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The Schottky barrier heights (SBH) for a-Al,03(0001)/Ni(111) interfaces have been examined using the first-principles pseudopotential
method, and compared with our previous results of Al,03(0001)/Cu(111) interfaces. Configurations with different rigid-body translations
parallel to the interface for both the O-terminated and Al-terminated interfaces are examined to clarify the influence of the microscopic
interfacial structure on the SBH. The averaged p-type value of the O-terminated interfaces is smaller than that of the Al-terminated interfaces,
similar to the Al,O3/Cu interfaces, although the variation within each type of interface stoichiometry is also substantial. This indicates that the
SBH depends on both the interface stoichiometry and the configuration, in contradiction with the conventional models, which can be explained

by the different interface dipole associated with the charge transfer and configuration of each interface.
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1. Introduction

Alumina/metal interfaces are of great importance in many
technological applications, such as electronic devices, elec-
trodes in fuel cells, gas sensors, heterogeneous catalysts,
thermal barrier coatings, and nano-composites. Since two
solids of quite different bonding characters are brought
together, it is of fundamental interest to investigate the
adhesion and various properties of abrupt alumina/metal
interfaces. There have been many experimental'™ and
theoretical studies*'" on their adhesion and atomic struc-
tures. However, there have been only few studies on the
electronic properties of alumina/metal interfaces. The
Schottky-barries height (SBH) is one of the typical electronic
properties of semiconductor (insulator)/metal interfaces. The
understanding of the SBH at insulating oxide/metal inter-
faces should be crucial in selecting an insulator for the device
application, where sufficiently large SBH values are neces-
sary so as to reduce the gate leakage current caused by the
direct tunneling of electrons. Compared with semiconductor/
metal interfaces,'” systematic investigation of the SBH of
such oxide/metal interfaces are rare.!3-17

In this paper, we deal with the SBH of the Al,03(0001)/
Ni(111) interface, and examine the effects of interface
stoichiometry. It is easy to construct O-rich (O-terminated),
stoichiometric (Al-terminated), and Al-rich (double Al-layer-
terminated) Al,03(0001)/metal interfaces by changing the
interface atomic plane of the Al,03(0001) surface. Zhang
and co-workers> have examined the relative stability among
the three kinds of Al,O3(0001)/Ni(111) interfaces with
different stoichiometry via free-energy calculations as func-
tions of the activity of Al and the O partial pressure, and
concluded that either Al-terminated (stoichiometric) or O-
terminated (O-rich) interface should exist within usual
experimental conditions. In our preceding papers,'®!) we
have performed detailed analysis of the atomic structure and
bonding nature of both the O-terminated and Al-terminated
Al,O3(0001)/Ni(111) interfaces for different rigid-body
translations (RBT), and made a comparison with the

Al,03(0001)/Cu(111) interfaces.>® The O-terminated in-
terfaces have very strong Ni-O bonds with strong ionic and
Ni-3d/O-2p hybridization interactions, and the adhesion of
the Al-terminated interfaces is explained mainly by weak
image-like electrostatic and Ni-Al hybridization interactions,
similarly to the Al,03(0001)/Cu(111) interfaces, although
Ni-O or Ni-Al interactions seem to be stronger than Cu-O or
Cu-Al ones. Because the SBH should depend on the
interfacial bonding nature or electronic structure, it is of
great interest to examine the effects of interface stoichiom-
etry on the SBH, as well as the effects of atomic config-
urations through the comparison among the configurations
with different RBT. In this paper, we also examine the effects
of metallic species on the SBH through the comparison with
the Al,03/Cu interfaces.”

