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Schottky barriers at transition-metal/SrTiO5(001) interfaces
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Schottky barrier heights were calculated for a series of interfaces between transition metals and strontium
titanate with the first-principles mixed-basis pseudopotential method based on density-functional theory. The
process of interface formation was analyzed in a step-by-step procedure that enables one to distinguish between
structural and electronic contributions influencing the Schottky barrier height. This decomposition yields not
only detailed information about the most relevant quantities that determine the band lineup at the interface but

also provides means to validate fundamental assumptions of phenomenological theories, which estimate the
Schottky barrier height from few characteristic material parameters.
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I. INTRODUCTION

Electroceramic materials with perovskite structure are be-
ing increasingly integrated in many modern microelectronic
devices (for reviews see, e.g., Refs. 1-4). Perovskite oxides
have a broad range of technological applications due to their
unique properties such as ferro-, piezo-, and pyroelectricity,
high-T~ superconductivity, colossal magnetoresistance, or
optical transparency. Because of their high dielectric permit-
tivity they have been also frequently considered as alterna-
tive materials to classical dielectrics.

One of the key microelectronic devices that contain a thin
dielectric layer is the dynamic random-access memory
(DRAM). An integrated capacitor in every memory cell is
typically made by a thin dielectric layer sandwiched between
two electrodes. As the device dimensions continue to be re-
duced, dielectric materials which are used today are reaching
their operational limits. To maintain the steady increase in
memory capacity in the future, much work in recent years
has focused on oxides with high dielectric constants such as
strontium titanate (STO) and barium strontium titanate
(BST) as replacements of the Si-oxide/Si-nitride dielectrics
for future integrated capacitors. A similar situation exists for
another fundamental building component of integrated
circuits—the metal-oxide-semiconductor field-effect transis-
tor (MOSFET). Silicon dioxide has been used as the primary
gate dielectric in field-effect devices since their invention
and it has already reached the thickness of less than 40 A in
today’s high-performance processors. With the current rate of
scaling, its thickness would reach only about 10 A within
the next decade. However, as the SiO, layer is thinned fur-
ther, the gate leakage currents increase exponentially and
make the MOSFET devices practically unusable for films
thinner than 20 A. High-k perovskite oxides such as BST are
considered as possible gate insulators in future generations
of MOSFET transistors.’>” Finally, a great attention is given
to ferroelectric perovskites such as barium titanate, lead zir-
conate titanate, and strontium bismuth tantalate for use in
nonvolatile memory devices, pyroelectric elements in infra-
red imaging systems, and actuators in microelectromechani-
cal structures.
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One of the crucial characteristics for the quality and reli-
ability of integrated capacitors as well as field-effect devices
is the leakage current. In the case of DRAM, leakage must be
kept sufficiently low so that the capacitor does not com-
pletely discharge before it is refreshed. The reduction in the
leakage currents concerns also MOSFET devices, particu-
larly with regard to power dissipation, reliability, and life-
time. It has been observed experimentally that leakage is
very sensitive to the deposition process, defect microstruc-
ture and chemistry, but in miniaturized systems, where inter-
faces play an important role, it is primarily affected by the
structure and composition of film-electrode interfaces.

The basic understanding of leakage properties of thin per-
ovskite films is based on the formation of a potential barrier
at the interface between the insulating film and the metal
electrodes. This barrier, known as the Schottky barrier (SB),
forms as a consequence of electron energy band offsets
across the interface. The magnitude of the Schottky barrier
height (SBH) depends on the position of the Fermi level at
the interface. Since the perovskite oxides are insulating ma-
terials with a relatively small band gap (typically around 3.5
eV), the Schottky emission of electrons into band states is
considered as one of the primary sources of leakage in thin
perovskite films. In order to reduce the leakage currents and
to control the transport properties across the heterojunctions,
a thorough understanding of the interface physics down to
the atomic scale is crucial.

In this work, we present a systematic theoretical study of
the Schottky barriers for a series of transition-metal/
SrTiO;3(001) (TM/STO) interfaces. STO is a typical repre-
sentative of oxides with the perovskite structure and serves
as an ideal model system for a high-permittivity dielectric
material. It is currently used in a variety of integrated devices
as a substrate material>®° but it has been also successfully
implemented as an insulating gate in a field-effect transistor.®
Electrical properties of interfaces between various metals
and STO or BST thin films have been studied extensively in
the past.!%23 The experimental studies showed that both the
selection of electrode metals and the deposition temperature
influence strongly electrical properties. Depending on the
electrode material both Ohmic and rectifying Schottky con-
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tacts were observed. Even though the SBH were found to
correlate with the work function (WF) of the contact metal
the reported values are very sensitive to preparation condi-
tions and vary in some cases by more than 1 eV.?* The only
plausible explanation for such a large variation is a dominat-
ing role of the interface structure on the SBH.

In order to investigate the underlying mechanisms that
govern the SB formation and to examine systematic trends
we chose six different transition metals as the electrodes on
STO and determined the SBH by first-principles electronic
structure calculations. The contact metals were selected from
groups VI and X of the periodic table in order to study the
possible influence of varying electronic configuration, crystal
structure, and atomic size. Additionally, different interface
terminations and translations were included in our studies to
distinguish between contributions arising from the structural
and chemical aspects of the SB formation. Our main goals
are to analyze the microscopic quantities, which can be ob-
tained from the first-principles calculations, and relate them
to phenomenological models of SBH and experimental mea-
surements.

