount of Al in the film, except when the Al
concentration is large (Al/Hf~5.8), in which case the bonding is similar to that in pure Al,O;.
Although the local symmetry of Hf in amorphous HfO, is suggested by the electron energy-loss
spectrum taken at an oxygen K edge, it is largely disrupted when Al is introduced. The valence
electron energy-loss spectroscopy reveals three distinct evolving features as the Al content
increases, which we discuss in terms of the electronic structure of HfO,. © 2007 American Institute

of Physics. [DOL: 10.1063/1.2405741]

I. INTRODUCTION

Scaling requirements predict the end of SiO, as the gate
dielectric in complementary metal-oxide-semiconductor
(CMOS) integrated-circuit technology, arousing great inter-
est in possible replacements for SiOz.l_3 Hf-based materials
appear to be among the most promising candidates due to
their large dielectric constant («), which ensures satisfactory
device performance at much larger dielectric thickness com-
pared to that of SiO,, thus solving the problem of large leak-
age current originating from electron tunneling. Compared to
pure HfO,, the addition of Al is found to increase the Si/
dielectric interfacial stabilityz"5 and the crystallization tem-
perature of the material.*” It is also expected that Al addition
will enlarge the band gap of HfOz.8 Although numerous pa-
pers have appeared in the past two years addressing the
physical/electrical properties of hafnium aluminate as a gate
dielectric,g_12 the basic microstructure and electronic struc-
ture of these amorphous materials remain unclear.

We have carried out a systematic study of the structural
evolution of a series of hafnium aluminate films, grown by
pulsed laser deposition, as a function of the Al concentration.
The short-range order and atomic coordinates of the amor-
phous hafnium aluminate films are deduced from both the
radial distribution functions (RDFs) extracted from the trans-
mission electron diffraction (TED) patterns and the energy-
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loss near-edge structures of the oxygen K edge. The elec-
tronic structures of the films are examined by the valence-
electron energy-loss spectroscopy (EELS). We discuss the
evolution of the microstructure and electronic structure of
the films as a function of their Al concentration.

Il. EXPERIMENT

Hafnium aluminate films with thickness of about 20 nm
were deposited by pulsed laser deposition onto p-type (100)
Si substrates, using high-purity hafnium aluminate targets
with different Al/Hf ratio (Table I). The silicon substrates
were treated with a HF etch just before film deposition, a
process that is known to leave the silicon surface terminated
by hydrogen. The compositions of the films were examined
using x-ray photoelectron spectroscopy (XPS) (PHI Quan-
tum 2000), and their microstructures were investigated by
transmission electron microscopy (TEM) (Tecnai 20ST

TABLE I. Al/Hf ratio in the targets and the films.

Film No. Al/Hf ratio in the targets Al/Hf ratio in the films
HfAIO1 0/1 0/1
HfAIO2 0.5 0.25
HfAIO3 1 0.67
HfAIO4 2 2.0
HfAIOS 6 5.8
HfAIO6 1/0 1/0
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FIG. 1. Radial distribution functions of the HfAIO films.

FEG). Selected area diffraction patterns were recorded from
plan-view TEM samples, the angular distribution being pro-
cessed to extract the RDFs of the corresponding films.'*"
Electron energy-loss measurements of the films were per-
formed using the Gatan imaging filter (GIF) system attached
to the same TEM, with an optimum energy resolution of
0.7 eV and a spatial resolution of ~1-5 nm."> The loss
spectra were acquired in TEM diffraction mode with an in-
strumental angular resolution of about 1 mrad for the core-
loss data and 0.2 mrad for the low-loss data. While the core-
loss spectra were taken at essentially zero momentum
transfer (g), the low-loss spectra were acquired at small ¢
to avoid contributions from surface plasmons and the Ceren-
kov effect. The energy-loss spectra were then processed us-
ing a Fourier-ratio algorithm (for the core loss) (Ref. 16) and
direct deconvolution (for the low loss) (Refs. 17 and 18) to
eliminate plural-scattering effects. The f-sum rule was em-
ployed to obtain the loss function [Im(—1/&)] on an absolute
scale.

lll. RESULTS AND DISCUSSION

The Al/Hf ratios of the films were deduced from XPS
results (Table I). Starting from pure HfO,, six films were
numbered as HfAIO1 to HfAIO6 with increasing Al concen-
tration, the last film being pure Al,05. While all of the films
were amorphous, their RDFs (Fig. 1), obtained from the se-
lected area diffraction patterns, are different. The two main
peaks in the RDF of the pure HfO, film appear at ~2.17 A
and ~3.61 A, agreeing well with the literature-reported
Hf-O and Hf-Hf bond lengths, respectively.19 The aluminum
addition, even to large percentage (up to Al/Hf=2), slightly
shifts the ~2.17 A peak to lower values (~2.10 A) but with-
out any obvious trend as the Al content varies. When the
Al/Hf ratio is increased to 5.8, this peak is observed to shift
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TABLE II. List of peak values measured from the RDFs of the HfAIO films.

