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Isotopic substitution, nuclear reaction analysis, and x-ray photoelectron spectroscopy were
employed to show that oxygen-deficient hafnium �Hf� silicates trap hydrogen atoms. Based on this
experimental observation, we used first-principles calculations to investigate the structure,
energetics, and electronic properties of H interacting with O vacancies in a hafnium silicate model.
We found that O vacancies close to a Si atom are energetically favored when compared to vacancies
in HfO2-like regions, implying that close-to-Si O vacancies are more likely to occur. Trapping of
two H atoms at a close-to-Si O vacancy passivates the vacancy-induced gap states. The first H
interacts with neighboring Hf atoms, whereas the second H binds to the Si atom. © 2007 American
Institute of Physics. �DOI: 10.1063/1.2769790�

I. INTRODUCTION

Continuous scaling of metal–oxide–semiconductor field-
effect transistors �MOSFETs� led traditional SiO2 and
SiOxNy gate dielectric films to approach 1 nm thickness in
Si-based integrated circuit technologies. Further MOSFET
scaling is severely limited by an exponential increase in leak-
age currents through the gate dielectric due to direct electron
tunneling. In order to overcome this limitation, high dielec-
tric constant �high-k� materials will replace SiO2 and
SiOxNy.

1–3 High-k materials allow physically thicker films,
which reduce leakage currents, while still increasing
MOSFET capacitance density, as required for further
MOSFET scaling. Hafnium silicates, which are
�SiO2�x�HfO2�1−x mixed oxides �HfSiO, for short�, are attrac-
tive high-k candidates due to possible compositional tuning
between high-quality SiO2 and high-k HfO2.4,5

For SiO2 gate dielectrics, the presence of H is necessary
for the passivation of electrically active Si dangling bonds at
the SiO2/Si interface.6 On the other hand, H has detrimental
roles in negative-bias-temperature instabilities,7 radiation-
induced instabilities,8 stress-induced leakage current,9,10 and
hot-electron degradation.11 For HfO2 gate dielectrics, similar
H passivation of interface Si dangling bonds was
observed12,13 and interstitial H �Refs. 14 and 15� as well as
H-passivated O vacancy16 were proposed as positive charge
centers. Further, previous studies showed that typical H con-
centrations in Hf-based oxide films deposited on Si�1021

−1022 cm−3� �Refs. 17–19� are much higher than in bulk-like
regions of SiO2 thermally grown on Si�1018

−1019 cm−3�.20–22 This scenario suggests that H plays sig-
nificant roles in HfSiO gate dielectrics.

In this work, H trapping in oxygen-deficient HfSiO is
investigated. First, sequential annealing of HfSiO films in
vacuum, oxygen, and deuterium �2H2� was performed. Then,
nuclear reaction analysis and x-ray photoelectron spectros-
copy were employed to show that 2H incorporation is related
to O deficiency in the HfSiO films. Finally, first-principles
calculations were performed in a HfSiO model structure with
H interacting with O vacancies. The structure, energetics,
and electronic properties of vacancy-hydrogen complexes are
presented. Links between experiment and theory are dis-
cussed.

II. EXPERIMENTAL RESULTS

HfSiO films 4, 6, 8, and 10 nm thick with 30% SiO2

concentration, i.e., �SiO2�0.3�HfO2�0.7 composition, were de-
posited on Si�100� by metalorganic chemical vapor deposi-
tion at 650 °C using Hf�N�C2H5�2�4 and Si�N�CH3�2�4 pre-
cursors and O2 as the oxygen source. Postdeposition
annealing was performed in a Joule-effect heated furnace
whose quartz tube was pumped down to a base pressure of
10−7 mbar. Each annealing was run for 30 min, either in
vacuum or in a static gaseous atmosphere, viz., 1 mbar O2 or
60 mbar 2H2 �H2 95% enriched in the 2H isotope�. Vacuum
and O2 annealing were performed at 800 °C, whereas 2H2

annealing was performed at 500 °C. Using 2H2 is convenient
because it chemically mimics H2 with natural isotopic abun-
dances �99.985% 1H� and allows distinguishing H atoms in-
corporated from the annealing atmosphere �2H� from those
previously existing in the films or incorporated from air
�1H�.