Furthermore, the present investigation attempts to
complement existing theoretical studies of SBH. Previous
first-principles calculations have mainly focused on inter-
faces between metals and either covalent semiconductors
(see, e.g., Refs. 26-35) or ionic insulators.**° For many
semiconductors the SBH is nearly independent of the metal
electrode and the local atomic structures and chemical bond-
ing at the interface is of prime importance. In contrast, inter-
faces between metals and strongly ionic oxides show a
strong dependence of the SBH on the metal contact which
stems predominantly from polarization effects of the ionic
substrate.’” The bonding in complex transition-metal oxides
exhibits a mixed ionic-covalent character and the interfaces
involving the perovskite oxides hence lie between these two
extremes. Even though several studies of binary***! and
ternary*>~* transition-metal oxides exist to our knowledge
no systematic analysis of the interfaces between TM and
perovskite oxides has ever been presented.

The paper is organized as follows. Section II covers the
computational first-principles methodology used in our cal-
culations and gives an overview of the investigated systems.
In Sec. III we present calculations of separate STO and TM
surface systems, which serve as convenient and well-defined
references for our study of the TM/STO interfaces. The in-
terface calculations and the theoretical analysis of the SB
formation are presented in Sec. IV. In Sec. V we compare
results of our first-principles calculations with predictions of
existing phenomenological theories of SBH and discuss their
similarities and differences. A summary of the work is given
in Sec. VL.

II. COMPUTATIONAL METHODOLOGY
A. Mixed-basis pseudopotential method

The Schottky barrier heights were calculated by means of
the mixed-basis pseudopotential approach of the density-
functional theory (DFT).*~*® The exchange-correlation con-
tribution to the total energy of DFT was treated in the local-
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density approximation (LDA).*>*° Norm-conserving pseudo-
potentials were used for the description of the core-valence
interactions and a mixed basis of localized wave functions
and plane waves for the representation of the valence
states.’'? The pseudopotentials were constructed from all-
electron valence-electron states for free atoms following the
method of Vanderbilt.> Reference configurations different
from the free-atom ground-state configurations were used to
obtain accurate and transferable pseudopotentials.’*>> For
the representation of the valence-electron eigenstates, local-
ized basis functions with d and p symmetry confined to
atom-centered spheres were used for the electrode metals
(sphere radii of 1.9 and 1.8 bohr were used for the group X
and VI TMs, respectively; 1 bohr=0.529 A) and for oxygen
(radius 1.9 bohr) in STO, respectively. For Ti and Sr in STO,
localized functions were included to represent also the out-
ermost core states, i.e., 3s, 3p, 3d for Ti (radius 1.6 bohr),
and 4s, 4p for Sr (radius 1.9 bohr). Plane waves with kinetic
energies of up to 20 Ry (I Ry=13.606 eV) were included in
the mixed basis for an accurate description of extended
eigenfunctions. The plane-wave cutoff energy was checked
to be sufficient for both structure optimizations and analyses
of the resulting electronic structures. A discrete sampling
with 8 X8 X 1 k points was used for Brillouin-zone integra-
tions in total energy calculations of interface supercells. To
account for the metallic character, Gaussian broadening of
the eigenvalues by 0.2 eV was used to determine the frac-
tional occupation of the one-electron states in the vicinity of
the Fermi level.>>° An extensive description of the method
and further computational details can be found else-
where 46-48.51,52,54,55

The determination of the SBH was done by analyzing the
local electronic structure, using the local (site-projected) den-
sities of states (LDOS) and planar averages of electrostatic
potentials (the details of the analysis will be explained later).
Calculations of LDOS were performed by projection of one-
electron eigenstates onto partial waves in spheres centered at
individual atomic sites. For the projection spheres, the
Wigner-Seitz radii were used for the six TM and radii of
spheres containing formal charges of +2 for Sr, +4 for Ti,
and -2 for O in STO.>*>3 The same k-point mesh as in the
total energy calculations and Gaussian broadening by 0.1 eV
were used to obtain the LDOS results.

B. Supercell models

The TM films on STO substrates were described by su-
percell models with three-dimensional periodicity. The STO
slabs were represented by mirror-symmetrical slabs consist-
ing of seven or nine atomic (002) layers with alternating
TiO, and SrO planes. The lattice parameters of the supercells
parallel to the interface were set to the calculated bulk value
of STO (agro=3.845 A).5* The STO (001) surfaces can be
terminated either by layers with TiO, or SrO compositions.
Since both surfaces can be prepared experimentally®>’ we
included both terminations in our study. The TM films with
thickness of one, three, or seven (002) atomic planes were
then adsorbed on both sides of the STO slabs. The mono-
and trilayer systems were studied as free-standing nanoca-
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FIG. 1. (Color online) [010] projection of the supercells with
seven-layer STO slabs covered on both sides by TM monolayers;
(a) TiO, and (b) SrO termination.

pacitors separated by a vacuum region. The thickness of the
vacuum region was set sufficiently large to avoid spurious
interactions between the periodic images of the supercell per-
pendicular to the metal surfaces. Schematic pictures of the
supercells with monolayer metal coverage for the two pos-
sible substrate terminations are displayed in Fig. 1.