About the conventional models for the mechanism of the
SBH of semiconductor/metal interfaces, the Schottky mod-
el'® explains the SBH by the relation between the work
functions of the two materials, although the work function of
each material is not so exactly defined. Experimentally, the
Fermi-level pinning to some specific state in the band gap is
often observed. The MIGS-CNL model'*2" explains the
pinning by the charge-neutrality level (CNL) in the metal-
induced gap states (MIGS), which is considered to be
intrinsic to each semiconductor. Both the Schottky and
MIGS-CNL models deny the dependence of the SBH on the
interface structure. However, the experimentalzz) and ab
initio studies?>*® on the SBH of the NiSi»(111)/Si interface
showed that the SBH really depends on the interface structure
through the different interface dipole. In our previous ab
initio calculations of Si-terminated and C-terminated inter-
faces of the SiC(001)/metal and SiC(111)/metal interfa-
ces,” 2% the SBH also strongly depends on the interface
termination, which is inconsistent with the above conven-
tional models. There is a tendency that the C-terminated
interfaces with the electron transfer from metal to SiC
generally have lower p-type SBH values, caused by the
interface dipole lowering the electrostatic potential of the
metal side, although the interface plane and metal species
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also have effects on the SBH values. This tendency is
consistent with the experiments.?” It is of great scientific
interest to examine the applicability of the conventional
models of the SBH to insulating oxide/metal interfaces.

2. Theoretical Method and Supercell Model

We use the plane-wave pseudopotential method based on
the density functional theory (DFT) within the local density
approximation (LDA).>? Optimized norm-conserving pseu-
dopotentials®" are used with a plane-wave cut-off energy of
120 Ry, which is large enough for the present system. The
electronic ground state is obtained via the efficiently-
parallelized code®? using the ‘residual minimization/direct
inversion in the iterative subspace’ (RMM-DIIS) method333%
coupled with the efficient charge-mixing scheme.’> The
nonlinear partial core correction is included for the pseudo-
potential of Ni.*® Four and nine sampling k-points within the
irreducible Brillouin zone of the present supercell are used
for self-consistent calculations and for calculations of local
density of states (LDOS), respectively.

The lattice constant of Al,O3(0001) calculated by the
present scheme is about 9.632% larger than that of Ni(111),
which agrees well with the experimental misfit 9.488%.> We
deal with coherent (1 x 1) Al,03(0001)/Ni(111) interfaces,
where Ni layers are expanded along the interface. We
examine three models with different RBT, namely, O-site,
hollow-site (H-site) and Al-site models, where the Ni atom is
located above the O, hollow and Al sites of the Al,O3(0001)
surface, respectively. These configurations correspond to
those of local commensurate regions observed at incoherent
interfaces with substantial mismatch.”*” The supercell is
constructed by alternate stacking of an Al;03(0001) slab and
a Ni(111) slab without vacuum regions. The Al,O; slab
contains four O atomic layers and eight Al atomic layers for
the Al-terminated (stoichiometric) case or six Al atomic
layers for the O-terminated case, and the Ni(111) slab
contains five atomic layers for the O-site and H-site models
or seven atomic layers for the Al-site model to attain periodic
fcc stacking. The stable interface configuration is determined
through the total-energy minimization by iterating the
relaxation for different supercell lengths in the direction
normal to the interface. In each relaxation step, the force
convergence is 0.05 eV/A and the C3; symmetric property is
preserved, which keeps the two interfaces in the supercell
identical to each other.

The LDOS is calculated by integrating the wave function
of each eigenstate for respective regions between successive
(0001) or (111) atomic layers in the supercell. The p-type
SBH is defined by the difference between the metal Fermi
level and the valence-band top (VBT) of a bulk Al,O3 region
in the LDOS.>?® The VBT of the bulk Al,O; region is
determined as compared with the DOS of the Al,O; crystal.
The n-type value of the SBH is determined by subtracting the
p-type value from the bulk Al,O3 band gap, for which the
experimental value of 8.8 eV3¥ should be used in stead of the
present DFT-LDA value of 6.88eV. In the analysis, the
interface charge transfer is defined by the integration of
dn(z) = n(z) — ns(z),>> where n(z) is the planar averaged
charge density in a plane at z and n,(z) is the superposition of
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Table 1 Calculated interface distance (D), charge transfer (én) and p-type
Schottky-barrier height (SBH) of each model for the O-terminated and Al-
terminated Al,O3(0001)/Ni(111) interfaces. én is positive if electrons are
transferred from the metal to the oxide. The interface dipole is estimated
by the charge transfer value times the interface distance so as to analyze
the SBH values. Previous results of the Al,03(0001)/Cu(111) are also
listed.

