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We have measured x-ray absorption spectra �XAS� at the oxygen K edge for hafnium oxide �HfO2�
films grown by chemical vapor deposition �CVD� and atomic layer deposition �ALD�, as well as for
hafnium silicate �HfSiO� films grown by CVD. The XAS results are compared to x-ray diffraction
�XRD� and spectroscopic ellipsometry �SE� data from the same films. Features characteristic of
crystalline HfO2 are observed in the XAS spectra from all CVD-grown HfO2 films, even for a
thickness of 5 nm where XRD is not sensitive. XAS and XRD spectra from the ALD-grown HfO2

films exhibit the signature of crystallinity only for films that are 20 nm or thicker. These
characteristic XAS features are absent in all HfSiO films measured, which is consistent with their
being amorphous. The appearance of these peaks in XAS and XRD is correlated with sub-band-gap
absorption in the SE spectra, which appears to be intrinsic to crystalline HfO2 in the monoclinic
phase. © 2008 American Institute of Physics. �DOI: 10.1063/1.2909442�

The historic increase in semiconductor logic integration
relies on exponential downscaling in the size of individual
metal-oxide-semiconductor field-effect transistors. As the ca-
pacitance of the gate insulator stack needs to be increased
simultaneously with a reduction in channel length to main-
tain gate control over the inversion layer, this has led to a
reduction in SiO2 or SiON gate insulator thickness to
�1 nm in high-performance logic chips. Despite the nearly
perfect electrical properties of the SiO2 /Si interface, at sub-
nanometer thicknesses, electron tunneling through the oxide
results in an unacceptably high gate leakage current even at
modest biases. This has led to a large body of research aimed
at replacing SiO2 with a high-permittivity �high-K� dielectric
which could provide the needed capacitance for a thicker
film, thus mitigating the leakage current problem.1–4

Hafnium oxide �HfO2� and hafnium silicates �HfSiO� are
promising candidate high-K dielectrics. However, questions
remain regarding the impact of structural properties such as
crystallinity on electrical performance. Crystallinity of Hf-
based dielectrics depends on factors such as composition,
thickness, deposition conditions, and thermal budget during
device integration which usually involves annealing at
1000 °C or more. A number of reasons, often speculative,
have been put forward for aiming to keep high-K dielectrics
amorphous: �a� heterogeneous grain orientations could give
rise to spatially varying electric fields in the channel, causing
carrier scattering and degrading mobility. �b� Grains could
cause device-to-device variations in, e.g., leakage or thresh-
old voltage. �c� Grains could increase effective line edge
roughness after gate etch. �d� Grain boundaries have been
claimed to be responsible for localized unoccupied gap

states,5–7 e.g., those observed �0.2–0.3 eV below the con-
duction band edge if and only if HfO2 is crystalline;8 such
gap states may explain undesirable electron trapping and
gate leakage with HfO2.9,10

In this work, we report soft x-ray absorption spectros-
copy �XAS� measurements performed on a series of HfO2

and HfSiO films grown by metal organic chemical vapor
deposition �MOCVD� and HfO2 films grown by atomic layer
deposition �ALD� to probe the local bonding and short-range
order in these systems. Characteristic features associated
with crystalline HfO2 are observed in the XAS spectra from
films that also exhibit well-defined peaks, associated with the
monoclinic phase, in XRD. These XAS features are even
observed for 5 nm thick CVD films where crystallites are too
small to be detected by XRD. By comparing the XAS and
XRD results with the optical absorption data, we find that the
HfO2 crystalline state and a sub-band-gap optical absorption
feature associated with electronic defects, coincide in all
cases. Our results suggest that the so-called defect feature
need not be attributed to structural distortions of nanocrys-
talline ��1 nm� particles or to structural modifications at
grain boundaries in the films, as has been proposed.5–7

Rather, these features appear to be intrinsic to the formation
of monoclinic HfO2 crystallites in the films. Our work thus
contributes to a fundamental understanding of the electronic
structure of HfO2 and its electrical properties as a candidate
gate dielectric.