The investigated electrode metals vary in the equilibrium
lattice parameters as well as the equilibrium crystal struc-
tures (see Table I). Cr, Mo, and W are group VIB metals with
a half-filled d band, which crystallize in the body-centered-
cubic (bec) structure. For Ni, Pd and Pt an almost filled
d-band leads to stabilization of the close-packed face-
centered-cubic (fcc) structure. There are several possible
high-symmetry adsorption sites for the TM on both (001)
STO surface terminations. This gives a wide range of pos-

TABLE I. Calculated equilibrium lattice parameters ary and the
lattice mismatch between the metals and STO (agro=3.845 A).
The values in brackets correspond to the interatomic distance along
the bee (110) direction (i.e., V2ary) which lies parallel to the STO
(100) direction for the bcc-TM/STO interfaces.

atm Lattice mismatch
Metal (A) (%)
Cr 2.81 (3.97) +3.4
Mo 3.14 (4.44) +15.6
W 3.14 (4.44) +15.6
Ni 3.45 -10.1
Pd 3.88 +0.9
Pt 3.93 +2.2
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FIG. 2. (Color online) [001] view of the on-top and hollow
arrangements of the TM layers on the (a) TiO,- and (b) SrO-
terminated (001)STO surfaces.

sible atomic structure models for the TM/STO interfaces. In
order to confine the computational burden we selected only
the favorable adsorption geometries based on previous theo-
retical and experimental studies.3#2>438-61

Several TM/STO interfaces have been studied by DFT
methods in the past. The atomic and electronic structures of
the Pd/STO and Mo/STO interfaces have been investigated
in detail in our group.’*%> These studies predict that the
preferred adsorption sites of metal atoms for the TiO, sur-
face are on top of oxygen atoms while for the SrO surface
they are on top of oxygen and strontium atoms. In a similar
study of the Pt/STO interface, Asthagiri et al.®* found that Pt
prefers to bind on top of oxygen atoms on both terminations.
Rao et al.** obtained equivalent results for BaO-terminated
(001) surface of barium titanate with several transition-metal
elements. These theoretical predictions were also confirmed
experimentally in recent electron microscopy studies.®¢1:2
Based on this extensive evidence, we consider the “on-top”
position as the favorable absorption site for all TM elements
chosen in this study.

In order to examine the influence of interface geometry on
the SBH we investigated for some metals also another ar-
rangement, where the metal atoms are positioned on top of
the fourfold hollow sites of the STO surface. These configu-
rations have significantly lower binding energies than the
on-top sites™*® but may occur, for example, at interfacial
defects such as the cores of misfit dislocations.

The investigated adsorption geometries are schematically
shown in Fig. 2. In both arrangements there are two TM
atoms per surface unit cell, which corresponds to a mono-
layer coverage of the substrate. The orientation of the metal
layer in the case of the fcc metals films is such that the (100)
planes and (100) directions in both materials are parallel to

245121-3



MROVEC et al.

each other, i.e., the metal exhibits the so-called cube-on-cube
epitaxy with the substrate. In the case of bcc metals, the
(100) planes are again parallel in both materials but the metal
lattice is rotated by 45° so that the (100) direction in STO is
parallel to the (110) direction in the TM.

As will be discussed later the relaxation has a strong in-
fluence on the electronic structure of the interfaces and is
therefore of crucial importance for a reliable determination
of SBH. All interfaces were optimized by relaxing the forces
on all atoms to values smaller than 0.02 eV/A. This limit
was found sufficient as our test calculations showed that low-
ering of the tolerance to 0.005 eV/A does not influence the
results.

II1. SURFACE CALCULATIONS

Separate TM and STO materials with defect-free surfaces
present a natural starting point for studies of the TM/STO
interfaces and can serve as convenient and well-defined ref-
erence configurations. Before we proceed to the interface
calculations we therefore focus first on the key properties of
the constituting materials that are related to the SBH. These
characteristic properties are the work function of the metal,
and the ionization potential and electron affinity of the insu-
lator. Since all these quantities depend sensitively on the
atomic and electronic structures of surfaces we discuss in
this section available theoretical predictions and experimen-
tal observations of the investigated TM and STO surfaces.

A. Transition metals

One of the most important properties of a metal surface is
its WF. It corresponds to a potential difference between the
Fermi energy and the vacuum level and depends on the sur-
face dipole that forms due to a spilling of electrons into the
vacuum. It is also the only material parameter characterizing
the metallic electrode in empirical theories that are used for
estimating the SBH.%

First-principles DFT calculations of work functions are
nowadays routinely carried out using a sufficiently thick me-
tallic slab embedded in a vacuum region. Several systematic
studies®*~% have demonstrated the ability of DFT to give
reliable values of work functions that agree closely with ex-
perimental data. Our calculated WFs are presented in Table
II. The second column contains results calculated for the
equilibrium lattice constants of each TM whereas the results
in the third column were obtained with the lateral lattice
parameter fixed to the equilibrium lattice constant of bulk
STO. In all calculations the atomic positions were relaxed.
As expected, for metals with a small lattice mismatch to STO
(i.e., Cr, Pd, and Pt) the work functions in the second and
third columns of Table II are almost the same. For the re-
maining three metals, the lattice straining has a strong influ-
ence on the work function. As shown in Table I the equilib-
rium lattice constants of Mo and W are almost 16% larger
than that of STO and the work functions of these two metals
in the third column of Table II correspond to a state of strong
lateral compression. Under such conditions, the so-called
Smoluchowski smearing’® parallel to the surface is reduced
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TABLE II. Calculated and experimental work functions (WF)
for the TM in this study; the third column contains values calculated
with the lateral lattice parameter equal to the lattice parameter of
STO.

