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First-principles calculations for ZrO2/Si interfaces are presented. Various model interfaces satisfying the
general bonding rules were considered. The interface formation energies were evaluated as a function of
oxygen potential, which shows the possibility of atomic control of the interface structure by altering the
chemical environment. The strain mode and interface structure effects on band offset were investigated. The
band offsets were found strongly dependent on the strain modes and interface structures. These results suggest
that in epitaxial growth of ZrO2 on Si for gate dielectric applications, the chemical environment should be well
controlled to get reproducible band offsets.
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I. INTRODUCTION

With the rapid downscaling of Si-based complementary
metal-oxide-semiconductor �CMOS� devices, the search for
a gate dielectric to replace Si dioxide in CMOS devices has
become an urgent task.1,2 Among many possible candidates,
group IV B metal oxides, HfO2 and ZrO2, have been studied
extensively3–7 and stand out as the leading contenders. How-
ever, the oxides of Hf and Zr with an amorphous interface
layer �SiO2 or metal silicate� will no longer be tolerable after
one or two generations because the interfacial layer limits the
minimum achievable equivalent oxide thickness �EOT�
value. Epitaxial crystalline metal oxide with atomically well-
defined interface with Si will be required. However, the
atomic structure of metal oxide and Si interface remains to
be understood, as epitaxial growth of Hf and Zr oxides on Si
is still a challenge. Recently, theoretical approach based on
the first-principles density functional theory �DFT� has been
used to study interfacial properties of metal oxide
dielectric/Si interface on atomic level.8–14 The general bond-
ing rules proposed by Robertson and Peacock10 are very in-
structive in understanding the atomic structure of oxide/Si
interfaces, and such rules have been tested for several model
interfaces of ZrO2/Si in free-standing mode,10 in which both
the oxide and Si were relaxed simultaneously in DFT calcu-
lations. Puthenkovilakam et al.12 studied the detailed atomic
and electronic structures of ZrO2/Si interfaces using first-
principles calculations. The valence band offset �VBO�
evaluated from their interface model agrees with their x-ray
photoelectron spectroscopy �XPS� experimental results
�3.65 eV�,15 which indicated that the conduction band offset
�CBO� is smaller than the critical value for high-k dielectric
applications. However, there have been other reported ex-
perimental values for the valence band offsets, e.g., 3.0 eV in
Ref. 7 and 3.2 eV in Ref. 16. Such variations indicate that
band offsets are deposition-process dependent. Thus, further
study is required in order to clarify the dependence of band
offset on interface structure.

In this work, atomic structure and electronic properties of
various ZrO2/Si interface models are studied. The stabilities
of these interfaces are compared to explore the possibility of
atomic control of interface structure by altering the chemical
environment �oxygen chemical potential�. The valence band
offsets for the various interface structures are calculated to
determine the dependence of band offset on interface struc-
tures, thus to provide information for band offset engineering
with these materials.

II. METHOD

DFT calculations were performed by using the Vienna
ab-initio simulation package �VASP�17,18 code and partially
checked by Cambridge sequential total energy package
�CASTEP�,19 with Vanderbilt ultrasoft pseudopotentials20

and the generalized gradient approximation �GGA�21 for the
exchange-correlation potential. Previous ab initio studies of
bulk zirconia22 and surface23 have shown that it is necessary
to include generalized gradient corrections in order to accu-
rately describe the bulk energy differences between the vari-
ous polytypes of ZrO2 and the surface energy of ZrO2. In
addition, GGA is more suitable to studies of interfaces which
represent a more inhomogeneous chemical environment. A
cutoff energy of 350 eV was used in the plane wave expan-
sion of electron wavefunction. For the primitive cell of bulk
tetragonal ZrO2 �t-ZrO2�, we used an 8�8�6 Monkhorst–
Pack k mesh, and for the �1�2� interface supercells
�3.858 Å�7.716 Å�35.000 Å�, an 8�4�1 k mesh. Elec-
tronic optimization was performed using a fairly robust mix-
ture of the blocked Davidson and the residual minimization
method-direct inversion in the iterative subspace �RMM-
DIIS� algorithm as implemented in VASP. Ionic relaxation
was performed using the conjugate gradient �CG� algorithm.
Density of states �DOS� were calculated with finer k meshes
using the tetrahedron method with Blöchl corrections as
implemented in VASP.
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III. BULK Si AND ZIRCONIA STRUCTURES