Measurements were performed on three sets of films.
These sets were composed of MOCVD-grown HfO2 and
HfSiO �Hf:Si�80:20� samples, as well as a set of ALD-
grown HfO2 films. Each set contained films of 5, 10, 20, and
40 nm of nominal thicknesses. The MOCVD HfO2 films
were grown using hafnium tetra-tert-butoxide �HTB,
Hf�OC�CH3�3�4� and O2. To grow the HfSiO films, SiH4 wasa�Electronic mail: bart@physics.rutgers.edu.
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added to the precursor mix. The ALD films were deposited
via alternating exposures of HfCl4 and H2O using N2 as a
carrier gas. The films were deposited on highly doped 200
mm Si�100� wafers �n type, �1 � cm, 800 �m thick�
whose surfaces were cleaned by an SC-1/SC-2/HF process
followed by thermal oxidation using NO which resulted in
the formation of an 11 Å oxynitride interface layer prior to
deposition of the high-K films.

X-ray absorption spectroscopy �XAS� measurements
were performed on the U4A beamline of the National Syn-
chrotron Light Source at Brookhaven National Laboratory.
To acquire the O K-edge spectra, the photon energy was
scanned from 500 to 600 eV in 0.1 eV increments while the
total electron yield was measured by monitoring the total
photocurrent emitted from the sample. The total energy res-
olution was 0.1 eV and all data were normalized to the inci-
dent flux. X-ray diffraction �XRD� spectra were obtained
from a Bruker-AXS D8 general area detector diffraction sys-
tem with Cu K� radiation. Two dimensional 2�-� patterns
were collected in the 2� range from 15° to 48° and integrated
in � to obtain the patterns. The spectroscopic ellipsometry
measurements were performed on a vacuum ultraviolet spec-
troscopic ellipsometer. The dielectric functions �=�1+ i�2,
where �1 and �2 are the real and imaginary parts of �, re-
spectively, were determined from the analysis of the ellipso-
metric data.

Figures 1�a�–1�c� show a series of XAS spectra for the
O K-edge obtained from MOCVD-grown HfO2, ALD-grown
HfO2, and MOCVD-grown HfSiO films, respectively, with
thicknesses of 5, 10, 20, and 40 nm. All of the spectra show
a similar overall shape composed of two main features, one
at �532.3 eV and the other at �536.5 eV, followed by a
gradually decreasing intensity to �550 eV, above which the
intensity is almost constant. These two main peaks are
associated with transitions to unoccupied O 2p levels that
are hybridized with Hf 5d orbitals. The lower energy peak
��532.3 eV� and the higher energy peak ��536.5 eV� are
the crystal-field-split eg and t2g components, respectively, of
the Hf 5d manifold.11,12 Upon closer inspection, however, it

is clear that for all film thicknesses, the spectra from
MOCVD-grown HfO2 films exhibit a significant amount of
fine structure that is absent in the spectra from the HfSiO
films. In particular, the spectra from the MOCVD-grown
HfO2 films have a series of three well-defined peaks at 540,
542, and 548.5 eV. Emission in this energy range is associ-
ated with excitation to O 2p levels hybridized with Hf 4s and
4p states and it is well established that the appearance of
these three peaks is a signature of crystalline HfO2.13–18 An-
other important observation is that the eg-related feature of
the MOCVD-grown HfO2 films is split into two components
at 532.0 and 532.9 eV. In the spectra from the HfSiO films,
the absence of this splitting, as well as the lack of the three
peaks at higher energies, is consistent with the HfSiO being
amorphous for all thicknesses examined here.

In contrast to the MOCVD-grown films of either com-
position, the XAS spectra from the ALD-grown HfO2 films
change as a function of film thickness. The spectra from the
5 and 10 nm films strongly resemble those from the HfSiO
films. The shoulder at 540 eV shows slightly more definition,
but the characteristic three peak pattern is absent. On the
other hand, the spectra for the 20 and 40 nm films do exhibit
the three higher energy peaks, essentially identical to what is
observed in the spectra from the MOCVD-grown HfO2

films. The similarity of these spectra is even more compel-
ling in Fig. 2 where spectra from the 5 and 40 nm films of
each type are presented on the same plot. While the relative
intensity of the fine structure may slightly vary with film
thickness, possibly owing to changing surface-to-volume ra-
tio of the crystallites or �in the ALD case� the presence of a
second minor phase, the energies of each feature in the
thicker ALD-grown films and the MOCVD-grown HfO2

films are identical indicating that the ALD-grown films are
crystalline for thicknesses �20 nm.

