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The atomic structure of HfSiO and HfSiON was investigated before and after thermal annealing
using x-ray diffraction and x-ray absorption spectroscopy. In HfSiO, the Hf atoms are arranged in
a monoclinic HfO2 structure with Hf as second nearest neighbors, while Si is in a SiO2 environment.
Thermal annealing induces crystallization of HfSiO with subtle changes in Hf–Hf distances. In the
case of HfSiON, a stable structure is observed around the Hf atoms, which remains unaffected after
annealing. Nitrogen is present in the first coordination shell of the Hf atoms, with Si in a SiON
environment. ©2005 American Institute of Physics. fDOI: 10.1063/1.1935042g

The aggressive scaling of complementary metal-oxide-
semiconductorsCMOSd devices1 has triggered a challenging
search for a new material capable of replacing SiON as the
gate dielectric in CMOS processing. Among the many mate-
rials that have been investigated, Hf-based dielectrics have
been extensively studied2–6 and are now considered for prac-
tical applications. However, there are some structural char-
acteristics of HfO2 and HfSiO that are not desirable. HfO2
crystallizes at relatively low temperatures and even though
HfSiO crystallizes at higher temperatures than HfO2 depend-
ing upon the Si concentration, HfSiO exibits chemical phase
separation at typical CMOS processing temperatures.7,8 Re-
cently, it was found that nitrogen incorporation into the Hf-
SiO network to form HfSiON promotes phase stability, im-
proved electrical performance, and reduced dopant
diffusion.3,9,10 The need remains, however, for a detailed
atomic scale understanding of the fundamental issues con-
cerning the atomistic origins of phase stability, as well as its
evolution under thermal treatment, for both HfSiO and Hf-
SiON dielectrics.

In this letter, a long-range order structural characteriza-
tion by glancing incidence x-ray diffractionsXRDd is per-
formed in conjunction with electronic and short-range order
structural characterization provided by x-ray absorption
spectroscopysXASd. A combination of x-ray absorption near
edge structuresXANESd and extended x-ray absorption fine
structuresEXAFSd provides information on site geometry,
degree of polyhedral distortion as well as bond distances and
coordination numbers. The chemical environment around Hf
and Si atoms in HfSiO and HfSiON dielectrics is described
prior to and after 1000 °C annealing.

The films s,50 nm thickd were deposited by reactive
sputtering onto 200 mm Sis100d wafers in a commercially
available deposition system using a HfSi sputtering target.
After deposition, the films were annealed using a lamp-based

rapid thermal anneal chamber in nitrogen ambients1 atmd at
1000 °C for 60 s. The composition of the as-deposited films
was determined by channeled Rutherford backscattering
spectroscopy and nuclear resonance analysis as HfSi1.4O3.6
and HfSi1.4O0.1N2.6.

X-ray diffraction measurements were performed using
an angle of incidence of the x-ray beamsCuKa radiationd of
0.5° while the detector was swept to vary 2Q.

X-ray absorption measurements at the HfL3 edge and
Si K edge were performed at room temperature using XAS11

and SXS12 beam lines, respectively. The HfL3 edge XANES
and EXAFS were measured in the fluorescence mode, while
the SiK edge XANES were measured with total secondary
electron yield detection using a dedicated UHV chamber. Hf
XANES calculations were performed using theFEFF8code.13

Disorder effects were neglected in theFEFF calculation and
the amplitude reduction factorsS0

2d was set at 1.0.
TheWINXAS program14 was used for EXAFS data analy-

sis. Structural parameters were obtained from a least squares
fitting in theR space using theoretical phase shift and ampli-
tude functions deduced from theFEFF code.

X-ray diffraction patterns obtained for the HfSiO and
HfSiON samples before and after annealing,sdata not
shownd, confirms that the HfSiO film is crystalline after an-
nealing while the HfSiON film remains amorphous with the
same thermal treatment.10

The comparison of XANES features at the HfL3 edge of
the HfSiO film for the as-deposited and annealed sample
fFig. 1sadg shows subtle modifications after thermal anneal-
ing. Both spectra display a strong resonance located at 9.56
keV sfeature Ad and a broad peak around 9.60 keVsfeature
Cd. These features correspond, respectively, to a dipole 2p
→5d transition and the first EXAFS oscillation.15 There are
no detectable edge shifts among the spectra and the intensity
of feature A remains the same after annealing. This is con-
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sistent with the notion that the valency of Hf in these films
remains the same and that a similar covalency prevails. The
main differences observed in the spectra are related to the
edge width, the presence of a small shoulder on the high
energy side of the main resonanceffeature Bssee insetdg, and
a small shift to lower energy of feature C for the thermally
treated sample. This modification of the XANES profile of
the HfSiO films suggests that structural changes occurred
within the film.