Zirconia has three polymorphs which are, in sequence of
stability from low to high temperature, monoclinic phase
�m-ZrO2�, tetragonal phase �t-ZrO2�, and cubic phase
�c-ZrO2�. Our calculation correctly reproduced the energetic
hierarchy among the three phases. The m-ZrO2 is favored
over t-ZrO2 by 77 meV/formula unit and over c-ZrO2 by
156 meV/formula unit, which are in excellent agreement
with other DFT calculations and the experimental results.22

Both c-ZrO2 and t-ZrO2 are suitable for epitaxial growth on
Si. In this study, t-ZrO2 is used as the building block. The
simple reason is that the phase transition from c-ZrO2 to
t-ZrO2 is barrierless when both are imposed by the tetragonal
symmetry. The unstrained crystalline structures are well re-
produced with a=5.456 Å for Si and a=3.650 Å, c /a
=1.449, dz=0.0512 for t-ZrO2, compared to the experimen-
tal values of a=5.45 Å for Si and a=3.64 Å, c /a=1.448,
dz=0.065 for t-ZrO2.24 These theoretical lattice constants
agree well with those of other DFT calculations.20,25 For the
epitaxial growth of t-ZrO2 on Si �001� substrate, the t-ZrO2
is in-plane strained with a� =aSi /�2=3.858 Å and the lattice
parameter c in the interface normal contracted to 5.200 Å
accordingly. A uniaxial strain along �001� will not change the
symmetry of t-ZrO2 �P42/nmc�, but it leads to two dramatic
changes in the band structure of t-ZrO2, as shown in Fig. 1.
One is the substantial reduction of the indirect band gap,
from 4.0 to 2.9 eV. The other is the disappearance of the
conduction band �CB� gap between Zr 4d �x2-y2 ,z2� and Zr
4d �xy ,yz .xz� states.

IV. INTERFACE STRUCTURES

For the interface structure of epitaxial t-ZrO2 �001� on Si
�001�, there are many possibilities even for abrupt interfaces.
We chose the interface structures based on the general bond-
ing rules for Si and ionic oxides interfaces, recently proposed
by Robertson and Peacock.10 The general bonding rules state
that: �1� terminate with faces with enough excess oxygen so
that the interfacial Si DBs are formally Si+ and empty, or �2�
terminate with excess metal so that the Si DBs are formally
Si− and filled. The rules set valence requirements for Si and
ionic interfaces. Such simple electron-counting arguments
aim to give insulating interfaces because a perfect interface
with no electronic defects and no midgap interface states is a
key criterion for high-k applications. Our detailed studies on
various ZrO2/Si model interfaces offer a test for such rules.
Both the unreconstructed Si surface and the 2�1 recon-
structed Si surface are considered as the growth templates.
The various interface structures are shown in Fig. 2. While
many other interface structures, such as that with a mixed
Si-Zr layer in Ref. 8, are possible, we consider only the
abrupt interfaces in this study. Some of the ZrO2 on unrecon-
structed Si surface structures �a, b, d, and e� are proposed by
Robertson and Peacock10 and structure f was proposed by
Puthenkovilakam et al.12 Structure a is an ideal Si:OOZrO
interface. Two adjacent Si dangling bonds are first saturated
by a bridge O. Then the closed OZrO shell is stacked above
it with the interface Zr standing on the shoulder of the two

bridging Os. To get structure b and c, we simply translate the
OZrO stacks in the interface plane. For b, interface Zr stands
on the head of the bridge O and for c, on the shoulder of two
interface Si atoms. The surface Si dangling bonds can also be
saturated by metal atoms, such as structures d and e. Such
silicide interfaces are expected to be metallic. We also con-
sider models formed by the t-ZrO2 and the 2�1 recon-
structed silicon surface structures. Structure f and h are such
structures with the dangling bond on each Si surface atom
first saturated by an O atom. Structure g, i, and j are three
interface structures with oxidized Si dimmer. All the five
structures �f, g, h, i, j� are O terminated �the surface Si are
saturated by O�. The Zr-terminated structures on the 2�1
reconstructed silicon surface are not considered because ear-
lier DFT calculations26 showed that the adsorbed Zr is ther-
modynamically unstable against the formation of bulk sili-
cide ZrSi2, which are technologically unfavorable.

