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a b s t r a c t

Using first-principles calculations, we study the electronic structures of Pt/HfO2 interface in the presence
of oxygen vacancy. The energetics and charge transfer are examined when the oxygen vacancy is at var-
ious distances from the interface. It is found that the oxygen vacancy is strongly attracted to the interface
and the charge transfer decreases monotonically as the vacancy moves away from the interface, albeit the
amount of charge transfer is small. The charge transfer results in the decrease of the effective work func-
tion of Pt, consistent with the vacancy mechanism to explain the shift in the flat-band voltage.

� 2009 Published by Elsevier B.V.
1. Introduction

With the aggressive scaling of traditional metal–oxide–
semiconductor field effect transistor (MOSFET), the leakage current
through the gate stack becomes significant due to the quantum
tunneling. To cope with these problems, SiO2 used as gate insula-
tors is being replaced by high dielectric constant (high-k) oxide.
The tunneling current can be suppressed by increasing the physical
thickness of the gate oxide. Among various materials explored to
date, Hf-based high-k materials are considered to be most promis-
ing since they satisfy various technical requirements. However, the
replacement gate oxides gave rise to several technical problems
such as the degradation of carrier mobility, material stability under
annealing, and the depletion of poly-Si gates [1]. It has been known
that these problems can be overcome by switching the material for
gate electrodes from poly-Si to metals. This gate metals are chosen
such that the Fermi level is aligned near the conduction (valence)
edge of Si for n-type (p-type) MOSFETs. The metal/high-k gate
stack has many advantages such as higher physical thickness of
dielectric film, a good stability, and high electron mobility. In par-
ticular, the metal gates are known to overcome charge depletion
and the Fermi level pinning.

The introduction of high-k in combination with metal gates can
be marked as a most radical shift ever attempted by the semicon-
ductor industry. Consequently, there exist several issues to be
addressed to further improve the reliability of devices based on
high-k dielectrics. For instance, it has been observed that the flat-
band voltage (Vfb) shifts after post-deposition annealing [1–3]. This
Elsevier B.V.
is especially pronounced for metal gates with high work functions
used in p-type MOSFET. The Vfb shifts are interpreted as the change
in the work function of metal gates interfaced with high-k materi-
als. The electrically active oxygen vacancies are receiving most
attention among various origins for the Vfb shifts [1,4–9]. Although
the defect formation energies of the oxygen vacancies in HfO2 is
relatively high, they can be easily generated in actual devices with
the help of the oxidation of underlying silicon [4,7]. It was pro-
posed that the charge transfer between the oxygen vacancy and
metal electrode can cause a large shift in the band offset. In the
previous publication, we have shown that the oxygen vacancies
tend to segregate at the interface, in particular for the metals with
large work functions [10]. In this work, we provide detailed analy-
sis on the Pt/HfO2 interface with oxygen vacancies at various posi-
tions from the interface. As a previous literature on metal–oxide
interface, the interface between Mo and HfO2 was investigated in
Ref. [11]. In particular, the oxygen vacancy created in the form of
an extended Schottky pair was studied and a shift in the Fermi le-
vel was observed. Compared to this literature, the present study
will report on the systematic analysis on the energetics of the oxy-
gen vacancy in the various positions from the interface.
2. Computational methods and model system

We employ first-principles methods using Vienna Ab-initio
Simulation Package (VASP) throughout this work [12]. The energy
cutoff for a plane-wave expansion is chosen to be 500 eV and the
k-points are sampled on 5 � 5 � 1 meshes for Pt/HfO2 interfaces.
The projector-augmented-wave (PAW) pseudo-potentials [13] are
used to describe electron–ion interactions and the exchange–
correlation energies between electrons are described within the
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Fig. 1. (a) Unit cell of the model structure. The oxygen vacancy positions are noted
as 1–8. (b) Defect formation energy (DXf) of the oxygen vacancy in Pt/HfO2

interface with respect to the bulk value. The ‘‘relaxed” data is the energy with all
atomic positions are fully relaxed while ‘‘un-relaxed” data are obtained with atoms
fixed at the equilibrium positions for clean Pt/HfO2 interface (without oxygen
vacancy).
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local density approximation (LDA) [14]. The density of states is
smeared by Gaussian functions with a width of 0.02 eV. The atomic
positions are relaxed until the Hellmann–Feynman force on each
atom is reduced to within 0.02 eV/Å. This choice of computational
parameters ensures the convergence of structural parameters and
total energies within 0.01 Å and 10 meV/atom, respectively.