D on én x d SBH
A @ (e x A) V)
Al,03(0001)/Ni(111) interface
O-TERM, O-site 1.786 0.414 0.741 1.848
H-site 1.338 0.383 0.513 3.223
Al-site 1.349 0.394 0.533 3.273
AI-TERM, O-site 1.609 —0.256 —0.412 3.798
H-site 1.989 —0.139 —-0.277 2.698
Al-site 1.714 —0.203 —0.348 3.248
Al;,03(0001)/Cu(111) interface”
O-TERM, O-site 1.830 0.43 0.833 1.20
H-site 1.366 0.61 0.787 2.12
AI-TERM, O-site 1.827 —0.18 —0.329 3.59
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Fig. 1 Local densities of states for the three models of the O-terminated

Al O3(0001)/Ni(111) interface. ‘INT’ and ‘Al,O3" mark the Ni-O
interlayer at the interfacial region and the central Al-O interlayer of the
bulk Al,O3 region, respectively. The vertical line represents the Fermi
level.

the planar averaged surface charge densities of separate
surface systems.

3. Results and Discussions

Results of the stable configurations and bonding nature are
given in Refs. 10) and 11). In this paper, we concentrate on
the SBH results. Table 1 lists the interfacial distances, charge
transfer and p-type SBH values for all the interfaces. The
p-type SBH value is obtained through the analysis of the
LDOS’s as shown in Figs. 1 and 2. There is no band
bending in the present supercell because of no doping and
zero-temperature. Of course, it is desirable that the size of the
supercell should be enough large so as to prevent the effects
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Fig. 2 Local densities of states for the three models of the Al-terminated
Al,03(0001)/Ni(111) interface. ‘INT’ and °‘Al,O3” mark the Ni-Al
interlayer at the interfacial region and the central Al-O interlayer of the
bulk Al,O3 region, respectively. The vertical line represents the Fermi
level.

of the interface on the bulk Al,O3; region. In Table 1,
dramatically different SBH values for respective interfaces
indicate that the SBH does depend on the interface-specific
features, in contrast to the conventional models'®-2" to deny
such dependence. The averaged p-type value of the O-
terminated interfaces is lower than that of the Al-terminated
interfaces, although there is a rather large variation among
the three models for each type of interface stoichiometry. The
reason of the lower averaged p-type value of the O-
terminated interfaces can be understood by quite different
charge transfer for the two types of interfaces, namely from
Ni to Al, O3 for the O-terminated ones and from Al,O5 to Ni
for the Al-terminated ones,'” resulting in the opposite
interface dipoles. This tendency is similar to the relation
between the C-terminated and Si-terminated SiC/metal
interfaces.>>2%)

For the O-terminated interfaces, where the bonding nature
is explained as strong ionic and Ni-3d/O-2p hybridization
interactions,'? the Al-site and H-site models with three-
coordinated Ni-O bonds'" have similar SBH values to each
other, and the O-site model with Ni-O dimmer bonds!" has
the lowest SBH value. This feature is consistent with the
values of the interface charge transfer. More directly,
estimated values of the interface dipole listed in Table 1
can well explain the SBH results. The dipole for the O-site
model is enlarged by both the largest charge transfer value
and the largest interface distance. The larger interface dipole
causes the lower p-type SBH value for the O-terminated
interface, because the dipole by the electron transfer from Ni
to Al,O3 lowers the potential in the Ni side relatively. About
the comparison between the H-site and Al-site models, the
relation between the dipole and the SBH does not obey the
above rule strictly, although the difference between the two
models is rather small. For the O-terminated Al,O3;/Cu
interfaces,” the charge transfer is larger for the H-site model,
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although the total dipole is larger for the O-site model by the
larger interface distance, resulting in the lowest p-type SBH
for the O-site model.