The ZrO2-Si interfaces are modeled following a supercell
approach with repeated slab geometry. The slab includes
eight layers of Si, five layers of t-ZrO2, and at least 10 Å

FIG. 1. Band structures �a� and PDOS �b� for perfect t-ZrO2 and
in-plane strained t-ZrO2. Solid lines: perfect t-ZrO2; dotted lines:
in-plane strained t-ZrO2.
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vacuum. The bottom Si layer is saturated with two hydrogen
atoms per Si. The positions of the hydrogen atoms and the
last Si layer are fixed during relaxation. All the other atoms
are allowed to move to minimize the total energy without
any symmetry restriction. The prestrained t-ZrO2 ��2 a
=5.456 Å,c=5.200 Å� and unstrained Si were used as the
building blocks. In this case, the relaxations occur only in the
first two interface-neighboring �for t-ZrO2 also the surface�
layers.

V. ELECTRONIC STRUCTURES AT THE INTERFACE

The relaxed interface supercells were used to calculate the
total DOS and the projected density of states �PDOS� on
different atoms. Due to the large size of our supercells, a
nonselfconsistent calculation of DOS with much denser k
meshes follows a self-consistent total energy calculation with
fewer k points. Figure 3 shows the total DOS and PDOS on
different atoms residing in different layers for structure a. It

is clear that the PDOS for atoms residing in the middle layers
converge to their respective bulk characters. From the site-
projected DOS for the interface Si and Zr atoms for structure
a shown in Fig. 3, the absence of the interface induced mid-
gap state demonstrates semiconductor character of the inter-
face structure. Similar total DOS and PDOS have also been
obtained for structures b, g, h, i, and j, which all show semi-
conductor character. For structure c, because of the adjacent
Zr and Si atoms, there are interface states in the middle of Si
band gap �not shown here�. Subsequent energetic calcula-
tions show that this structure is unstable, and we will not
discuss it in detail. Structures d and e have silicidelike
bonds, and should be metallic although they satisfy the gen-
eral bonding rules. This was confirmed by the calculated
DOS and PDOS shown in Fig. 4. There is no band gap for
these two structures. For both structures, the PDOS for the
interface Zr atoms are metal-like. For d, the tetrahedral
bonds are satisfied for interface Si atoms, so the interfacial Si
DBs are nearly occupied, while for e, the interfacial Si DBs
are partially occupied. Our result for structure d is different
from that of Robertson and Peacock,10 where an insulating
interface with states in the middle gap has been found for
structure d. Such a difference may come from the different
Zr-Si bond length and angles in the interface when the in-
terface supercell relaxed using different strain modes. Our
results indicate that the general bonding rules are not appli-
cable for silicidelike Zr-Si interface bonds. That means ter-
mination of Si DBs with excess Zr cannot give an insulating
interface. The entire family of O-terminated interface struc-
tures, both on unreconstructed Si and 2�1 reconstructed Si
templates, satisfy the bonding rules, and yield insulating in-
terfaces. This is not surprising since the general bonding
rules, or electron counting arguments, are based on valence
requirements, and the metal bonds in the interface do not
obey such rules.

The PDOS of the O and Si atoms residing in the middle
layer of the respective material �referred to as bulk-O and
bulk-Si, respectively� in various structures are shown in Fig.
5. The valence band maxima �VBM� of Si PDOS have been
aligned at energy zero. We can see a rigid shift of the relative
energy position of O and Si, as shown in Fig. 5. This shift is
due to the change of the net interface dipole. In fact, such
PDOS has been used to calculate the valence band offsets
�VBOs� directly, a direct density of states analysis
technique.9 Because of the semiquantitative character of
PDOS �nonperfect determination of the VBM from PDOS�,
we prefer the standard “bulk-plus-lineup”27,28 procedures of
calculating VBO. Nevertheless, such a rigid shift in PDOS
indicates variation of valence band offsets between different
interface structures.