This work

atm asto Theory Experiment
Cr 4.50 4.57 4.482 4.50,0 4.46°
Mo 4.40 4.84 4.054 4.53.> 4.40+0.03¢
W 4.54 5.00 4.63f 4.63.> 4.57+0.03¢
Ni 5.29 5.05 5.31¢ 5.22,5523+0.10°
Pd 5.50 5.54 5.30,4 5.96" 5.65, 5.59£0.05¢
Pt 6.09 6.08 6.97," 6.20i 5.65,° 5.82+0.07°

fReference 65.
eReference 74.
hReference 66.
iReference 75.
IReference 67.

4Reference 70.
PReference 71.
‘Reference 72.
dReference 64.
®Reference 73.

while the spread of electrons into the vacuum is enhanced
causing an increase in the surface dipole and hence an in-
crease in the work function. An opposite effect happens for
Ni, which has a smaller lattice parameter than STO. The
lattice expansion leads to better smoothing of the surface
charge density and a lowering of the work function. Alto-
gether, our calculated WF values agree very well with avail-
able theoretical as well as experimental data. Especially the
agreement with the recommended estimates of the work
function for clean monocrystalline surfaces from a very re-
cent extensive compilation of Kawano”? is very good with
the only exception of Pt, whose calculated work function
slightly overestimates the experimental value.

B. STO

Since STO is a prominent perovskite representative, the
atomic and electronic structures of its surfaces have been
studied extensively in the past, both theoretically and experi-
mentally. Surprisingly, even though the number of studies is
large, the understanding of STO surface structures is still far
from being complete.”’’~83 The reason is a large variability
of possible surface reconstructions, transformations, and for-
mations of nanostructures, which depend sensitively on pro-
cessing (e.g., reducing or oxidizing) conditions.

In the present work, it is not our aim to contribute to the
issues of stability and structure of STO surfaces. We assume
that our systems are built from ideal, atomically sharp (001)-
type surfaces with either SrO or TiO, terminations. It has
been shown in a detailed comparative study®*% that both
DFT (with various exchange-correlation functionals) and
Hartree-Fock calculations of the (001) STO surfaces provide
consistent results for surface rumplings and relative displace-
ments of the surface planes. Our calculations of surface
structures and atomic displacements for relaxed 7-, 9-, and
11-layer slabs agree well with the previous DFT studies®*-%°
and therefore we need not discuss them here.
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The main reason why we carried out the surface calcula-
tions was to obtain a clear comparison of the atomic and
electronic structures at the clean STO surfaces with those at
the TM/STO interfaces. Like in the case of metal surfaces
described in the previous section, we are mainly interested in
quantities that are related to the band alignment at interfaces
and the formation of the Schottky barrier. In the following
we will therefore focus on the determination of the work
function, ionization potential (IP), and electron affinity (EA)
for the STO surfaces with the two (001) terminations.

The analysis of the surface electronic structure and the
determination of the characteristic band positions with re-
spect to the vacuum level in DFT calculations can be ob-
tained using three well-established approaches: alignment of
the atomic core levels,”® macroscopic averaging (MA) of the
electrostatic potential,”’*> and analysis of the local densities
of electronic states. Because we employ pseudopotentials in
our calculations we are able to carry out only the last two
analyses. Previous studies however showed that all three
methods usually agree within 0.1-0.2 eV for well converged
calculations and appropriate system sizes (see, e.g., Refs. 32,
37, and 93).

Before we discuss the results of the two analyses we
would like to provide a clear definition of the quantities that
can be extracted from the calculations. Some caution is es-
pecially needed when referring to the work function and the
ionization potential, as the use of these two terms for insu-
lating materials is somewhat ambiguous. Moreover, the cor-
respondence between computed and measured quantities is
usually not straightforward, which may lead to inappropriate
comparisons (for a more detailed discussion of this subject
see Refs. 94-97).

The ionization potential is defined as the energy differ-
ence between the valence-band maximum deep inside the
solid and the vacuum level just outside the surface (i.e., at a
distance large compared to atomic dimensions but smaller
than macroscopic dimensions of the surface’). The expres-
sion “inside the solid” in first-principles calculations means
far enough from the surface (or interface) for microscopic
quantities to recover their bulk features. It however does not
correspond to macroscopic dimensions where other effects,
such as band bending due to a space charge zone, occur.
Within this definition the IP is different for different surface
orientations (such as the WF), since it depends on the surface
dipole, but it is not directly determined by surface states that
may arise due to broken bonds.

The work function is a property that is determined by the
position of the Fermi level Ep (the chemical potential of
electrons at zero temperature), which is constant within the
whole material. While in an ideal insulator Ej lies in the
middle of the band gap, in real materials it depends on the
experimental conditions, stoichiometry deviations, surface
adsorbates, dopants or impurities, as well as on changes in
the surface electronic structure. Dangling bonds may even
lead to surface metallicity and Fermi level pinning by the
surface states. For our ideal STO slabs all extrinsic effects
are excluded. The Fermi level in our calculations corre-
sponds to the energy of the highest occupied state and the
calculated work function thus presents a theoretical upper
limit for ideal STO surfaces. As we will see below, E differs
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significantly from the IP only for the TiO,-terminated sur-
face, which contains surface states that protrude into the
band gap.