2H areal densities in the HfSiO films were determined
using 400 keV 3He+ beams to induce the 2H�3He, p�4He
nuclear reaction.23 This nuclear reaction technique relies on
�i� the low H solubility in c-Si,24 which leads to negligible
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contribution ��1012 cm−2� from 2H in the Si substrate, and
�ii� nuclear reaction cross section constant throughout the
films,25 which implies nuclear reaction yield proportional to
2H areal density. By comparison with a 2H-implanted sample
with known 2H areal density, the 2H areal densities in the
HfSiO films are determined.

Figure 1 shows 2H areal densities as a function of HfSiO
film thickness after annealing in 2H2, either with or without
preannealing. One observes 2H areal densities increasing
with film thickness, indicating 2H incorporation in bulk re-
gions of the HfSiO films. This is in contrast to H incorpora-
tion in HfO2/Si thin film structures, where H incorporates
mainly close to the HfO2 surface,18,26 and in contrast to
SiO2/Si structures, where H incorporates mainly in the
SiO2/Si interface region.22,23 The slopes derived from fitting
the data with straight lines are also shown in Fig. 1, express-
ing bulk-like 2H concentrations �in units of atoms per cubic
centimeters�. One observes a marked decrease in bulk-like
2H concentration when preannealing was performed before
2H2 exposure. The decrease is more pronounced for the case
of preannealing performed in O2.

The impact of preannealing on film chemistry was inves-
tigated by x-ray photoelectron spectroscopy using a Mg K�
x-ray source and photoelectron detection at 30° takeoff angle
�relative to sample normal�. Figure 2 shows photoelectron
spectra for the as-deposited and annealed 10 nm HfSiO
films. The Hf 4f signal �inset� does not present a detectable
��0.1 eV� shift27 after annealing in O2, indicating no detect-
able change in the Hf oxidation state. On the other hand, the
Si 2p signal shifts 0.3 eV �Ref. 27� toward higher binding
energies after O2 annealing. Substrate Si oxidation cannot be
responsible for this Si 2p shift because the 10 nm films are
thick enough to attenuate photoelectrons coming from the
HfSiO/Si interface, as evidenced by the absence of substrate
Si 2p signal at 99.6 eV. This Si 2p shift indicates the pres-
ence of suboxidized Si atoms converted into higher oxidation
states �probably full Si oxidation� by the O2 annealing. That
is to say that the as-deposited and vacuum-annealed HfSiO
films are O deficient, which correlates with the pronounced

2H incorporation observed in these films �see Fig. 1�. An-
nealing in O2 presumably eliminates the O-deficient sites re-
sponsible for 2H trapping, leading to the observed decrease
in 2H incorporation when O2 preannealing was performed.

III. THEORETICAL DETAILS

The structure, energetics, and electrical properties of H
in HfSiO and HfO2 were investigated using the generalized
gradient approximation28 of density functional theory
�DFT�,29 with core electrons replaced by pseudopotentials
�PP�, and valence states described by a basis set comprised
of linear combinations of numerical atomic orbitals �LCAO�
as implemented in the SIESTA code.30 The double zeta plus
polarization basis set was used for the LCAO. Norm-
conserving, nonlocal PPs31 of the Troullier and Martins
type32 were used for all the atomic species. Relativistic PPs
for Hf were generated for the neutral atomic configuration
6s2 5d2. The alternative configuration 6s1 5d3 was also em-
ployed, with negligible impact on the calculated results.
Sampling of k-space was done using a 4�4�4 k point
Monkhorst-Pack grid based on the �2�2�2� m-HfO2 and
HfSiO unit cell vectors. All structures considered here have
zero net charge.

