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We have performed ab initio molecular dynamics simulations to generate an atomic structure model of
amorphous hafnium oxide �a-HfO2� via a melt-and-quench scheme. This structure is analyzed via bond-angle
and partial pair distribution functions. These results give a Hf-O average nearest-neighbor distance of 2.2 Å,
which should be compared to the bulk value, which ranges from 1.96 to 2.54 Å. We have also investigated the
neutral O vacancy and a substitutional Si impurity for various sites, as well as the amorphous phase of
Hf1−xSixO2 for x=0.25, 0.375, and 0.5.
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Among all of the high-dielectric-constant materials
�high-k materials� that have been considered as possible re-
placements for SiO2 as a gate dielectric, hafnium oxide
�HfO2� and its silicate �HfSixOy� stand out as two of the most
promising ones.1 Two key properties are responsible for this
interest, viz., their much higher dielectric constants when
compared to that of SiO2 ��20 versus 3.9 for SiO2� and their
thermodynamic stability when in contact with Si. Moreover,
interfacial properties,2 such as the presence of defects and
interface states, are fundamental for their use in the metal
oxide semiconductor technology.

The usual growth of the HfO2 dielectric leads to an amor-
phous phase, which upon further thermal processing tends to
recrystallize. Defects in the HfO2 crystalline bulk can be
quite detrimental to the behavior of the devices since they
can lead to flatband voltage instabilities.3,4 It is believed that
the oxygen vacancy is the relevant defect in HfO2 related to
these reliability problem.5,6

Many experimental works7–9 explored various techniques
and experimental conditions for growth processing and an-
nealing of a stable amorphous phase of these high-k materi-
als. From a theoretical side, there are just a few studies of the
amorphous phase of HfO2.10–12 However, besides the study
of the intrinsic amorphous phase, it is relevant to investigate
the properties of defects. In particular, as stated above, the
presence of oxygen vacancies may be quite deleterious for
the device behavior. Since these vacancies may be created
before the recrystallization phase, it is important to under-
stand how their formation energies, and properties in general,
vary in the amorphous phase. Moreover, since the trend is to
use not HfO2 but rather a Hf1−xSixO2 silicate, it is also im-
portant to study a substitutional Si impurity �SiHf—limit of
very small x� as well as the amorphous phase of Hf1−xSixO2
for different values of x.

In the present work, we address the a-HfO2 atomic struc-
ture generated via ab initio molecular dynamics simulations
�AIMD�,13 based on the density functional theory �DFT�. By
using this generated model as a prototype for the a-HfO2, we
have investigated its structural and electronic properties, as
well as the characteristics of oxygen vacancies. We have also
studied substitutional SiHf in the a-HfO2, as well as three

amorphous structures of Hf1−xSixO2 for x=0.25, x=0.375,
and x=0.5.

The relaxed monoclinic structure �m-HfO2� has two non-
equivalent oxygen sites, which are threefold and fourfold
coordinated. All Hf atoms are equivalent and are sevenfold
coordinated. All of these will change in the amorphous
phase. From both the crystalline and the amorphous opti-
mized structures, we have performed short simulations of 50
MD steps, for an average temperature of 300 K, in order to
calculate the partial pair-radial distribution functions g�,��r�
�RDFs�, for � ,�=Hf, O, which are shown in Fig. 1. For the
crystal Hf-Hf pair-distribution function, there are many
peaks within the range of 3.30–4.00 Å, which results in a
rather broad first peak at 3.40�0.50 Å in the amorphous
pair-distribution function.