While the ionization potential is the energy needed to
bring the electron from the top of the valence band to the
vacuum, its close relative, the electron affinity, is the energy
difference between the vacuum level and the conduction-
band minimum inside the solid. The difference between the
two quantities in insulators is equal to the width of the band
gap. The slab calculations can in principle provide the elec-
tron affinity, which is often used in empirical theories of
SBH.® Here we are however confronted with the well-
known underestimation of the band gap in DFT calculations
related to the inability of DFT to describe properly the un-
occupied states. A usual way to cure this problem is to use an
experimental value for the band gap [3.3 eV for STO (Ref.
93)].

Apart from the band-gap problem, common DFT calcula-
tions suffer from the approximative treatment of exchange
correlation, which neither the LDA nor generalized-gradient
approximations describe correctly. More accurate treatments
of many-body effects (e.g., GW approximation or self-
interaction correction) are computationally more demanding
and do not necessarily provide better results (for instance,
recent GW calculations of Cappellini et al.”® overestimate
the band gap of STO by 2 eV). It is therefore rather difficult
to estimate the error of LDA in determining the IP and EA in
STO. Considering that corrections of about 1.0 eV and 0.2—
0.4 eV were reported for wide-band insulator MgO (Ref. 37)
and semiconducting Si (Ref. 95) and GaAs,!% respectively,
we can assume that similar corrections of the order of several
tenths of eV may apply also for STO. A more detailed as-
sessment of systematic errors and a comparison with avail-
able experimental data will be given below.

The electronic structure of the STO surface slabs in terms
of the local densities of states is depicted in Fig. 3. Since the
upper valence band in STO consists mainly of oxygen 2p
states®®® we show only the oxygen LDOS as they vary from
the surface layer (top) to the central layer (bottom) in the
nine-layer STO slab. The figure contains also the LDOS of
oxygen atom from ideal bulk STO in shaded gray for com-
parison.

The sequence of LDOS graphs in Fig. 3 provides us with
a real-space picture of the electronic structure. It shows that
the electronic states near the surface are different from those
in the bulk. The influence of surfaces however decays
quickly, and already in the third plane below the surface the
LDOS resembles closely that of the bulk.

The LDOS graphs confirm that both surfaces remain in-
sulating; a fact that has been known experimentally for a
long time.!?"192 Besides this common feature, the surface
electronic structures of the two surface terminations exhibit
markedly different characters, as was noted in -earlier
studies.”885-87-103 The valence-band maximum (VBM) in the
SrO-terminated slab is determined by the states on the cen-
tral “bulklike” oxygen atoms while the width of the valence
band at the surface is slightly reduced. This feature is visible
on the uppermost LDOS in Fig. 3(a). Since there are no
salient states due to dangling bonds present in the gap this
surface rather resembles surfaces of typical ionic compounds
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(a) SrO termination
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(b) TiO, termination
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(e.g., SrO) that are formed without breaking of covalent
bonds or large charge redistributions.'® In contrast, the
TiO,-terminated surface exhibits a split at the top of the va-
lence band of the surface oxygen atoms and a formation of
new surface states that intrude into the gap and decrease its
width. These states are composed of lone-pair oxygen 2p
orbitals that lie perpendicularly to the Ti-O-Ti bonds in the
surface plane [these states are shaded in dark gray (blue) in
the uppermost LDOS in Fig. 3(b)]. The position of the high-
est occupied level for the TiO,-terminated surface is then
determined by these surface states while the VBM in the
central bulk part of the crystal is positioned about 0.9 eV
lower.

The LDOS curves thus allow us to distinguish between
the VBM of the bulk material and VBM of the surface re-
gion. It is clear that these two quantities are different in the
two terminations and their correct determination is important
for the analysis of the band alignment at interfaces.

The macroscopic averaging of the electrostatic potential
provides a complementary view to the LDOS analysis. This
well-established “nanosmoothing” procedure!® is nowadays
often used for determination of band offsets at interfaces but
it can be applied as well to obtain the work function and
ionization potential in surface slab calculations.

The planar and macroscopic averages of the electrostatic
potential for ideal unrelaxed and relaxed STO surfaces are
displayed in Fig. 4. The STO ionization potential /g is deter-
mined within the MA approach as

VBM v VBM
Ig=AV- Egx = (Evac = Veentra) = Epyi (1)
where El\ﬁy is the STO valence-band maximum referenced

with respect to the average electrostatic potential in the bulk

Energy [eV]

material. AV is the difference between the vacuum level and
the average of the electrostatic potential in the center of the
slab from the slab calculation. The vacuum level E,,. in all
graphs corresponds to zero energy while the bulk term Eg’lﬁll(w
in our calculations equals 5.08 eV.