VI. INTERFACE ENERGETICS

The relative stability of an interface is given by its forma-
tion energy. The smaller the interface formation energy, the
more stable the interface structure. For the repeated slab
structure, the interface formation energy can be expressed as

Eform =
Etotal − �nEZrO2

+ mESi + Eother ± l�O�

A
, �1�

where Etotal is the DFT total energy of the interface supercell,
n and m are the numbers of Si and ZrO2 bulk units, respec-

FIG. 2. Model interfaces for t-ZrO2/Si, viewed in the �110�
plane �gray: Si; black: O; light: Zr�.
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tively, ESi and EZrO2
are the total energy per Si and ZrO2 bulk

unit, respectively, Eother includes the upper surface energy of
ZrO2 and the energy related to the H atoms, l is the number
of oxygen atoms added ��, for O-rich situation� or removed
��, for Zr-rich� to create the interface, �O is the chemical
potential of oxygen in the interface supercell, and A is the
basal area of the interface supercell. EZrO2

corresponds to the
in-plane strained t-ZrO2 bulk �in the same strain state as in
the slab�, so the calculated interface formation energy is vol-
ume independent.29 We used the DFT total energies instead
of the Gibbs free energies, since the vibrational entropy con-
tributions and enthalpy changes due to finite temperature are
almost the same for different structures and will not change
the relative stability of different structures significantly. For
the various repeat slab interface supercell structures being
considered, �nEZrO2

+mESi+Eother� is the same and can also
be counteracted when the relative interface energies are com-
pared. The key problem is to evaluate the chemical potential
of the added or subtracted O atoms. Here we utilized the
method which has been widely used to calculate the surface
energy of metal oxide.30–32 We assumed that Zr bulk and O2
gas reservoirs are in thermal equilibrium with the ZrO2 thin

film �if this is not the case, the ZrO2 thin film would either
grow or decompose�. This requires

2�O + �Zr = EZrO2
, �2�

where Ex and �x are the DFT total energies and chemical
potentials of particle x, respectively. By defining the forma-
tion enthalpy �by convention is negative� as

Hf = EZrO2
− �EO2

+ EZr� , �3�

where EO2
and EZr are the DFT total energies per oxygen

molecule and Zr atom in hcp-Zr bulk, respectively, we get

�2�O − EO2
� + ��Zr − EZr� = Hf . �4�

Because of the simple fact that the chemical potential for
each element cannot be above that of the bulk �or gas� ele-
ment phase,33 �O is allowed to vary over the range

1
2 �EO2

+ Hf� � �O �
1
2EO2

. �5�

Once the bound for the chemical potential of oxygen has
been found, the interface formation energy can be expressed
as a function of �O, as in Eq. �1�. In the following calcula-

FIG. 3. Total DOS �a� and PDOS of Si �b�, Zr �c�, and O �d� for structure a. The energy of the valance band maximum is set to zero.
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tion, all energies and chemical potentials are referenced to
1
2EO2

.
Following the approach outlined above, we first calcu-

lated the relative interface formation energies for the ten in-
terface structures as a function of oxygen chemical potential,
with respect to the stoichiometric structure f. Then the abso-
lute formation energy of structure f was determined to be
0.079 eV/Å,2 using the supercell structure without vacuum.
Finally, the absolute formation energies of the various struc-
tures as a function of �O are shown in Fig. 6. The dashed
lines are for unreconstructed Si surface template, while the
solid lines for the 2�1 reconstructed Si surface template.
The left and right boundaries of Fig. 6 correspond to the
limiting cases of metallic zirconium and molecular oxygen,
respectively. The most important features of Fig. 6 are: �i�
Among all the interface structures, structure b seems to be
the most stable one except in the very low O chemical po-
tential region. So this structure is most possible for our high-
resolution transmission electron microscopy �HRTEM�
image;4 �ii� the Zr-terminated interface structures only exist
in very low oxygen partial pressure; �iii� for the recon-
structed template, the most stable structure is O chemical

potential dependent, with the increase of �O, the most stable
structure is structure f, g, and j by sequence; and �iv� the
Si-dimer position are easier to be attacked by O for structure
f compared to h. Structure g, the Si-dimer-oxidized variant
of structure f, is more stable than f in most region of �O;
while structure h and its Si-dimer-oxidized variant i have
almost the same average formation energy in the allowed O
chemical potential region. The formation energies of the
various interfaces at their respective most favored growth
conditions �the limiting cases of metallic zirconium for
metal-rich interfaces and molecular oxygen for oxygen-rich
interfaces� are also shown in Table III, which are comparable
to the results obtained by Fiorentini and Gulleri8 using the
Si-epi structure ZrO2 bulk to build the interfaces.