From the Hf-O pair-distribution functions in the crystal, it
is possible to see that there are four types of Hf-O first-
nearest-neighbors, with bond distances within the range of
2.03–2.25 Å. In the amorphous structure, the first peak in
the Hf-O RDF is at 2.20�0.30 Å. The peak center com-
pares well to the average Hf-O bond length in the crystalline
phase of 2.14 Å; however, the peak width becomes almost
three times broader, �0.6 Å, than the spread of bond lengths
in the crystal, �0.22 Å. This seems to be a little broader
than what was recently obtained for amorphous structures of
ZrO2,17 but is similar to another simulation of the amorphous
HfO2.12 Even though recent experimental measurements18

agree with our Hf-O peak position, the width has not been
determined, and further experimental measurements are
needed in order to verify if this difference between ZrO2 and
HfO2 is an intrinsic feature of these systems or is due to
variations in the procedures employed to generate the amor-
phous structure. Finally, for the O-O RDF in the crystal,
there are various peaks between 2.50–3.00 Å and one single
peak at approximately 3.50 Å. In the amorphous structure,
once more these peaks result in a very broad first peak at
2.75�0.50 Å, with a total width of �1.0 Å.

The coordination number of each atom is determined by
counting the number of atoms within a cutoff radius of
2.50 Å, which has been established from the behavior of the
first peak in the Hf-O RDF. In Figs. 2�a� and 2�b�, we present
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the histogram of coordination number for the O and Hf at-
oms in our m-HfO2 supercell, respectively. Similar graphs
are shown in Figs. 2�c� and 2�d� and Figs. 2�e� and 2�f� for
the liquid �T=5500 K� and amorphous phases, respectively.
In the m-HfO2, 50% of O atoms have a coordination number
equal to three and 50% have a coordination number equal to
four. Upon melting, there is a significant increase of the
three-coordinated O atoms and the appearance of some two-
coordinated oxygen. This is similar but slightly distinct from
another theoretical result10 that obtained a larger number of
three coordinated, and consequently, a smaller number of
four coordinated O atoms. However, this difference does not
seem to affect in an essential way the overall electronic prop-
erties, as will be discussed.

In the DFT calculations, for the a-HfO2 and m-HfO2 we
have found band-gap energies of 3.4 and 3.8 eV, respectively.
The latter value is underestimated by about 33%, as com-
pared to the experimentally measured value of 5.68 eV,19 but
is in good agreement with previous DFT calculations.20 Very
similar results were obtained by other theoretical
calculations,10,11 which indicates, as mentioned above, that
the overall electronic structure is not very sensitive to the
structural details, such as the precise distribution of Hf coor-
dination number.

We considered the formation of neutral oxygen vacancies
�VO�, in a-HfO2, since they can be created in films and bulk
samples due to the growth cycle. The neutral oxygen va-
cancy in the a-HfO2 was generated by simple removal of an
oxygen atom, followed by full relaxation of all remaining
atoms. The formation energies for a VO in HfO2, Ef�VO�,
were calculated as Ef

HfO2�VO�= �Et
HfO2�VO�+�O�− �Et�HfO2��,

where Et
HfO2�VO� and Et�HfO2� are the total energies of su-

percells of amorphous HfO2 with and without an oxygen
vacancy, respectively. The oxygen chemical potential �O was
considered as the total energy of an isolated oxygen atom in
the triplet ground state.11

As mentioned above, the monoclinic phase has two kinds
of nonequivalent oxygen atoms. In this way, we have deter-
mined the formation energy for both vacancy types, and we
obtain a formation energy difference of around 0.02 eV. In

the amorphous HfO2, the neutral oxygen vacancy was cre-
ated at various sites of the structure, and we obtained a for-
mation energy that varies from 8.43 up to 9.52 eV and a
formation energy difference of around 1.09 eV �see Table I�.
It is important to point out that the formation energy of the
neutral oxygen vacancy in the monoclinic HfO2 is 9.32 eV.21

Therefore, there are vacancies with formation energies that
are almost 1 eV smaller than in the crystal, indicating that it
might even be easier to create them in the amorphous phase.
This is also supported by the fact that the average value of
the formation energy obtained from the nine studied vacan-
cies is 8.79 eV, which is also smaller than the bulk value.
This is similar to what was obtained by Broqvist and
Pasquarello,11 which was an average value of 8.85 eV. Even
though it was argued that the smaller coordination number in
the amorphous phase is the cause for this reduction in the
formation energy value,12 we find some cases wherein a va-
cancy created in a site with coordination number two has a
larger formation energy than sites with higher coordination
numbers �see Table I�. It is also important to point out that