The calculated cell vectors of the m-HfO2 phase using
the primitive 12 atom unit cell �a=5.153 Å, b=5.198 Å, c
=5.295 Å, and �=99.74°� are within typical local density
approximation/DFT error33 from experimental data �a
=5.117 Å, b=5.175 Å, c=5.295 Å, and �=99.18° �Ref.
34��. For HfSiO we used a 96 atom unit cell �twice the origi-
nal m-HfO2 primitive unit cell in each direction� with Si
atoms replacing Hf atoms. By using a conjugate gradient
algorithm, ionic forces were minimized until they were be-
low 0.05 eV/ Å. When investigating H and H2 interstitials,
which might be trapped at a local minimum, molecular dy-
namics �initial heating to 1000 K followed by a slow thermal
quenching� was employed to check the final configuration of
the system. In all cases tested, the conjugate gradient and
molecular dynamics results coincided. The energies of

FIG. 1. 2H areal densities versus HfSiO film thickness after annealing in
2H2, either without �top� or with preannealing in vacuum �middle� or oxygen
�bottom�. The slopes were derived by linear fitting �solid lines�, correspond-
ing to bulk-like 2H concentrations.

FIG. 2. Photoelectron spectra in the Si 2p and Hf 4f �inset� regions taken
from as-deposited and 800 °C annealed films.
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chemical reactions were determined by subtracting total en-
ergies calculated for reactants from total energies calculated
for products.

IV. THEORETICAL RESULTS

A. Bulk properties

In the m-HfO2 structure, each Hf atom forms seven
Hf–O bonds �2.11−2.23 Å�,35 from which four/three bonds
are with threefold/fourfold coordinated O atoms. In the Hf-
SiO model with one Si atom replacing one Hf atom, the Si
atom is bonded to five O atoms. O6 and O7 �see Fig. 3�a��,
which were fourfold coordinated in HfO2, become threefold
coordinated in HfSiO because they lack a bond to Si �O6 and
O7 are 2.06 and 2.91 Å apart from Si�. The five Si–O bonds
in this HfSiO model �1.80−1.98 Å� are longer than Si–O
bonds in amorphous SiO2,36,37 amorphous HfSiO,38 and crys-
talline HfSiO4 �Ref. 39� ��1.60 Å�. This difference in bond
lengths indicates Si–O bonds affected by the HfO2 structure
where the Si atom was inserted. Although this is a limitation
of the model in describing amorphous or SiO2-rich hafnium
silicates, where Si–O bonds might resemble Si–O bonds in
SiO2, the model is realistic in describing HfO2-rich hafnium
silicates, where Si–O bonding is indeed constrained by a
HfO2-like environment.

Table I shows the calculated lattice parameters and the
average coordination numbers for zero, one, three, six, nine,
and twelve substitutional Si atoms per unit cell, approxi-
mately corresponding, respectively, to 0%, 3%, 10%, 20%,
30%, and 40% SiO2 concentrations. The numbers in Table I
can only offer a general trend as they depend somewhat on
the location of the Hf atoms chosen to be replaced by Si. For
increasing SiO2 concentration one observes a trend toward

lower average coordination, which is related to increasing
resilience to crystallization.40 However, the Si coordination
seems to saturate at about five, indicating that, as discussed
earlier, the present model does not adequately describe
SiO2-like environments, where Si coordination is four.

Figure 3�b� shows the densities of states �DOS� of
HfSiO with different SiO2 concentrations. In all cases the
band gap is clean. Its value of �3.7 eV is lower than the
experimental gap of �5.7 eV �Ref. 41� due to an intrinsic
limitation of DFT to properly deal with excited states. The
appearance of a peak at −9 eV and the small peaks at the
conduction band minimum �CBM� are associated with Si
atoms. Hereafter only the HfSiO model with �3% SiO2 con-
centration �one Si atom� is considered.

B. Interstitial H and H2

We first consider the case of H and H2 interstitials in
HfSiO. An interstitial H atom at a close-to-Si site bonds to
O6 �O6−H=1.04 Å, Si–H distance is 1.90 Å, see Fig.
4�a��, recovering O6 original coordination of four. The en-
ergy of the O6–H configuration is 5 meV lower than the
O7–H. The presence of H increases Si separation from O4
and O5 to 2.35−2.52 Å, breaking these bonds �which were
the longest Si–O bonds� and reducing the coordination of O4

FIG. 3. �Color online� �a� HfSiO model structure showing O �light gray�, Hf
�dark gray�, and Si �black� atoms. �b� Density of states for HfSiO with
different SiO2 concentrations. Fermi level at 0 eV.