For the Al-terminated interfaces, where the bonding is
caused by weak image-like electrostatic and Ni-Al hybrid-
ization interactions,'" the H-site model has the lowest p-type
value and the O-site model has the highest one. Both the
charge transfer and the estimated interface dipole are the
largest (in the absolute values) for the O-site model, and the
smallest for the H-site model. The larger dipole (in the
absolute value) causes the higher p-type SBH value for the
Al-terminated interfaces, because the dipole by the electron
transfer from Al,O3 to Ni!V raises the potential of the Ni side
relatively. Interestingly, Goniakowski et al.' reported that,
for the non-polar MgO(001)/metal interfaces, the O-site
model with the smaller interfacial distance has the higher p-
type SBH than the Mg-site model. This agrees with the
relation between the p-type SBH and the interfacial distance
among the three models of the present Al-terminated
interfaces.

About the comparison between the Al,O3/Ni and Al,O3/
Cu interfaces, the p-type SBH value of the former system is
higher than that of the latter system for each interface
stoichiometry and RBT in Table 1. This relation is in
contradiction with the conventional Schottky model, because
the work function of Ni(111) is larger than that of Cu(111) as
5.35eV vs. 4.94 eV experimentally*® and 5.77 eV vs. 5.30eV
theoretically.* It is quite interesting that the relation
between the SBH values of the Al,O3;/Ni and Al,O3;/Cu
interfaces can be also explained by the estimated interface
dipoles in Table 1. For the O-site and H-site models of the O-
terminated Al,O3/Ni and Al,O;/Cu interfaces, the higher
SBH values of the Al,O3/Ni interfaces (1.848 and 3.223 eV)
are consistent with the smaller dipole values (0.741 and
0.513) than those of the Al,O3/Cu interfaces. Similarly, the
higher SBH value of the O-site model of the Al-terminated
Al,O3/Ni interface is consistent with the larger (absolute)
dipole value (—0.412) than that of the Al,O3;/Cu interface
(—0.329). About the H-site models of the O-terminated
Al,O3/Ni and Al,O3/Cu interfaces, the difference between
the SBH values is fairly large (1.103 eV). This is caused by
the quite large interface dipole (0.787) of the Al,O03/Cu
interface associated with large interface charge transfer
(0.61 e). In the O-terminated Al,O3/Cu interfaces, the H-site
model has larger charge transfer than that of the O-site model
(0.43e), which is quite different from the O-terminated
Al,O3/Ni interfaces.

It is clear that the SBH of the Al O3/Ni system depends on
both the interface stoichiometry and the configuration. The
variation in the O-terminated interfaces is 1.425¢eV, that in
the Al-terminated interfaces is 1.1 eV, and that among all the
models is 1.95eV. As analyzed above, the relation between
the O-terminated and Al-terminated interfaces, and the
relation among the three models with each type of interface
stoichiometry can be well explained by the interface dipole
associated with the interface charge transfer and configu-
ration, although the value of the interface dipole is only
qualitative in the present analysis. It is quite interesting that
the relation between the Al,O3/Ni and Al,O3/Cu interfaces
is also consistent with the relation of the interface dipole. In
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this way, the present results support our view of the SBH
mechanism?~?® dominated by the two factors, first the
interface dipole dependent on the interface structure, and
second the intrinsic relation of the band structures of the two
materials, as the band discontinuity at semiconductor
heterojunctions.*” Our view is consistent with a recent
model*® emphasizing the role of the electric dipole associ-
ated with interface bonds.

However, if we consider the limit of a negligible interface
dipole for the O-terminated and Al-terminated Al,O3/Ni
systems, there occurs a problem. From Table 1, the SBH
value with a negligible dipole for the O-terminated interface
should be larger than 3.273 eV, and that for the Al-terminated
one should be less than 2.698 eV. These two limits do not
coincide with each other. This indicates that the SBH is
determined not only by the above two factors but also by the
other factors concerning interface atomic and electronic
structure quantitatively.