FIG. 1. Partial pair-distribution functions for �left panel� m-HfO2 and �right panel� a-HfO2.
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FIG. 2. Distribution of coordination numbers in the monoclinic
��a� and �b��, liquid ��c� and �d��, and amorphous ��e� and �f��
phases, for the oxygen and hafnium atoms.
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calculations showed that21 an oxygen vacancy in crystalline
SiO2 is more stable than in HfO2 by approximately 1.2 eV,
implying that if a crystalline HfO2 is grown on top of a Si
substrate and there is also a SiO2-like interfacial layer, it will
be easier to create vacancies in it as compared to in the bulk
hafnia. However, as in the amorphous HfO2 there are vacan-
cies with formation energies close to 1 eV lower than in the
crystalline phase, this tendency of creating oxygen vacancies
in the silica layer and at the same time healing oxygen va-
cancies in the HfO2 is weakened.

In the monoclinic phase, the formation of a neutral oxy-
gen vacancy introduces a new state in the band gaps situated
at 2.8 and 2.3 eV above the top of the valence band22 for
threefold and fourfold coordinated oxygen, respectively. In
the amorphous structure, the formation of neutral oxygen
vacancies introduce new states in the band gap within the
range between 1.61 and 2.53 eV above the top of the valence
band of the amorphous phase, with an average value of 2.19
eV. Thus, in general, the levels will be closer to the top of the
valence band than in the crystalline phase. Moreover, there is
no general trend that correlates either the value of the forma-
tion energy or the coordination number to the position of the
level.

Due to the interest in the silicate phase23 Hf1−xSixO2, we
have investigated �1� substitutional Si atoms, which would
be the limit of very small x and �2� three amorphous struc-

tures of Hf1−xSixO2 for x=0.25, x=0.375, and x=0.5. These
latter structures were generated in the following way: from
the HfO2 liquid phase at 5500 K, we have substituted a given
number of Hf atoms by Si, and then we quenched the system
as described before in the generation of the amorphous struc-
ture of HfO2.

For the substitutional Si, we have studied five distinct Hf
sites, which were obtained from the final structure of a-HfO2
by replacing Hf atoms by Si ones and then relaxing the
forces. Thus, no annealing was performed in these cases. It is
interesting to note that in four of the final relaxed structures
the Si atoms became fourfold coordinated, even though the
Hf atom had initially six nearest neighbors. In the other
structure, the Si was fivefold coordinated, similar to what
was observed24 before in Si-rich Hf1−xSixO2 structures, albeit
these latter systems were not amorphous. All of the final
Si-O distances in the fourfold coordinated Si are within the
range of 1.60–1.70 Å, whereas in the fivefold coordinated
case they are within the range of 1.72–1.83 Å, as can be
seen in Table II.

In Tables III and IV, we present an analysis of the coor-
dination numbers of Si and Hf, respectively, for the three
Hf1−xSixO2 amorphous structures. We have not observed any
tendency of phase separation during the quenching, even
though most likely it was too fast to be able to allow the
necessary atomic migration. Most of the Si atoms end up
tetracoordinated, but in all cases we have a significant frac-
tion of pentacoordinated atoms. For x=0.25, we have even
observed one Si atom that had six oxygen neighbors, even
though one of the Si-O distances was quite large �1.98 Å�.
As the concentration x increases, the number of tetracoordi-
nated Si atoms increases. The average Si-O distances in this
case remains close to 1.6 Å, similar to in SiO2. This is
smaller than what is obtained for crystalline Hf1−xSixO2 for
similar concentrations,25 indicating that in the amorphous

TABLE I. Distances between the oxygen atoms where the va-
cancies will be created �labeled V1–V9� and their Hf nearest neigh-
bor atoms �in Å�. The coordination number NV and the formation
energy Ef for each vacancy are also presented �eV�. In the last
column, we present the position of the doubly occupied vacancy
level in the gap relative to the top of the valence band in the amor-
phous phase �eV�.