Film No. First peak (A) Second peak (A)
HfAIO1 2.17 3.61

HfA102 2.10 3.27 4.02
HfAIO3 2.10 3.27 4.02
HfA104 2.10 3.27 4.02
HfAI1O5 1.97 3.19

HfA106 1.74 3.10

further to ~1.97 A, a value that remains larger than that
observed in pure Al,O;—~1.74 A, corresponding to the
bond length of A0 As a comparison, the effect of Al
addition on the second peak at ~3.61 A is significant. For
Al/Hf ratio up to 2, the second peak splits into two compo-
nents, centered at ~3.27 A and ~4.02 A, respectively. An
abrupt change occurs when the Al/Hf ratio increases to 5.8,
the RDF of which film gives a single peak at ~3.19 A,
slightly larger than the ~3.10 A value that corresponds to
the Al-Al bond length,?' as observed in the pure Al,O; film.
A list of the peak values can be found in Table II for easy
comparison.

The decrease in radial distance of the first peak upon Al
addition suggests several possibilities: (1) formation of Al-O
bonds, (2) reduction of the Hf~O bond length as compared to
that in pure HfO,, (3) increase of the Al-O bond length as
compared to that of pure Al,O3, or combinations of (1)—(3).
Although it is intuitive to expect that the first peak would
represent an average of the Hf—O and the Al-O bond lengths,
the peak position is found to be insensitive to the amount of
Al introduced into the film, which suggests that the film must
be understood not as a mixture of the HfO, and the Al,O4
but as a “glassy” phase of Hf, Al, and O, the first peak
representing the bond length of Hf (Al)-O.

Splitting of the second peak into two peaks can also be
interpreted using the Hf-Al-O glassy-phase model. The
~3.27 A peak corresponds to the bond length of Hf (Al)-Al,
with more contribution from Al-Al when the Al concentra-
tion becomes large. The ~4.02 A peak may result from the
Hf-Hf bond length modified by Al addition. Similar to the
evolution of the first peak, the split-peak features are insen-
sitive to the Al content in the film up to an Al/Hf ratio of 2.
When the Al/Hf ratio is further increased to 5.8, the HfAIO
film becomes similar to the pure Al,O3, giving a modified
Al-Al bond length of ~3.19 A due to Hf incorporation. De-
spite the glassy nature of the HfAIO film (for Al/Hf ranging
from 0.25 to 5.8), we note that its structure resembles that of
HfO, for Al/Hf up to 2, after which a sudden phase transi-
tion occurs, leading to a volume contraction that makes it
similar to Al,O;.

Core-loss EELS corresponds to electron excitation from
inner shell(s) to the empty states in the material’s conduction
band, and its fine structure contains abundant electronic-
structure information. Such information is of particular inter-
est in hafnium oxide, the lowest part of whose conduction
band is formed by the hybridization of the Hf d states and the
Op states.”>2* The excitation from the O K level probes the
unoccupied p states on the oxygen atoms. Consequently, the
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FIG. 2. Electron energy-loss spectra showing the O K edges of the hafnium
aluminate films with different aluminum concentration.

fine structures near the edge threshold reveal information on
the metal atoms as a result of the strong hybridization be-
tween the O 2p and the Hf 5d orbitals. The conduction band
of Al,Os, which lies higher than that of HfO,, is formed by
the hybridization of the Al 2p and the O 2p orbitals. This
explains the larger band gap of Al,O; compared to that of
HfO, and also suggests a weak Al contribution to the O K
near edge fine structure in the hafnium aluminate films. The
core-loss spectrum of the O K edge taken from pure HfO,
shows a major peak at ~537.5eV and a shoulder at
~533.5 eV (Fig. 2). When Al is introduced into the film, up
to Al/Hf ratio of 2, the two peaks smear out and the whole
feature significantly broadens. With further increase in Al/Hf
ratio to 5.8, the peak is slightly narrowed and its peak posi-
tion shifts to ~538 eV, similar to that of pure Al,O3 (Ref.
25) except that the latter has an additional weak shoulder at
~535 eV.