Experimental studies of the SBH of the Al,O3;/Ni or
Al,O5/Cu interfaces are rare. For the interfaces of Ni and Cu
with thin Al,O; layers by atomic layer chemical vapor
deposition, internal electron photoemission measurements
have given the n-type SBH of 3.5 and 3.6 eV, respectively.*¥
This indicates that the p-type values of the Al,Os/Ni and
Al,O3/Cu interfaces are 2.7 and 2.6 eV, respectively, using
the Al,O3; band gap of 6.2eV observed for the samples. It
seems that structural disorder or occurrence of y-phase
greatly reduce the band-gap value of Al,03.%49 Using the
same experimental method, DiMaria*” also obtained a
similar n-type SBH value of 3.7 eV for the Al,03/Ni system.
In any case, the calculated p-type values from the above
experiments are comparable to the present values of the
Al,03/Ni and Al,O3/Cu interfaces. Recent experiments**4%
of the work function changes for the epitaxial Al,O3 thin-film
growth on NiAl(110) and Cu-9%AlI(111) surfaces have also
provided valuable information on the SBH. Results indicate
that the p-type SBH values of the Al;O3/NiAl and Al,O3/
Cu-Al interfaces are a little smaller than 4eV. This is also
consistent with our theoretical results, although Al,O3; may
be y phase and metallic sides are not pure elements.

It is instructive to compare our results with those for other
insulating oxide/metal interfaces. In ab initio calculations of
the non-polar BaTiO;(001)/transition-metal interfaces,'®
SBH values are in contradiction with the conventional
models, similarly to the present results. For the interfaces
with several kinds of transition metals, there occurs no
Fermi-level pinning, or the SBH values do not vary
monotonically as a function of the metal work function.
Recent ab initio calculations of the SBH of the ZrO,(001)/Ni
interfaces'® have revealed the effects of the interface
stoichiometry, similarly to the present results. The O-
terminated (O-rich) ZrO,(001)/Ni interface has the lowest
p-type value (2.13eV), the Zr-terminated (Zr-rich or O-
deficient) interface has the highest value (3.80eV), and the
O-terminated interface with O vacancies has the intermediate
one (2.92eV), simply according to the interface charge
transfer and the interface dipole. This result has been
supported by the experimental result that an O-rich interface
has a lower p-type value (2.60eV) than an O-deficient
interface (3.36eV).!9 As discussed in Ref. 17), the decay
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length of MIGS for insulating oxide/metal interfaces seems
to be rather short as compared with semiconductor/metal
interfaces. In such systems, the local interface dipole seems
to dominate the SBH, as observed in our systems. From this
viewpoint, the effects of the insertion of a different metal
layer at the ZrO,(001)/Ni interface have been examined
through ab initio calculations.'”

On the other hand, recent ab initio studies of MgO(100)/
metal interfaces'*!> have revealed the importance of the
detailed analysis of electronic structure such as MIGS,
interfacial bonding states or defect states, band distortions by
electrostatic fields, charge transfer, interface dipoles and so
on. These studies have examined the effects of the interface
defects and metal coverage'> and the effects of metallic
species,'® although results cannot be simply explained either
by the conventional models, or solely by the local interface
dipole. In order to understand our present results completely,
more detailed analysis of the electronic structure may be
important.

4. Conclusion

We have examined the Schottky barrier heights of the
Al,03(0001)/Ni(111) interfaces using first-principles calcu-
lations, and made a comparison with the Al,O3(0001)/
Cu(111) interfaces. For the calculated p-type SBH values, the
average of the O-terminated interfaces is lower than that of
the Al-terminated ones, similarly to the relation between the
O-terminated and Al-terminated Al,O3/Cu interfaces and
between the C-terminated and Si-terminated SiC/metal
interfaces. However, there are substantial variations among
the configurations with different RBT in each type of
interface stoichimetry, which indicates that the SBH depends
on both the interface stoichiometry and the configuration, in
contradiction with the conventional models. This can be well
explained by the estimated interface dipole associated with
the interface charge transfer and configuration of each
interface, although the complete understanding might require
more detailed analysis of interface electronic structure.
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