Label d1 d2 d3 d4 NV Ef �vac

V1�a� 1.95 1.99 2.14 3 8.43 2.40

V2�a� 2.01 2.05 2.17 3 8.49 1.95

V3�a� 2.06 2.08 2.19 2.48 4 8.51 2.36

V4�a� 2.11 2.13 2.14 2.27 4 8.52 2.28

V5�a� 2.04 2.09 2.14 3 8.73 2.46

V6�a� 1.99 2.05 2 8.82 2.53

V7�a� 2.14 2.16 2.17 2.45 4 8.96 2.16

V8�a� 2.11 2.19 2.31 2.31 4 9.03 2.02

V9�a� 2.09 2.16 2.24 2.46 4 9.52 1.61

TABLE II. Distances between the Si atom and the O nearest
neighbor atoms �in Å�.

Label d1 d2 d3 d4 d5

SiHf
1 1.62 1.64 1.65 1.68

SiHf
2 1.64 1.65 1.68 1.69

SiHf
3 1.60 1.66 1.68 1.70

SiHf
4 1.63 1.64 1.67 1.69

SiHf
5 1.72 1.75 1.77 1.79 1.83

TABLE III. Fraction of Si with a given coordination of O atoms
�for a cutoff of 2.0 Å�. In the parentheses are the average Si-O
distances �in Å�, for the three Hf1−xSixO2 structures.

Hf1−xSixO2 Number of first nearest-neighbors

x 4 5 6

0.250 0.625�1.63� 0.250�1.76� 0.125�1.83�
0.375 0.917�1.64� 0.083�1.74�
0.500 0.875�1.64� 0.125�1.74�

TABLE IV. Fraction of Hf with a given coordination of O atoms
�for a cutoff of 2.8 Å�. In the parentheses are the average Hf-O
distances �in Å�, for the three Hf1−xSixO2 structures.

Hf1−xSixO2 Number of first nearest-neighbors

x 5 6 7 8

0.250 0.125�2.11� 0.250�2.11� 0.417�2.17� 0.208�2.22�
0.375 0.100�2.05� 0.500�2.10� 0.400�2.17�
0.500 0.353�2.06� 0.353�2.11� 0.176�2.19� 0.118�2.22�
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phase, these Si-O distances are better accommodated. In the
case of pentacoordinated Si, the average Si-O distances are
larger, between 1.7 and 1.8 Å.

For Hf atoms we observe that as x increases, there is a
tendency to decrease the average coordination. As opposed
to in a-HfO2, in the Hf1−xSixO2 structures we observe penta-
coordinated Hf atoms, which increase in number as the con-
tent of Si increases. In the a-HfO2, the majority of Hf atoms
have a coordination number of seven. However, in the
Hf1−xSixO2 structures this happens only for x=0.25, and
there is a shift toward hexa- and pentacoordinated Hf atoms
as x increases. The average Hf-O distances for both penta-
and hexacoordinated Hf atoms are 2.1 Å, whereas for hepta-
and octacoordinated this average distances are closer to
2.2 Å. Even though these results were obtained for only
three particular quenching ramps, we expect the trends to be
valid in general.

In summary, we have generated a model of amorphous

structures of HfO2 and Hf1−xSixO2 for x=0.25, 0.375, and 0.5
via a melt-and-quench scheme using AIMD calculations. We
have investigated oxygen vacancies in a-HfO2, and we have
found that there is an average decrease in their formation
energies when compared to the crystalline phase, which may
have important implications for the possible presence of va-
cancies in the HfO2 region when compared to the interfacial
SiO2 layer. This indicates that it will be very important to
investigate oxygen vacancies in the amorphous Hf1−xSixO2.
We also find that there is an increase in the number of four-
coordinated Si atoms in the amorphous Hf1−xSixO2 as x in-
creases, which may help to explain the different behaviors of
phase separation in these systems for distinct Si contents.24,26
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