To investigate the relationship between local bonding, as
probed by XAS, and long range order as probed by x-ray
diffraction, we obtained XRD data from the MOCVD-grown
and ALD-grown HfO2 films, which are presented in Figs.
3�a� and 3�b�, respectively. Each plot contains data from

FIG. 1. �Color online� X-ray absorption spectroscopy �XAS� data of the O K-edge from HfO2 films deposited by �a� MOCVD and �b� ALD, as well as �c�
MOCVD-grown HfSiO films, for thicknesses of 5, 10, 20, and 40 nm.
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films with nominal thicknesses of 5, 10, 20, and 40 nm. As
evident from Fig. 3�a�, well-defined diffraction peaks are
present in the data from the 10, 20, and 40 nm MOCVD-
grown films. No definitive diffraction features are observed
in the 5 nm data due to limited XRD sensitivity. Indexing the
peaks for the thicker films shows that the crystallites are in
the monoclinic phase. For the ALD-grown films, Fig. 3�b�
shows no diffraction features for the 5 and 10 nm thick-
nesses. The data from the 20 nm film show weak diffraction
features while the 40 nm film exhibits well-defined diffrac-
tion peaks. Indexing these XRD data shows that most of the
peaks are associated with the monoclinic phase, although
several weak features suggest the presence of small amounts
of material in the orthorhombic or tetragonal phases as well.
XRD data obtained from the four HfSiO films �Fig. 3�c��
contain no evidence of diffraction features, indicating that
under these deposition and processing conditions, this mate-
rial remains amorphous up to thicknesses of 40 nm or more.

Figures 4�a�–4�c� summarize the ellipsometric data from
CVD-grown HfO2, ALD-grown HfO2, and CVD-grown Hf-
SiO films, respectively. For all of the HfSiO films, there is an
onset at �5.75 eV corresponding to absorption across the
band gap of the silicate. In contrast, the data from the CVD-
grown HfO2 films show a pronounced feature at lower ener-
gies, with an edge at 5.5 eV that plateaus, followed by a
rapid rise above 6 eV. The rapid rise is associated with ab-
sorption across the band gap of HfO2, while the former fea-
ture is attributed to defects �0.2–0.3 eV below the optical
band gap.8 These defects may be the cause of electron trap

sites in device gate stacks observed at 0.25 and 0.35 eV
below the HfO2 conduction band edge.10 Although the shape
of the HfO2 absorption edge differs from that of HfSiO, for
each material, the shape of the spectrum is the same for all
film thicknesses. Figure 4�b� illustrates that this is not the
case for the ALD-grown films. For the 5 and 10 nm films, the
absorption edge is similar in shape to that of the HfSiO films
�i.e., a single onset attributable to transitions across the band
gap�. In contrast, for the 20 nm film, additional absorption is
seen below the energy of the band gap and the 40 nm film
has a well-defined sub-band-gap feature that is essentially
identical to that seen for the CVD-grown films.

By comparing the XAS data to the XRD and SE data, it
is clear that in all cases, films that exhibit XRD peaks asso-
ciated with monoclinic HfO2 also show the characteristic
three-peaked structure as well as the split peaks at 532.0 and
532.9 eV in XAS and a well-defined sub-band-gap absorp-
tion feature in SE. This correlation provides important new
information about these material systems. It is well known
that XAS spectra are highly sensitive to the local bonding
environment of the species whose absorption edge is
measured.11,12 This is primarily because of the participation

FIG. 2. �Color online� Comparison of selected XAS spectra from Fig. 1.