In agreement with the LDOS analysis, the bulk VBM and
the Fermi level from the MA analysis almost coincide for the
SrO-terminated surface and, according to our consideration
above, the WF and IP are therefore equivalent. A small dif-
ference of about 0.1 eV arises due to finite k-point mesh, slab
size, and fluctuations in the macroscopic average. These fac-
tors determine the overall accuracy of the determined values.
For the TiO,-terminated surface the MA and LDOS results
are also consistent. The Fermi level (the energy of the high-
est occupied state) is determined for this termination by the
surface states and lies 0.82 eV (MA) compared to 0.93 eV
(LDOS) above the bulk VBM. The small difference is again
within the expected systematic error margins.

The calculated values of ionization potentials, work func-
tions, and electron affinities for the STO surfaces are listed in
Table III. We see that the IP increases with surface relaxation
for both terminations. This is plausible since the shifts of
atoms from their ideal bulk positions lead to an increase in
the surface dipole, which is directly related to the IP. Inter-
estingly, the IP is significantly larger for the TiO, termination
than for the SrO termination pointing to a large difference in
the surface dipole moments between the two surfaces. Our
results agree qualitatively but not quantitatively with those of
a DFT study of Cheng et al.¥ who obtained only about 13%
difference between the surface dipole moments of the two
terminations. These authors however determined the dipole
moment from the step of the electrostatic potential AV and a
simple asymptotic (1/r) form of the electron-ion potential.
The reported values are therefore only approximate. We
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FIG. 4. (Color online) Planar averages V and macroscopic averages

and TiO,-terminated surfaces of STO, respectively.

would like to emphasize here that AV has no physical mean-
ing as the partition in Eq. (1) is not unique and depends on
the assumptions made to fix the arbitrary constant in the
electrostatic potential (e.g., AV depends on the employed
pseudopotentials). The same is true when the MA approach
is used for the determination of band offsets and Schottky
barriers at interfaces.'’-'%® The only physically meaningful
quantities in Eq. (1) are either the IP or changes in AV, for
instance, upon relaxation. We will return to this subject in
more detail in the next section when discussing the interface
dipole.

To our knowledge, there exist only few experimental data
for WF, IP, and EA of STO, most of them for an Nb-doped
(n-type) material. Due to the n-type doping the Fermi level
lies close to the bottom of the conduction band and the mea-
sured work functions then roughly coincide with the electron
affinity. Chung and Weissbard!??> measured WF of 4.2 eV for
the n-type (001) STO surface using ultraviolet photoemission
spectroscopy (UPS). Henrich et al.,'®! however, showed that
the work function varies substantially with different surface
conditions, namely, oxygen content and concentration of sur-
face defects. More recently, Moller et al.'” obtained a value
of 4.1£0.1 eV for a (2X2) reconstructed (oxygen defi-
cient) surface. After adding the experimental band-gap

TABLE III. Calculated ionization potentials IP, work functions
WF, and electron affinities EA (values obtained with experimental
band gap are in brackets) of STO surfaces (all values are in eV).

Ideal Relaxed
SrO TiO, SrO TiO,
1P 3.18 5.99 4.07 6.41
WF 3.24 5.02 4.22 5.59
EA 1.25 (-0.12)  4.06 (2.69) 2.14 (0.77)  4.48 (3.11)

V of the electrostatic potential for (a,c) ideal and (b,d) relaxed SrO-

width, these values correspond to IP of about 7.5 eV. A sig-
nificantly lower WF (again coinciding with EA) of 2.6 eV for
the TiO,-terminated surface of undoped STO was found by
Maus-Friedrichs et al.''® using UPS (Hel) and metastable
impact electron spectroscopy who also determined the posi-
tion of the VBM to be 5.7+ 0.2 eV below the vacuum level.
In a most recent in sifu photoemission study Schafranek and
Klein?? reported a variation in the WF between 4 and 4.7 eV
and IP of 7.4+ 0.1 eV for the n-type STO.

Theoretically, Piskunov et al.'®® determined the VBM po-
sition of the TiO,-terminated surface 5.9 eV below the
vacuum level using a DFT approach with a hybrid exchange-
correlation functional that is claimed to provide the most
reliable band gaps for perovskite oxides. It is important to
note that the VBM in this study was determined from the
highest occupied surface state and the value thus should be
compared to the work function in our calculations. As their
reported band-gap reduction due to the surface states
amounts to about 0.5 eV, the corresponding IP, i.e., with
respect to VBM in the crystal interior, equals to 6.4 eV.
These results agree very well with our LDA predictions of
5.6 eV (WF) and 6.4 eV (IP) for this surface (see Table III).
Hence, it appears that the choice of the approximate
exchange-correlation functional does not affect critically the
position of the highest occupied levels with respect to the
vacuum level.

The comparison of all available theoretical and experi-
mental data unfortunately does not provide a consistent pic-
ture about the position of band edges at STO surfaces. The
theoretical predictions of IP are supported only by the experi-
ment of Maus-Friedrichs et al.''® whereas much larger values
(by almost 2 eV) are reported from all other observations. It
is clear that the scatter of reported experimental data is rather
large, and that the published results seem to depend sensi-
tively on the surface structure, doping level, as well as ex-
perimental preparation technique. Systematic errors in theo-
retical calculations due to many-body effects are also likely
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to be present; their magnitude is however still uncertain. Ob-
viously, more surface studies are required by both experi-
ment and theory before final conclusions can be obtained.