The double-peak feature of the pure HfO, oxygen K
edge is commonly observed in crystalline HfO,, the peak
separation and the depth of the minimum reflecting the spe-
cific symmetry (atomic coordination) of the Hf atom.”® The
peak separations are normally interpreted as resulting from
crystal-field splitting, which requires an eightfold coordina-
tion of the Hf atom with 0xygen.27’28 Nevertheless, such a
double-peak feature has also been observed in a monoclinic
HfO, film, in which the cation has sevenfold coordination.”
It is argued that a different local coordination would induce
subtle differences in the peak features.™ In the case of amor-
phous HfO,, the observed weak splitting features (major
peak at ~537.5 eV and a shoulder at ~533.5 eV) should
therefore reflect the local symmetry of Hf in the absence of
long-range order.”' In several reports dealing with HfO, and
Zr0O,, the peak separation and the depth of the minimum are
also found to be sensitive to the existence of point defects,32
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FIG. 3. Electron energy-loss spectra showing the loss functions [Im(
—1/g)] of the hafnium aluminate films with different aluminum
concentration.

which cause a filling of the gap between the two peaks. Vari-
ous point defects, especially oxygen-related defects, are ex-
pected in the as-deposited Hf02.33’34 In addition, an added Al
atom may itself act as a point defect (such as interstitial) or
induce complex defect states by interacting with the existing
defect states in the film.*> In any case, the broad peaks ob-
served in the range of 531-550 eV in the core-loss spectra
of HfAIO films, with Al/Hf in the range of 25-2, suggest
that the original local symmetry of Hf (as observed in the
pure HfO,) is largely destroyed by Al incorporation. At large
Al concentrations (Al/Hf=5.8), the oxygen K-edge feature
resembles that of pure Al,O; but with larger peak width,
which can be understood as a Hf doping effect. One shall
expect an energy shift in the O K edge from HfO, to Al,03,
when considering the difference in the band gap of the two.
Nevertheless, such shifting is not obvious in the present data,
which could be due to the small gap difference (0.8 eV)
between the two materials (as commented in later sections),
rough energy resolution (~1.2 eV in the core-loss EELS),
and possible high tension instability during spectrum acqui-
sitions.

Three major changes can be identified from the valence
EELS spectra taken from films with different Al content. The
first concerns a weak peak in the range of 3-5 eV, only
discernible in pure HfO,, whose intensity decreases signifi-
cantly upon Al addition and totally disappears in pure Al,O4
(Fig. 3). The existence of this peak makes the determination
of the material’s band gap difficult. Nevertheless, estimates
can be made of the band gap, and these suggest no signifi-
cant effect of Al addition on the band gap (5.7 eV in pure
HfO,) until pure Al,O3 is reached. While the valence-band
maxima of both HfO, and Al,O5 are determined by the O 2p
states, their different band gap values (5.7 eV in HfO, versus
6.5 eV in Al,O3;) mainly originate from the difference in
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their conduction band minimum (CBM), as determined by
the Hf 5d states and the Al 2p states in HfO, and Al,O;,
respectively.3 % Therefore, the similar band gaps observed in
the HfAIO films (with Al/Hf ratio in the range of 0.25-5.8)
suggest that the CBM of the hafnium aluminate is mainly
determined by the Hf d states and/or the existence of a large
number of defect states at the material’s band edge. Such
midgap states are also disclosed by the XPS study of the
aluminate films. The better energy resolution in the XPS
study enables the observation of two defect densities of
states located in the center of the HfO, band gap and in the
vicinity of the valence band maximum. Together with ab
initio calculation, we found that the 3—5 eV midgap state is
mainly induced by O-vacancy and interstitial-related defects.
With Al taking a substitutional site in HfO,, its interaction
with the existing defect states leads to passivation of the
charged oxygen-vacancy-induced defect bands, which ex-
plains the evolution of the midgap states, as observed in the
HfAIO films.”

A second major change in the low-loss feature is the
sharp peak at ~16 eV observed in the loss spectrum of pure
HfO,, which gradually decreases in intensity upon Al addi-
tion and completely disappears in films with high Al concen-
tration (Al/Hf=5.8). Remarkably, the peak position remains
unchanged for different Al contents. The third change occurs
in the major broad peak in the 20—26 eV region, whose cen-
ter first shifts to lower energy loss with increasing Al/Hf
ratio (up to 2.2), then shifts to higher values with further
increase in Al concentration until it reaches 24 eV in pure
Al,O5.

The peak at 24 eV for Al,O; is thought to be a bulk
plasmon, which occurs at 26 eV for crystalline alumina and
23 eV in amorphous alumina.”® Al,Oj5 has several crystalline
phases, with density ranging from ~3.5 to 4.0 g/ cm?.* Tak-
ing the density value of 3.5 g/cm? as more applicable to an
amorphous phase, we can estimate the plasmon energy based
on a free electron model,

ﬁmp=ﬁ{w}llz,

me

in which N, stands for the number of electrons per molecule,
p is the density of the material, and M is the molecular
weight. Depending on whether or not one counts the O 2s
electrons as valence electrons (resulting in 24 versus 18 va-
lence electrons), the jellium model gives a bulk-plasmon en-
ergy of 26.1 and 22.6 eV, respectively. Band structure
calculation**' shows that the O 2s level sits far below the
valence band, and thus the 2s electrons should not be
counted as valence electrons. In this case, comparison with
the observed value (24 eV) shows that the jellium model
underestimates E, by a factor of 0.94 for alumina.