As a model system, we choose (1 � 1) unit cell of monoclinic-
HfO2 (0 0 1) surface interfaced with (2 � p3) unit cell of Pt metal
along (1 1 1) direction. It is noted that the monoclinic and amor-
phous HfO2 are similar in electronic structure and local bonding
configurations [15]. The calculated work function of Pt metal is
6.08 eV and therefore Pt metal represents the metal electrode used
in p-type MOSFET. The vacuum with a length of 12 Å is inserted be-
tween repeated metal–insulator slab models. To match the lateral
periodicity between HfO2 and Pt metal, the lattice parameters of Pt
are matched to those of HfO2 (5.020 � 5.120 Å2). This reflects the
experimental condition that metal electrodes are deposited on
top of grown HfO2 films. The lattice parameters of Pt are expanded
by 8.0% and �7.2% along x and y directions, respectively. The strain
effects are negligible as discussed in Ref. [10] with further details.

It is very difficult to find the ‘‘truly” stable structure for the low-
symmetry interfacial structure formed between metal and mono-
clinic-HfO2. To find a reasonable interfacial structure within our
computational resource, we use a systematic approach as follows;
the lateral unit area is divided into a 5 � 5 grid with �1 Å between
grid points. The lateral position of metal layers is shifted over the
grid points and relaxed subsequently. Among 25 relaxed struc-
tures, the one with the lowest total energy was chosen and oxygen
vacancies are introduced. The energy differences between 25 struc-
tures are 0.5 eV per unit supercell. In particular, the minimum-en-
ergy structure agrees very well with that in Ref. [16], where the
simulated annealing technique was used to optimize the interfacial
structure. The unit cell of model structure is shown in Fig. 1a.
3. Interface energetics in the presence of oxygen vacancy

Firstly, we investigate how the total energy changes as an oxy-
gen vacancy approaches the Pt/HfO2 interface. An oxygen vacancy
is introduced by removing a fourfold coordinated oxygen atom
from one of 1–8 sites in Fig. 1a. The formation energy is slightly
lower for a fourfold atom compared to the threefold coordinated
oxygen atom [17]. Before discussing the energetics, we validate
the vacancy density in our model system. Although there is no
experimental data on the density of the oxygen vacancy generated
from post-deposition annealing, theoretical analysis in Ref. [4]
indicates that it could be as high as 1020–1021 cm�3 for p metals.
Assuming that the thickness of HfO2 is 10 nm, this corresponds
to the areal vacancy density of 1–10 nm�2. If there exists one va-
cancy per (1 � 1) interface, the areal density is 4 nm�2, which is
within the theoretical range. Therefore, the supercell size in our
model is appropriate to study the effects of oxygen vacancies on
the interface between HfO2 and p metals, which is a primary inter-
est in this work. To inspect the effect of the supercell size, we also
calculated on the expanded model with the supercell length dou-
bled in one direction [from (1 � 1) to (1 � 2)]. It is found that the
defect formation energy (see below) of the oxygen vacancy close
to the interface increases only by 0.4%. Therefore, even if the va-
cancy density is smaller than our estimates by an order, it is ex-
pected that the main conclusions would not change.

Fig. 1b shows the defect formation energy with respect to the
bulk value DXf ¼ Xf �Xf ;bulk for Pt/HfO2 interface. For the purpose
of analysis, two types of calculations are shown separately. In ‘‘un-
relaxed” calculations, atomic positions are frozen at their equilib-
rium positions determined for the vacancy-free interface. In con-
trast, all atoms are allowed to optimize in ‘‘relaxed” results. For
both types of calculations, total energies remain almost constant
inside the slab but they drop sharply when the vacancy is right
next to the metal layers. On the other hand, when ions are allowed
to relax, the binding energies further increase by �2.0 eV due to
the formation of additional Pt–Hf bonds at the interface regions.
Such a strong binding of oxygen vacancy to the interface was
attributed to the change in the transition level (the position of
the Fermi level at which the charge state of the oxygen vacancy
changes) of the oxygen vacancy and formation of interfacial bond-
ing [10].