TABLE I. Structural parameters for different SiO2 concentrations in HfSiO. The length of the HfO2 �0% SiO2�
unit cell vectors was doubled to facilitate comparison.

SiO2

concentration
�%�

Lattice length �Å� Lattice angles �deg� Average atomic coordination

a b c � � � Hf Si O Average

0 10.305 10.396 10.589 90.01 99.74 89.97 7.00 ¯ 3.50 4.67
3 10.288 10.351 10.599 90.11 99.48 90.40 6.97 5.00 3.38 4.56

10 10.234 10.221 10.652 90.13 98.99 90.41 7.13 5.00 3.36 4.55
20 10.159 10.036 10.632 90.33 97.94 88.72 7.08 5.33 3.22 4.40
30 9.906 9.803 10.620 87.34 96.17 90.85 6.43 5.18 3.00 4.00
40 9.695 9.438 10.513 91.49 94.12 89.93 6.94 5.38 3.06 4.09

FIG. 4. �Color online� Model structures of �a� HfSiO with interstitial H and
�b� HfSiO with interstitial H2, with H atoms shown in white. Density of
states of �c� HfSiO and �d� HfO2 with interstitial H and H2. Energy scale
�E−Ef� defined relative to the Fermi level �Ef� of the ideal structures.
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and O5 to three. The remaining three Si–O bonds shorten to
1.73−1.91 Å. The DOS of this configuration �Fig. 4�c��
shows a new gap state �2.0 eV above the valence band
maximum �VBM�42 associated with the dangling bond in the
threefold coordinated Si. The Fermi level �Ef� is at this gap
state.

An interstitial H2 molecule dissociates when placed near
the Si atom �Fig. 4�b��. Besides the H atom that bonds to O6
�O6−H=1.01 Å�, the second H atom saturates the Si dan-
gling bond �Si−H=1.44 Å�, removing the corresponding
gap state �Fig. 4�c��. The energy gain by moving hydrogen
initially far from the Si site to the above-described close-
to-Si configurations is 0.2 eV for H and 0.4 eV for H2 �re-
actions 1a and 1b in Table II�. In HfO2, an interstitial H atom
adds a state close to the CBM, keeping the gap clean and
moving the Fermi level to 1.7 eV �Fig. 4�d��. This indicates
that interstitial H acts as a shallow donor in HfO2, in agree-
ment with previous calculations.15 Further, differently from
HfSiO, where H2 dissociates near the Si site, H2 dissociation
in HfO2 is endothermic by 0.8 eV.

C. O vacancies

In order to study O vacancy sites close to the Si atom,
we removed O atoms from threefold �V3� and fourfold �V4�
coordinated oxygen sites �O6 and O4, respectively�. As men-
tioned earlier, O6 was fourfold coordinated in HfO2, but
lacks a bond to Si in HfSiO. Thus, V3 is to some extent a
transition O vacancy: it is not so close to Si to behave as V4,
nor far enough to behave like an O vacancy in HfO2. Re-
garding the structural impact of the vacancy, V3 keeps the
fivefold coordination of Si, whereas V4 decreases it to three
because the Si–O5 bond is also broken during atomic relax-
ation.

The DOS for V4 in HfSiO �Fig. 5�a�� shows two gap
states: one near midgap and other close to the CBM. Calcu-
lations by Xiong et al.39 also derived these two defect states
associated with an O vacancy in crystalline HfSiO4. The
state lying near midgap is localized on Si sp3 orbital,
whereas the state lying close to CBM is localized on Hf d
orbital. This agreement between the DOS for V4 and the O
vacancy in HfSiO4 �Ref. 39� reflects the common origin of
these vacancies, involving Hf–O and Si–O bond breakage.
V3 formation, on the other hand, does not break any Si–O
bond, which leads to a single V3-induced gap state �Fig.
5�a��, resembling the vacancy-induced state for HfO2 �Fig.
5�b��.