IV. INTERFACE CALCULATIONS

The surface calculations presented in the previous section
provide us with information on the reference systems—the
relaxed (001) TM surfaces and the relaxed SrO- or
TiO,-terminated (001) STO slabs. A comparison of the metal
work functions in Table II with the theoretical ionization
potentials of the two relaxed STO surfaces in Table III gives
us a first indication that the two terminations are likely to
behave differently during interface formation. Whereas the
TM work functions range from 4.5 to 6 eV, the SrO-term-
inated STO surface has its VBM only 4 eV below the
vacuum level. The Fermi levels of all investigated TM hence
lie below the VBM of STO. Thus charge transfer and forma-
tion of a dipole layer at the interface is necessary to move the
metal Fermi level inside the insulator band gap in order to
achieve the spatial uniformity of the chemical potential in the
whole system. This result is clearly incompatible with the
Schottky-Mott model that assumes no interaction between
the materials constituting the interface.®® The situation is op-
posite for the TiO,-terminated STO surface. Its ionization
potential of 6.4 eV is larger than the work functions of all
investigated metals and their Fermi levels thus lie within the
STO band gap even before the materials are rigidly joined. In
this case the Schottky-Mott model can be applied for an
estimation of the SBH.

In reality the formation of interfaces between transition
metals and perovskite oxides is associated with a creation of
new chemical bonds and substantial rearrangements of the
electron density. Additionally, the atomic positions in the vi-
cinity of the interface are usually significantly altered to
minimize the total energy of the system. Both of these pro-
cesses contribute to the final charge distribution and align-
ment of the energy levels at the interface. While during ex-
perimental interface formation these two processes happen
simultaneously and it is impossible to separate the two con-
tributions, theoretical modeling gives us the freedom to study
them individually.

In order to analyze the atomic and electronic relaxations
independently we decided to dissect the process of interface
formation into three stages, which are shown schematically
in Fig. 5. As a starting point (stage 0) we consider separate
and appropriately oriented and terminated STO and TM slabs
whose surfaces have been relaxed to their equilibrium con-
figurations (here we expect for simplicity that the metals al-
ready adopt the lateral lattice parameter of STO). In a first
step, while still kept apart, the surface structure of both ma-
terials is transformed to a configuration that the materials
would adopt at the relaxed interface. We call this stage
“atomic rearrangement.” In the second stage the two materi-
als are brought rigidly together to a distance corresponding
to the equilibrium interface separation. Since the atoms in
both materials are already fixed at their “interfacelike” equi-
librium positions, only the electronic degrees of freedom
need to be relaxed at this step to minimize the interface en-

PHYSICAL REVIEW B 79, 245121 (2009)

(a) [ STAGE 0: Relaxed surfaces }

_____________ [,
e
Dpp T

FIG. 5. (Color online) Schematic picture of energy band dia-
grams corresponding to three stages of interface formation used in
the analysis of SBH. In stage O, appropriately oriented and termi-
nated relaxed STO and TM slabs present an initial reference con-
figuration. In stage 1, the materials remain separated but the atomic
positions are rearranged as if a fully relaxed interface were formed.
In stage 2, the slabs are brought together to form the interface; the
electronic density changes due to formation of new chemical bonds
across the interface but the atomic positions in both slabs remain
the same.

ergy. We call the second stage accordingly “electronic
rearrangement.”!!!

The main advantage of this procedure is a possibility to
identify better the physical mechanisms that are dominating
for the lineup of bands at the interface. In particular, the
step-by-step process of interface formation allows us to sepa-
rate the changes due to atomic and electronic relaxations at
the interfaces. With the relaxed surfaces as reference states
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FIG. 6. (Color online) Side [010] view of relaxed (a) SrO-
terminated and (b) TiO,-terminated Pt/STO supercells with differ-
ent metal coverages (only one half of the symmetric supercells are
shown).

we can partly circumvent the ambiguities in the definition of
the key quantities of interest—the interface charge (mono-
pole) and dipole densities—which are the main attributes in
the determination of the SBH.'?

A. Pt/STO system

We start our investigation of the SBH with a thorough
examination of the Pt/STO system. On this system we test
the procedure described above and analyze the interfacial
properties related to SBH. The stability, structure, and elec-
tronic characteristics of various Pt/STO interfaces have been
studied by Asthagiri and Sholl.®%!12113 These studies identi-
fied the on-top positions of metal atoms above the oxygen
sites to be the preferred adsorption sites. We therefore limit
our test calculations to these configurations.

In order to investigate the influence of metal coverage the
calculations were carried out for three different thicknesses
of the Pt layers. The first supercell contained alternating STO
and Pt slabs (with seven metal layers) periodically repeated
without any vacuum region. In the remaining two supercells
tri- and monolayer Pt films were deposited on both STO
surfaces and these nanoscale capacitors were separated by a
vacuum region that was sufficiently large to avoid the inter-
action between the metal surfaces in periodically repeated
images. Figure 6 shows relaxed atomic positions in these
three types of supercells. It is obvious even without quanti-
tative examination that the interfacial structure is very simi-
lar in all three systems and already the monolayer coverage
invokes similar atomic relaxations at the interface as in the
limiting seven-layer bulklike case.