The XANES spectra of HfSiON filmsfFig. 1sbdg for the
as-deposited and annealed films are practically identical. The
resonance peak A is weaker for the HfSiON films and the
edge position is<1 eV lower when compared to the HfSiO
films. These differences are associated with changes in the
electronic structure of Hf ions, and indicate a lower density
of Hf+4 ions in the HfSiON films.

To verify the origin of the XANES features at the Hf
edge in Fig. 1sad we have simulated three HfO2 structures:
monoclinic, tetragonal, and cubic. The calculations shown in
Fig. 1scd reproduced the strong resonancesfeature Ad and the
broad peaksfeature Cd quite well. The small shouldersfea-
ture Bd is reproduced for HfO2 in the tetragonal and cubic
phases. Cluster size analysis revealed that feature B is a reso-
nance originated in multiple scattering processes12 corre-
sponding to a collinear arrangementsHf–O–Hfd including
atoms located at the second neighboring shell. The calcula-
tion considering a tetragonal HfSiO4 s“Hafnon”d could not
reproduce the experimental XANES featuresfsee inset in
Fig. 1scdg.

Fourier transformssFTd of the EXAFS signals of the
Hf K edge for HfSiO and HfSiONfFig. 2sadg allow us to
compare their structural properties. The FT display two main
peaks, the first one corresponds to the nearest neighbors
around Hf and the second one to the next nearest neighbors.
The main differences observed among FT of the HfSiO and
HfSiON films are the intensity of the first peak related to the
neighboring shell and the position of the next nearest neigh-

bors. The intensity of the peaks in the FT is dependent on the
number and type of first neighbors and disorder, while their
position depends on the distance. It is remarkable that the FT
peaks of HfSiON display exactly the same pattern whose
intensity and position remain unchanged after annealing.

The refinement of the datasTable Id was performed tak-
ing into account different possibilities. For the HfSiO film
the first peak is easily assigned to a Hf–O contribution, how-
ever the nature of the second peak could be a Hf–Hf or a
Hf–Si bond or a multiple scattering feature. The best fitting
results were obtained considering oxygen as first neighbors
and hafnium as second neighbors. For the best fit of the
HfSiON, the first shell was simulated considering Hf–N and
Hf–Hf contributions for the second shell. The lower ampli-
tude of the FT peaks for the HfSiON is associated to the
presence of N atoms at the first shell, since nitrogen is a
weaker scatterer compared to oxygen. A good quality of fit is
observed for the as-deposited HfSiO as shown in Fig. 2sbd.

The results in Table I, obtained for the average bond
distances, show that the Hf–O distance is the same for the
as-deposited and annealed HfSiO sample, but the Hf–Hf dis-
tance is 0.25 Å longer for the latter. When comparing the
HfSiO to the HfSiON samples, the most pronounced differ-
ences are related to Hf–Hf distances, which are shorter in the

FIG. 1. HfL3 edge XANES spectra:sad Comparison between HfSiO as
depositedsfull circled and annealed in N2 at 1000 °C for 60 sssolid line and
insetd; sbd comparison between HfSiON as depositedsqd and annealed in
N2 at 1000 °C for 60 ss—d, scd Hf L3 edge XANES calculations for HfO2 in
the monoclinic s—d, tetragonals1d, and cubics–d structures. The inset
shows the XANES calculation for tetragonal HfSiO4 s“Hafnon”d.

FIG. 2. sad Fourier Transform modulus of the EXAFS signals for as depos-
ited HfSiO sfull circled and annealedsdash–dot lined; as deposited HfSiON
sqd and annealeds—d. Inset -k1 weighted EXAFS signals:sid as deposited
HfSiO, sii d annealed HfSiO,siii d as deposited HfSiON,sivd annealed Hf-
SiON; sbd best fit obtained for the as-deposited HfSiO samplesmodulus
+imaginary partd: experimentsfull circled and theoryssolid linesd.