Calculating O vacancy formation energies �reactions 2a
and 2b in Table II� is significantly method-dependent due to
inaccurate calculation of the O2 molecule total energy.43,44

For instance, although the calculated dissociation energy of
the O2 molecule using the SIESTA code is 6.4 eV, its experi-
mental value is only 5.1 eV.45 In order to address this issue,
calculations using an all-solid-state �allSS� method and add-
ing spin polarization �wSP� were performed in addition to
the standard calculations �shown in Table II� without spin
polarization �woSP�. Within the accuracy of the calculations,
spin polarization does not influence reaction energies except
through the O2 term. Moreover, the allSS method, which is
discussed in detail elsewhere,46 avoids the troublesome cal-
culation for O2 by obtaining the O2 total energy through the
equation

ET�O2� = ET�HfO2� − ET�Hf� − EF�HfO2� , �1�

where ET�HfO2� and ET�Hf� are calculated total energies for
HfO2 and Hf, respectively, and EF�HfO2� is the experimental
HfO2 formation energy �11.6 eV/formula at 300 K �Ref. 47��.
Using these methods �woSP/wSP/allSS� for calculating va-
cancy formation energies in HfO2, one obtains 6.8/6.4/6.9 eV
for V3 and 6.7/6.2/6.8 eV for V4. These energies compare
quite well with the 6.4 eV reported in other studies.33,48 For
HfSiO one obtains formation energies of 6.5/5.9/6.6 eV for
V3 and 6.3/6.0/6.3 eV for V4. That is, V3 and V4 in HfSiO
are almost equally stable despite the differences in bonding
configuration. Moreover, the vacancies in HfSiO are 0.2–0.5
eV more favorable than in HfO2, indicating that O vacancies
tend to migrate toward close-to-Si sites, which is also
pointed out by the 0.2 eV exothermic displacement of V4
from far from Si to its close-to-Si position �reaction 2c in
Table II�.

TABLE II. Calculated energy variation for each of the reactions shown:
far/close indicates distance from the Si atom. In parentheses are the corre-
sponding values for HfO2 calculated for the most relevant cases.

# Reaction �E �eV�

1a H�far�→H�close� −0.2
1b H2�far�→2H�close� −0.4
2a HfSiO→HfSiO�V3�+ �1/2�O2�gas� +6.5�+6.8�
2b HfSiO→HfSiO�V4�+ �1/2�O2�gas� +6.3�+6.7�
2c V4�far�→V4�close� −0.2
3a V3+H�far�→V3+H�close� −1.6�−2.0�
3b V3+H�close�+H�far�→V3+2H�close� −2.1�−0.8�
3c V3+H2�far�→V3+2H�close� −2.8�−2.6�
3d V4+H�far�→V4+H�close� −2.3�−2.3�
3e V4+H�close�+H�far�→V4+2H�close� −2.1�−0.8�
3f V4+H2�far�→V4+2H�close� −3.0�−1.3�
4a 2H�close�+H�far�→H�close�+H2�close� −0.7
4b H�close�+H2�far�→H�close�+H2�close� +0.2
4c 2H�close�+H2�far�→2H�close�+H2�close� +0.0
5a V4+2H�close�+H�far�→V4+3H�close� −0.9
5b V4+3H�close�+H�far�→V4+2H�close�+H2�close� −0.5
5c V4+2H�close�+H2�close�+H�far�→V4+H�close�

+2H2�close�
−0.9

5d V4+2H�close�+H2�close�→V4+2H�close�+H2�far� +0.0

FIG. 5. Density of states of �a� HfSiO and �b� HfO2 with threefold �V3� and
fourfold �V4� coordinated oxygen vacancies.
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D. H and H2 at O vacancies

An H atom and a H2 molecule were placed at V4 to
understand their interaction with this HfSiO defect. After
ionic relaxation, the H atom is close to the vacancy center
�Fig. 6�c��, forming a multicenter bond49 with the neighbor
Hf atoms �Hf1−H=2.12 Å, Hf2−H=2.21 Å, Hf3−H
=2.23 Å�. The Si atom remains threefold coordinated,
bonded only to its threefold coordinated O nearest neighbors.
The Si–H distance is 2.65 Å. A H2 molecule dissociates
when placed at V4 �Fig. 6�d��. Besides the H atom �H1 in
Fig. 6�d�� close to the vacancy center �Hf1−H=2.12 Å,
Hf2−H=2.19 Å, Hf3−H=2.18 Å�, the second H saturates
the Si dangling bond �Si−H2=1.48 Å�, bringing the Si co-
ordination to four.