From the above analysis, we can determine the equilib-
rium composition and geometry of an interface structure in
contact with a given chemical environment �O chemical po-
tential� from the thermodynamics point of view, which pro-
vides the possibility of the atomic-scale control of the inter-

FIG. 4. Total DOS and PDOS for structure d �a� and e �b�. The
zero energy is at the Fermi level.

FIG. 5. PDOS of bulk-Si and bulk-O atoms for the various
structures �solid lines: Si; dotted lines: O�. The zero energies are
aligned at the Si VBMs.

FIG. 6. Interface formation energies �Eform� of the various struc-
tures as a function of oxygen chemical potential ��O�.
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face structure by altering the chemical environment.
However, we should caution that the above discussion is
based only on thermodynamic arguments. The real situation
in epitaxial thin film growth is more complicated where ki-
netic effects also play an important role. Nevertheless our
calculated interface formation energy dependence on O
chemical potential does offer the possibility of the atomic-
scale control of the interface structure.

VII. BAND OFFSETS

For high-k applications, the conduction band offset be-
tween the high-k dielectric material and Si should be large
enough ��1.0 eV� to give an accessible low leakage current.
Given the experimental band gap difference �Eg for dielec-
tric material and Si, the relation between CBO and VBO can
be expressed by

CBO + VBO = �Eg. �6�

Because of the band gap error in GGA, we will focus on the
DFT calculation of VBO and the CBO then can be found
using formula �6� with �Eg of 4.7 eV �1.1 eV for Si and
5.8 eV for ZrO2�. Based on our calculation, in-plane tensile
strain has the tendency to decrease the band gap value of
t-ZrO2. However, there are no experimental results for the
band gap of strained t-ZrO2.

The interface valence band offsets are evaluated by using
the standard bulk-plus-lineup27,28 procedure, where the VBO
is usually split into two terms

VBO = �EV + �V . �7�

The first term is referred as the band structure term. It is
defined as the energy difference of the valence band edges as
obtained from two independent bulk calculations. The quasi-
particle corrections to the bulk valence-band edges at the
GW level are essential because the corrections are substantial
for oxides and cannot counteract between Si and oxides.34–36

Same as in Ref. 8, we apply an overall correction of 1.08 eV
to all the Si-ZrO2 interface structures, with 0.15 eV for Si33

and 1.23 eV for ZrO2.35 This correction to the DFT-GGA
band offset is necessary in order to compare the calculated
values with experimental results. The second term in Eq. �7�
is the lineup of the average of the electrostatic potential
through the interface, which can be obtained using the
double-macroscopic average technique.28,37 As such macro-
scopic quantity summarizes all the intrinsic interface
effects,37,38 the change of the chemical composition in the
interface �interface structures� can modify this term; we will
discuss this in detail in Sec. VII B. The only assumption used
in this bulk-plus-lineup procedure is that for one specified
constituent such as Si or ZrO2, the energy difference between
the VBM and macroscopic electrostatic potential is kept con-
stant in bulk and interface. This assumption has been vali-
dated by XPS measurement for SrTiO3 on Si
heterostructure,39 where the core levels �which are very like
electrostatic potential here in spirit38� are used to lineup the
band structures. The band bending at the interface is negli-
gible, because its length scale, of the order of Debye length,

can be as long as several thousands angstroms in low doped
semiconductor.38

In band-offset engineering �modifying the band disconti-
nuity at semiconductor heterojunctions�, the structural �i.e.,
of uniaxial deformation and/or lattice distortions.� and
chemical effects �i.e., of different interface chemical compo-
sitions� have been studied for isovalent and heterovalent
lattice-mismatched interfaces.26,35 As for the structural ef-
fects few works have been done for the crystalline metal
oxide on Si structures, while lattice mismatch is the case for
most crystalline metal oxide on Si structures. The lattice mis-
match between t-ZrO2 and Si is as high as 6%. As for the
chemical effects, the band offsets can be engineered by con-
trolling the interface chemical structures, as proved recently
in epitaxial-SrTiO3/Si interfaces.11 But for the epitaxial-
ZrO2/Si interfaces, detailed study is needed.