TABLE I. Structural parameters related to the coordination and next nearest
neighbors around Hf in the HfSiO and HfSiON films: DistancesRd, number
of neighborssNd, and the Debye Waller factorss2d.

RsÅd Pair N s2sÅ2d

HfSiO as dep. 2.04±0.02 (Hf–O) 7.0±1.0 0.0138±0.002
3.29±0.04 (Hf–Hf) 4.0±2.0 0.0113±0.004

HfSiO 1000 °C 2.06±0.02 (Hf–O) 7.6±1.0 0.0101±0.002
3.54±0.04 (Hf–Hf) 6.4±2.0 0.0100±0.003

HfSiON as dep. 2.10±0.02 (Hf–N) 6.8±1.0 0.0140±0.002
3.13±0.04 (Hf–Hf) 5.4±2.0 0.0144±0.004

HfSiON 1000 °C 2.10±0.02 (Hf–N) 6.8±1.0 0.0140±0.002
3.13±0.04 (Hf–Hf) 5.4±2.0 0.0143±0.004
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HfSiON. The number of first neighbors is around 7 for both
HfSiO and HfSiON as-deposited films with a slight increase
for the annealed HfSiO. This is in agreement with the previ-
ous report for Zr silicate systems with higher ZrO2 content.16

For annealed HfSiO the Hf–Hf distance corresponds to a
cubic structure.17

Figure 3sad displays the SiK edge XANES spectra for
HfSiO samples discussed above and a SiO2 film on Si as
reference. All spectra exhibit strong resonance, located at
1846.5 eV labeled D, followed by a broad peak at around
1863.9 eV labeled E. These two features are characteristic of
silicon’s fourfold coordination to oxygen atoms.18 After an-
nealing, one notices an ordering effect since features D and E
narrow down when compared to the as-deposited spectra. A
comparison between the XANES spectra for HfSiON
samples and a Si3N4 reference sample is shown in Fig. 3sbd.
Features F at 1845.6 eV and G at 1862.2 eV are observed in
the Si3N4 reference sample. For HfSiON the feature F is
broader while feature G appears at lower energys1860.2
eVd. These results suggest that the Si environment is similar
to SixOyNz, presenting Si–O and Si–N bonds with higher
degree of disorder, giving origin to the broader feature F. Our
results show that the presence of N in the silicate network
promotes thermal stability of the films and prevent crystalli-
zation upon annealing at 1000 °C.

The Hf XANES results and calculations suggest that Hf
is present in monoclinic structure, in which Hf ions are in a
distorted site, for all samples excluding the annealed HfSiO.
Hafnium remains with a +4 oxidation state for the HfSiO
films, however, in the case of HfSiON samples, its value is
lower. The intensity19 of the 2p→5d transition sfeature Ad
depends on the filling of thed band, the Hf+4 ion has an
empty 5d states5d0 6s0d and Hf+3 is partially filleds5d1 6s0d.
This reduction in the oxidation state reinforces the existence
of N in the first shell around Hf.

It was observed that N in the HfSiON network is present
in the first shell of Hf and Si atoms, which is in agreement
with recent work.20 Simultaneously, Si atoms, in a silicon
oxynitride bond state, acquire the beneficial properties of
SiON. This association of bonds leads to a very stable struc-

ture. Our results are compatible with recent band structure
calculations on the role of N in the structural stability of
Hf-based dielectrics.20

In summary, XAS was used to untangle the environment
of Hf and Si atoms in HfSiO and HfSiON films. For HfSiO,
we observed that the Hf environment in annealed samples is
very similar to HfO2. Thermal annealing induces crystalliza-
tion and changes to the next nearest neighbors’ distances,
with an increase of about 8% in the Hf–Hf distance when
compared to the as-deposited HfSiO. The results confirm a
sHfO2d1−xsSiO2dx pseudobinary alloy description. The Hf-
SiON system presents a stable amorphous structure at the
atomic level, which remains unchanged upon annealing.
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