4. Charge transfer and band offset

The classical model of vacancy–metal interactions is based on
the electrostatic interaction between ionized vacancies and in-
duced image charges. To estimate the charge state of the oxygen
vacancy in our model systems, we calculate the charge difference
defined as Dq = q(Pt/HfO2) � q(Pt) � q(HfO2). In calculating the
charge density of separate systems, the atomic positions are frozen
to those in the interface structure. Fig. 2a shows Dq when the oxy-
gen vacancy is close to the metal layer (about 18 Å as marked by
the dashed line) while Fig. 2b shows the charge difference when
the oxygen vacancy is in the middle of the oxide slab. The overall
magnitude of charge difference in Fig. 2a is larger than that in
Fig. 2b. This indicates that the redistribution of electrons is more
significant when the vacancy is right to the metal layer. It is also
found that the charge redistribution in the metallic side is oscillat-
ing at small scale, which means that the density of free electrons is
perturbed up to �7 Å inside the metal layer.

The charge transfer around the vacancy in the middle of slab
(dashed circle in Fig. 2b) is rather small. The sign of the charge



Fig. 2. The charge difference for Pt/HfO2 interfaces: Dq = q(Pt/
HfO2) � q(Pt) � q(HfO2) (a) with oxygen vacancy at the position 1, (b) with oxygen
vacancy at the position 5 (see Fig. 1a). The vertical dashed lines indicate the position
of Pt and HfO2 layer closest to the interface.

Fig. 4. The layer-by-layer position of valence and conduction edges with respect to
the metal Fermi level. The dashed lines represent results for clean interface while
the solid lines are results for the vacancy at 5th layer of HfO2. This position is
indicated as a white disk at the top figure.
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transfer is negative and therefore a fraction of electron is trans-
ferred from HfO2 to Pt. The inspection of spatial distribution of
Dq around the vacancy site confirms that it is derived from the de-
fect level. This is because the defect level of the oxygen vacancy in
HfO2 is above the Fermi level of Pt before forming the interface. The
charge differences show a similar shape around defect region when
the vacancy position is 2–8. In Fig. 3, we calculate the amount of
charge transfer per unit interface cell for vacancy positions 1–8.
It is found that the charge transfer decreases monotonically as
the oxygen vacancy moves away from the interface; when the va-
cancy is on 1 and 2 sites near the interface, the charge difference is
about 0.1e but it decreases to 0.02e at the position 5. Even though
the charge transfer is small, the large lateral density results in a
significant change in the band offset as will shown in the below.
The oxygen vacancy is known to exist in five different charge states
from �2 to +2. In the present study, the charge state of the oxygen
vacancy is self-consistently determined through the charge trans-
fer between the metal and the oxygen vacancy. The small values
of the charge transfer in Fig. 3 imply that the oxygen vacancy is
close to the neutral state.
Fig. 3. The amount of charge transfer per unit interface cell when vacancies are at
various positions.
In order to investigate the band offset, we calculate the valence
band maximum (VBM) and conduction band minimum (CBM) with
respect to the Fermi level using partial density of states (PDOS) for
interfaces [18]. In Fig. 4, band edges are shown in a layer-by-layer
way. The dashed lines show the energy position of VBM and CBM
when there is no oxygen vacancy. From the figure, the conduction
band offset is 1.7 eV. On the other hand, the solid lines are results
with the oxygen vacancy at the position 5. It is found that the con-
duction band offset is now 1.1 eV. This means that the oxygen va-
cancy effectively lowers the work function of Pt by 0.6 eV. This is
consistent with the vacancy mechanism to explain the shift of
flat-band voltage after annealing [1]. We note that the layer-by-
layer position of VBM and CBM in Fig. 4 shows an interesting
behavior. That is to say, the band bending inside HfO2 slab is al-
most negligible. This is due to the small charge transfer and high
dielectric constant of HfO2. This also implies that the shift in the
band offset and effective work function is induced by the charge
redistribution right at the interface, rather than throughout the
HfO2 slab up to the vacancy site as implied in the typical schematic
model [1].

5. Conclusions

In summary, we have carried out first-principles calculations on
the Pt/HfO2 interface in the presence of the oxygen vacancy. We
analyzed the energetics and the charge transfer as the vacancy
moves inside the oxide slab. It was found that the oxygen vacancy
is strongly attracted to the interface and the charge transfer de-
creases monotonically as the vacancy moves away from the inter-
face, although the amount of charge transfer is rather small. This
charge transfer resulted in the decrease of the effective work func-
tion of Pt, consistent with the vacancy mechanism to explain the
shift in the flat-band voltage and the Fermi level pinning.
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