A. Strain mode effects on band offsets

To study the structural effects on band offsets, we used
two modes, free-standing mode and Si-substrate mode, to
relax the interface supercell structures. Here we used 1�1
supercell geometry, with nine layers of Si, five layers of
t-ZrO2, and no vacuum. In the free-standing mode calcula-
tion, all the three lattice parameters and atom positions are
allowed to relax to minimize the DFT total energy. In this
way, both ZrO2 and Si are strained with ZrO2 being com-
pressed and Si elongated in the direction perpendicular to the
interface. This is similar to the structure of a superlattice
consisting of alternating thin Si and ZrO2 layers. For the
Si-substrate mode, the lateral lattice parameter is set to the
theoretical value of bulk Si �aSi /�2=3.858 Å�. The pre-
strained t -ZrO2 was used as the building block. Internal co-
ordinations and vertical cell size are optimized to get the
ground state. This mimics the situation of epitaxial growth of
ZrO2 thin film on thick Si substrate, where the strain only
resides in ZrO2 thin film. To demonstrate the strain mode
effects on band offsets, structure a and e are relaxed in two
modes separately.

Table I shows the values of EV, the energies for the high-
est occupied VBM states measured relative to the respective
average of electrostatic potential, for ZrO2 and Si bulk under
different strain conditions. We note that the uniaxial strain

TABLE I. Values of parallel, perpendicular lattice parameters
and EV for Si and t-ZrO2 under different strain conditions. �For an
easier comparison, Si lattice parameters are given in the notation of
t-ZrO2 structure.�

System a� �Å� a� �Å� EV �eV�

3.858 5.456 4.83

Si 3.659 5.656 5.75

3.674 5.640 5.67

3.650 5.289 1.70

t-ZrO2 3.858 5.200 1.58

3.659 5.284 1.69

3.674 5.276 1.66
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along �001� raises the value of EV of Si dramatically
��0.9 eV� but the in-plane tensile strain only changes the
value of EV of t-ZrO2 slightly ��0.1 eV�, which reflects the
insensitivity of the highest occupied molecular orbital
�HOMO� nonbonded oxygen p states. Since the VBO com-
ponents from the ZrO2 bulk change little with the strain
states of ZrO2, it is likely that a loss of pseudomorphicity of
the oxide film does not change too much the VBO, whereas
the strain state in the Si side contributes to most of the
changes in VBO. Figure 7 shows the planar and double mac-
roscopic average of the electrostatic potential �ESP� for
structure a in free-standing mode, and Si-substrate mode,
respectively. The lineup �V is the difference between the
double macroscopic averaged potentials residing in Si and
ZrO2 bulklike regions, respectively. The values of �EV, �V,
and VBO �with and without GW correction� are summarized
in Table II for structures a and e under the two strain modes.
The main conclusions that can be drawn from Table II are: �i�
the band structure term �EV has a noticeable variation under
different strain modes, which is mainly due to the dramatic
raise of EV of strained Si; �ii� the strain mode effect on po-
tential lineup is interface-structure dependent which is sup-
posed to be related to the change of net dipole at the inter-
face; �iii� for a given interface structure, the variation of the
VBO with the strain modes are substantial; and �iv� with GW
corrections, the VBOs from Si-substrate mode is closer to the

experimental value �3.0–3.6 eV�, which is reasonable be-
cause Si-substrate mode is the situation for experimental thin
film growth.7,15,16 By comparison, our VBOs without GW
corrections for the free-standing mode are slightly higher
than but close to the values reported by Robertson and
Peacock,10 who used a direct PDOS analysis technique.
From the above analysis, we can see that it is not appropriate
to compare the band offsets obtained from the free standing
mode with the experiment results as the x-ray photoelectron
measurements for valence band offsets were made on high-k
dielectric thin films grown on unstrained Si substrate. In Sec.
VII B, band offsets for various interface structures in Si-
substrate mode were calculated and compared to the experi-
mental values.