The next defect considered is V3 close to the Si atom.
This vacancy site was also occupied with a H atom and a H2

molecule. After ionic relaxation, the H atom is close to the
vacancy center �Fig. 6�a��, forming a multicenter bond49 with
the neighbor Hf atoms �Hf1−H=2.04 Å, Hf2−H=2.07 Å,
Hf3−H=2.15 Å�. The Si atom is sixfold coordinated due to
formation of a bond with O7 during relaxation, though this
bond �2.01 Å� is longer than the other five �1.83−1.96 Å�.
The Si–H distance is 2.92 Å. A H2 molecule dissociates
when placed at V3 �Fig. 6�b��. Besides the H atom close to
the vacancy center �Hf1−H=2.10 Å, Hf2−H=2.13 Å,Hf3
−H=2.28 Å�, the second H binds to Si�Si−H2=1.44 Å�. In
this case, the proximity of the H atom breaks the Si–O4,
Si–O5, and Si–O7 bonds, bringing the Si coordination num-
ber to four, the same Si coordination observed for V4+H2.

Figure 6�e� shows the DOS for HfSiO with H and H2 at
V3 or V4. For both vacancy types two H atoms are necessary
to remove the vacancy-induced gap states, though these
clear-gap configurations generate edge states at VBM. In
HfO2, on the other hand, one H atom is enough to clear the
gap �Fig. 6�f��. A H2 molecule dissociates when placed at V3
or V4 in HfO2, creating new gap states near VBM due to the
extra H atom. Moreover, comparing V+H complexes in
HfO2 and V+2H complexes in HfSiO, which lead to clear
gaps, one notes that V+H in HfO2 tend to be positively
charged �Ef near CBM, Fig. 6�f��, whereas V+2H in HfSiO
tend to be neutral �Ef near midgap, Fig. 6�e��.

In HfSiO, the energy gain to bring one H atom from an
interstitial site distant from V3/V4 to its relaxed location
near the vacancy center is 1.6/2.3 eV �reactions 3a/3d in
Table II�. A second H is also attracted to V3/V4, with an
energy gain of 2.1/2.1 eV �reactions 3b/3e in Table II�. No-
tice that the energy gain to bring a second H to V3/V4 in
HfO2 is considerably lower �0.8/0.8 eV� than in HfSiO. The
energy gain for an H2 molecule to occupy V3/V4 starting
from an HfSiO interstitial site is 2.8/3.0 eV �reactions 3c/3f
in Table II�.

E. Maximum H uptake near Si

The presence of more than two H atoms near the Si atom
in the absence of O vacancies is not favorable. Once two H
atoms reside at the Si site, an extra H atom leads to forma-
tion of H2 �reaction 4a in Table II, the energy gain reflects H2

formation�, which is repelled from the Si site �reaction 4b in
Table II�. Moreover, a H2 molecule moves freely through the
Si site when it is already occupied by two H atoms �reaction
4c in Table II�. Considering the presence of more than two H
atoms at V4 sites in HfSiO, �reaction 5a in Table II� indicates
that a third H atom can be packed in that region, with one H
occupying the V4 site, one H bonded to Si, and the third H
bonded to O2. More than three H atoms at V4 lead to H2

formation, with corresponding energy gains �reactions 5b
and 5c in Table II�. Interstitial H2 moves freely through V4
+2H �reaction 5d in Table II�.