FIG. 3. �Color online� X-ray diffraction �XRD� data from HfO2 films de-
posited by �a� MOCVD and �b� ALD, as well as �c� MOCVD-grown HfSiO
films. Extra red line in �b� is associated with either orthorhombic or tetrag-
onal phase.
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in the absorption process of a core electron whose wave
function is highly localized in the atomic site. The XAS data,
therefore, reveal the presence of monoclinic HfO2 nanocrys-
tallites in the 20 nm ALD-grown HfO2 films and the 5 nm
MOCVD-grown films, which are undetected by the less sen-
sitive XRD method. Moreover, there is a one-to-one correla-
tion between the appearance of the monoclinic HfO2 features
in XAS and the presence of the “defect” feature in the optical
data. The line shape of the XAS data for the 20 nm ALD film
cannot be reproduced by a linear combination of the line
shapes for the 40 nm ALD film plus either the 10 or 5 nm
ALD film. This speaks against the interpretation that the 20
nm ALD HfO2 film is composed of a collection of HfO2

nanocrystallites embedded in an amorphous HfO2 matrix.
Rather, it suggests that the film is dominated by small crys-
talline nuclei that have not yet been organized to establish
long range order.

The splitting of the XAS features associated with the
Hf eg states �that is, the peaks at 532.0 and 532.9 eV� and the
sub-band-gap SE absorption feature have attracted consider-
able attention in the literature. Recent studies have attributed
both phenomena to a Jahn–Teller distortion of the octahedral
oxygen cages surrounding Hf ions in nanocrystallites of
HfO2 or at grain boundaries.5–7 However, the thickness evo-
lution in the data from our films suggests that both phenom-
ena may instead be intrinsic to monoclinic HfO2: for
MOCVD-grown films, the XAS peak splitting is progres-
sively more well defined as the film thickness increases, in-
dicating increasing crystallite size and therefore a decreasing
density of grain boundaries; however, the fraction of the SE
absorption intensity attributed to the sub-band-gap feature
remains almost constant. The discrepancy between these
thickness trends appears to be inconsistent with an assign-
ment to grain boundaries. This observation is similar to what
was found in recent optical absorption experiments from
sputter-deposited HfO2 films where increasing intensity of
the sub-band-gap feature is correlated with increasing mono-
clinic crystallinity of the film.19 One could imagine that the
sub-band-gap feature observed in our SE data could be due
to O vacancies. However, the films studied here were depos-
ited under oxidizing conditions and both the SE feature and
the �0.9 eV splitting in the XAS data are observed. More-

over, in a SE study of HfO2 films deposited by ALD and
annealed in N2,20 i.e., under reducing conditions that may be
expected to increase the O vacancy concentration, no in-
crease in sub-band-gap absorption intensity was reported.
Cluster calculations modeling the XAS spectrum from
O-deficient HfO2 suggest that the near-edge splitting may be
reduced rather than enhanced, for Hf ions near the O
vacancy.21 Both of these observations make O vacancies an
unlikely explanation for the sub-band-gap feature or the
splitting in the XAS.

Therefore, we propose that the sub-band-gap feature and
the splitting in XAS may be intrinsic properties of mono-
clinic HfO2. Indeed, a recent cluster calculation of HfO2 in
the monoclinic structure shows that the near-edge region is
dominated by the 2S and 2P configurations which form two
well-defined features separated by �1.25 eV, very similar to
the 0.9 eV splitting we observe,21 and further supporting our
proposal.

In summary, we have obtained O K-edge XAS spectra
from 5, 10, 20, and 40 nm films of HfO2 and HfSiO grown
by CVD and HfO2 films grown by ALD, and correlated the
results with XRD and SE data from the same samples. All of
the CVD-grown, as well as the two thickest ALD-grown,
HfO2 films are crystalline and show well-defined features in
XAS that are absent from the amorphous samples. The XAS
data indicate that monoclinic HfO2 nanocrystallites are
present in the 5 nm CVD-grown and the 20 nm ALD-grown
HfO2 films, even though XRD measurements are inconclu-
sive. A splitting in the XAS spectra near threshold is corre-
lated with sub-band-gap absorption in the SE spectra in all
cases. The persistence of these features with increasing film
thickness and improved crystallinity suggest that they are
intrinsic to crystalline HfO2 in the monoclinic phase.
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FIG. 4. �Color online� Spectroscopic ellipsometry �SE� data from HfO2 films deposited by �a� MOCVD and �b� ALD, as well as �c� MOCVD-grown HfSiO
films. For clarity, the 10, 20, and 40 nm curves are shifted upward by 1, 2, and 3 units, respectively.
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