B. Interface structure effects on band offsets

As mentioned earlier, the interface structure or interface
chemical composition can modify the lineup of VBO, which
has been demonstrated in many semiconductor
heterostructures.28 To obtain the potential lineup for the dif-
ferent interface morphologies described in Sec. II, we per-
formed calculations using the repeated slab supercell. All
supercell structures are relaxed in Si-substrate mode men-
tioned above. The planar average and double macroscopic
average of the ESP for structure a with repeated slab super-
cell is as shown in Fig. 8. The calculated values of �V are
summarized in Table III for all the ten interface structures.
From the virtual gap state �VGS� model �in this model, the
VBO is interface structure independent�, Robertson40 ob-
tained the VBO for ZrO2/Si heterostructures of 3.1 eV. Such
VGS value plus the contribution from the interface net dipole
gives the VBO in real situation. Our calculated VBOs is
higher �lower� than such VGS value �3.1 eV� as the positive
�negative� interface dipole effects have been included auto-
matically in the bulk-plus-lineup procedure. Puthenk-
ovilakam et al.12 obtained the VBO of 3.89 eV for structure
f, in reasonable agreement with our result of 3.74 eV.

FIG. 7. Planar �solid line� and macroscopic average �dotted line�
of ESP for structure a in Si-substrate mode �a� and free-standing
mode �b�, respectively. �V is the lineup.

TABLE II. VBO for structure a and e in two strain modes:
Si-substrate �SS� and free-standing �FS� modes.

Structure a-SS e-SS a-FS e-FS

a� �Å� 3.858 3.858 3.659 3.674

�EV �eV� 3.25 3.25 4.06 4.01

�V �eV� −1.37 −0.93 −0.74 −0.92

VBO �eV� 1.88 2.32 3.32 3.05

+GW �eV� 2.96 3.40 4.40 4.13

FIG. 8. Planar �solid line� and macroscopic average �dotted line�
of ESP for structure a in repeated slab supercell. �V stands for the
lineup.
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It is clear from Table III that the valence band offset is
strongly dependent on the interface structure or the interface
chemical composition strongly modifies the lineup term of
VBO, as the case in CaF2/Si heterostructures.41 The varia-
tion of the band offset between different structures is suppos-
edly due to the change of interface net dipole. As shown in
Fig. 5, the change of the interface dipole forces a rigid shift
of the energy position of the materials on both sides of the
interface. In Table III, the relative stable structures have been
highlighted with bold characters. Even for these structures,
the difference is as large as 2.5 eV. Such large variations
with interface structures bring some technological difficul-
ties, that is, the chemical environment should be well con-
trolled to achieve reproducible band offset. Such a conclu-
sion drawn from the model interfaces relaxed in the Si-
substrate mode is different from that in the free-standing
mode, where a relatively constant band offset has been found
for O-terminated models.10 As we have shown, such differ-
ences can be due to two effects: the structural �uniaxial de-
formation� and chemical �interface chemical composition�
effects. The former affects both the bulk and lineup terms of
band offsets, while the latter only affects the lineup term.
Our results can offer some explanation for the different ex-
perimental results which vary from 3.0 to 3.6 eV. This dif-

ference may be due to different interface structures. How-
ever, it is difficult to make quantitative comparison directly
because the samples used in the experiments7,15,16 are inho-
mogeneous and far from perfect epitaxial crystal ZrO2 on Si
structure.

VIII. SUMMARY

The atomic and electronic structures of various ZrO2/Si
model interfaces have been studied using first-principles
DFT calculations. The general bonding rules have been
tested for our structures in Si-substrate mode, and it was
found that such rules are not followed by metal-terminated
interfaces where the silicidelike bonds give a metallic inter-
face, which was not always the case in free-standing mode.10

The interface energetics analysis was carried out to compare
the relative stability of interface structures. The result shows
that the stable interface structure is oxygen chemical poten-
tial dependent, which provides the possibility of atomic-level
control on interface structure by altering the chemical envi-
ronment. The calculated band offset reveals crucial sensitiv-
ity to the interface structures. The chemical environment
should be well controlled to achieve desired band offset.
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