V. DISCUSSION

The tendency of O vacancy migration toward Si atoms,
as indicated by the lower vacancy formation energy in HfSiO
than in HfO2 �reactions 2a–2c in Table II�, implies that oxy-
gen deficiency in HfSiO tend to manifest as suboxidized Si
atoms, which leads to Si 2p peaks shifted toward lower bind-
ing energies, as observed in Fig. 2. This tendency was also
experimentally50,51 and theoretically48 established for the ex-
treme case of phase-separated SiO2 and HfO2, where O va-
cancies tend to move toward the SiO2 side of a HfO2/SiO2

interface.
Considering H trapping, the calculated exothermic H

capture at O vacancies �reactions 3a–3f in Table II� clearly
supports the experimentally observed correlation between 2H
incorporation �Fig. 1� and O deficiency �Fig. 2�. Neverthe-
less, in order to better understand the link between theory
and experiment, it is worth referencing the reaction energies
from Table II to a free H2 molecule. The energy necessary to

FIG. 6. �Color online� Model structures of HfSiO with �a� H-passivated
threefold coordinated O vacancy �V3� and �b� H2-passivated V3; model
structures of HfSiO with �c� H-passivated fourfold coordinated vacancy
�V4� and �d� H2-passivated V4; �e� Density of states of HfSiO for the cases
from �a�–�d�; �f� Density of states of HfO2 with corresponding O vacancies
and H/H2 passivation.

044108-5 Fonseca et al. J. Appl. Phys. 102, 044108 �2007�

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

200.130.19.173 On: Thu, 20 Mar 2014 16:32:32



move a free H2 molecule into an interstitial site in HfO2 is
1.6 eV,16 where H2 dissociation costs additional 0.8 eV.
Hence, the formation energy of one H interstitial in HfO2 is
1.2 eV. Noting that the word “far” in Table II refers to
HfO2-like regions, adding 1.6/1.2 eV for each H2�far� /H�far�
reactant results in H trapping energies referenced to free H2.
With this reference, a second H atom at a vacancy in HfO2

��E=−0.8 eV, reactions 3b and 3e in Table II� as well as a
third H atom at a vacancy in HfSiO ��E=−0.9 eV, reaction
5a in Table II� become endothermic when adding the 1.2 eV
to account for H�far� formation. Hence, the maximum num-
ber of energetically favored trapped H atoms at an O vacancy
becomes one in HfO2 and two in HfSiO.

These energetically favored configurations �V+H in
HfO2 and V+2H in HfSiO� are also the configurations lead-
ing to clear band gaps �Figs. 6�e� and 6�f��. That is, these
favored H-containing configurations are electrically inactive.
Indeed, considering that typical H areal densities in Hf-based
films ��1015 cm−2� �Refs. 17–19� are much higher than the
areal densities of electrically active defects in such structures
�1011−1013 cm−2�,1–3 one infers that H sites, in general, tend
to be electrically inactive. However, as observed for
SiO2,7,8,11 radioactive, thermal, and electrical stress might de-
trap the H atoms, activating the defects and generating insta-
bilities in the MOSFET.

VI. CONCLUSIONS

In summary, using annealing sequences, nuclear reaction
analysis, x-ray photoelectron spectroscopy, and first-
principles density-functional calculations, H trapping in
O-deficient hafnium silicates was investigated. The experi-
ments showed that O-deficient HfSiO films tend to incorpo-
rate H atoms. Supplying O to the films reduces H incorpora-
tion presumably due to removal of the O-deficient sites that
trap H. The calculations were performed in a HfSiO model
with one Si atom replacing one Hf atom in the m-HfO2 struc-
ture. They showed that close-to-Si O vacancies are energeti-
cally favored in comparison with O vacancies in HfO2-like
regions, indicating that close-to-Si vacancies are more likely
to occur. Exothermic trapping of one and two H atoms at
these close-to-Si vacancy sites was calculated, providing a
theoretical basis for the experimentally observed relationship
between H incorporation and O deficiency. Finally, it was
verified that two H atoms at the vacancy remove the
vacancy-induced gap states. The first H atom forms a multi-
center bond with neighbor Hf atoms, whereas the second H
binds to the Si atom.
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