With increasing Hf content, the 24 eV peak shifts down
to about 22 eV and then broadens and shifts upwards in en-
ergy, with evidence of fine structure. In addition, a prominent
peak appears around ~16 eV for high Hf concentrations. In
the oxides of heavy rare-earth metals (Z=64-71), this peak
has been attributed to a bulk-plasmon resonance, partly by
analogy with a similar sharp peak observed at slightly lower
energy (13.5-15¢eV) in the rare-earth metals, where g,
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FIG. 4. Plasmon energy as a function of the atomic number, obtained from
free electron model, literature works, and current study.

crosses zero at about that energy. On a free electron model,
the HfO, plasmon energy can be estimated by taking the
density of 9.68 g/cm’ as for the crystalline phase.39 The
most reasonable assumption (12 total valence electrons per
molecule by counting eight electrons from O and four elec-
trons from Hf) gives a plasmon energy of 21.3 eV, in which
case plasmon resonance would contribute to the broad peak
observed around that energy. Figure 4 shows that the mea-
sured value of the bulk plasmon energy for the whole lan-
thanide oxide series extended up to the hafnium oxide fol-
lows a slightly increasing law, which is similar to that
deduced from the free electron model, but with absolute
value typically 2—3 eV lower. Such difference becomes sig-
nificant in the case of HfO,, which is about 6 eV. Extending
Fig. 4 to include data for three unoxidized metals (Z
=74-76), the energy of this prominent peak increases sub-
stantially (to 25-30 eV) and so does the free electron plas-
mon energy. The downshift of the measured plasmon from
the free electron model could be imposed by the strong os-
cillator strength for interband transitions at higher energies,
based on the coupled oscillator theory. Nevertheless, the
6 eV downshift from that of the free electron model in the
case of HfO, would require a very strong oscillator close to
the plasmon loss. Interpreting the 16 eV peak as the bulk
plasmon of HfO, is further supported by the dielectric func-
tions derived from the loss function using Kramers-Kronig
transformation, when the &, plot crosses zero at ~16 eV.
With such an interpretation, it remains difficult to explain the
observation that the 16 eV peak remains at the same energy
for all Al content, whereas a plasmon peak ought to shift as
the valence-electron density changes, especially for a single-
phase Hf—AI-O as suggested by the RDF results.

The shifting and broadening of the 24 eV peak (for pure
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Al,03) with increasing Hf content may be understood as the
following. The initial downshift of the plasmon peak from
pure Al,O5 to the hafnium aluminate film with Al/Hf=5.8
arises from the change in valence electron density due to the
incorporation of Hf. In particular, RDF results suggest a
drastic volume increase from Al/Hf=1/0 to Al/Hf=5.8/1,
although the latter has a microstructure similar to that of pure
Al,O5. With the Hf content continues to increase in the alu-
minate films, the interband transitions associated with that of
HfO, become obvious, which stretch the peak features to the
high energy side. On this interpretation, the broad peak and
fine structure observed for pure HfO, around 26 eV arises
from its interband transitions (such as those from the O 2s
states) followed by an associated “atomic plasmon” type
round maximum at ~26 eV.

IV. CONCLUSIONS

In conclusion, we have carried out a systematic study of
the evolution in microstructure and electronic structure of
hafnium aluminate films, with Al concentration over the
range of 0%—-100%. We find that the addition of Al to HfO,
leads to a glassy phase of Hf, Al, and O that resembles HfO,
over a large range of Al concentration (Al/Hf ratio ranging
from 0 to 2.2) and becomes similar to pure Al,O5 (in both
microstructure and electronic structure) only at very high Al
concentration. A degraded local symmetry of Hf (as com-
pared to crystalline samples) is identified in the amorphous
HfO,. Such symmetry is effectively destroyed upon Al addi-
tion. While Al in the films has little effect on the band gap of
HfO,, its interaction with the native defect states leads to
passivation of the midgap states in pure HfO,. Although Al
incorporation is expected to increase the valence-electron
density of HfO,, discrepancy exists in identifying the plas-
mon oscillation in the valence EELS spectra of the HfAIO
films, although some experimental results favor interpreta-
tion of the ~16 eV peak as a bulk-plasmon oscillation.
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