As already shown in the previous section on STO sur-
faces, first-principles calculations provide several ways of
how to determine the relative positions of energy levels on
both sides of the interface. In the multilayer supercells the
widths of the STO (nine layers) and metal (seven layers)
slabs are large enough for microscopic quantities to recover
their bulk features in the central regions of the slabs. Thus in
this system the difference between the VBM in the bulk
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FIG. 7. (Color online) Planar and macroscopic averages of
the electrostatic potential in the (a) SrO-terminated and (b)
TiO,-terminated Pt/STO system. The dotted vertical lines mark the
positions of atomic planes.

part of STO and the Fermi level, which is equal to the
p-type SBH @, can be easily obtained using the MA
approach.?%2

Similarly like the IP in surface calculations, the p-type
SBH is determined within the MA approach as

q)B,p = AEbulk + AV, (2)

where AE ., often called the “band-structure term,” is ob-
tained from independent bulk calculations for each
material.”!? In our case this term is a difference between the
Fermi level of the metal and the VBM of STO, each mea-
sured with respect to the average electrostatic potential of the
corresponding bulk crystal. The second term AV is the dif-
ference between the average electrostatic potential in the two
materials far from the interface obtained from the interface
supercell calculation. We again emphasize here that even
though the potential shift AV is sometimes associated with
the interfacial dipole it has no physical meaning.?!.9%107.108
An example of the planar and macroscopic averages of the
electrostatic potential in the Pt/STO system obtained from
our calculations is shown in Fig. 7.

For the supercells with mono- and trilayer Pt coverage the
MA technique cannot be used because the macroscopic av-
erages for such thin slabs are inaccurate. An alternative way
for the determination of SBH is the LDOS analysis.!% In the
LDOS method the valence-band edge of STO can be directly
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obtained from the oxygen LDOS of the central layer in the
slab. The SBH ®j ), is then simply the difference between
this VBM and the Fermi level which is computed accurately
by DFT calculations. A sequence of LDOS curves from the
multilayer Pt/STO system is plotted in Fig. 8. A significant
hybridization between the Pt 5d and O 2p states at the inter-
face is apparent. The interface-induced changes in the elec-
tronic structure are mainly concentrated in the interfacial re-
gion. Some small perturbations are still visible at the valence
band of the central oxygen atom, so even at relatively large
distances from the interface the bulk features are not com-
pletely recovered.

A disadvantage of the LDOS analysis is an uncertainty in
locating precisely the VBM due to k-point sampling, Gauss-
ian smearing, and small but still discernible effects of the
interface in the center of the supercell. This uncertainty,
which may reach few tenths of electron volts, can be re-
moved by combining the LDOS analysis with a procedure
related to the alignment of core levels.”® Specifically, we can
line up the LDOS of the central oxygen atom in the slab with
the oxygen LDOS from bulk STO. Since there are no core
levels in our pseudopotential calculations, this level match-
ing (denoted further as LM) is done for the semicore O 2s
states between =20 and —15 eV (see Fig. 8). After the two
LDOS curves are aligned the VBM corresponds to the high-
est occupied level in the bulk LDOS, which is known with a
high precision. It is clear from Fig. 8 that even though the
bulk oxygen LDOS matches closely with the central oxygen
LDOS from the interface calculation there are still noticeable
differences. It is interesting to note that the bulk oxygen
LDOS matches better with the oxygen LDOS from the in-
nermost TiO, layer than from the innermost SrO layer even
if the SrO layer is the central layer in the slab.

o>

\
-10
Energy [eV]

Calculated SBH values @ , for all P/STO interfaces de-
termined by the three methods are summarized in Table IV.
All methods yield consistent results with differences not ex-
ceeding 0.1 eV, which is an expectable result for well con-
verged calculations. Interestingly, the SBH for both termina-
tions and all metal coverages are very similar, as to be
expected in the case of strong pinning (Bardeen limit). We
will see in the next section that this is not true in general for
the TM/STO interfaces.

Before we examine in detail various aspects of the SB
formation we compare the results of our calculations for the
Pt/STO interface to other theoretical predictions and experi-
mental measurements. In a recent publication Schafranek et
al.* presented a detailed photoemission study of the SBH for
various (Ba,Sr)TiOs/Pt interfaces and compared carefully
all experimental and theoretical data available for this sys-

TABLE IV. Values of the p-type SBH (¥ ,=Ex~VBM) in the
Pt/STO system determined by different methods (all values are in
eV).

MA LDOS LM Eq. (3)

SrO term

7Pt 1.73 1.78 1.72 1.74

3Pt 1.71 1.65 1.62

1Pt 1.72 1.72 1.74
TiO, term

7 Pt 1.78 1.86 1.83 1.77

3 Pt 1.84 1.80 1.79

1Pt 1.81 1.76 1.75
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tem. Their compilation shows that the experimentally
determined SBH for electrons vary considerably (&3P
=0.4-1.6 eV) and the measured values depend sensmvely
on sample preparation and experimental conditions like for
the STO surfaces. It seems that the most critical issue for the
SBH is the oxygen content. For interfaces prepared under
reducing conditions, which likely contain a large number of
oxygen vacancies, much smaller SBH for electrons are ob-
served than for fully oxidized interfaces. Schafranek et al.?*
determined the electron SBH for the defect-free Pt/STO in-
terface to be between 1.3 and 1.5 eV, which translates to the
hole SBH (I)SXE 1.7-1.9 eV when the experimental value of
the band gap is subtracted. This range agrees perfectly with
our theoretical predictions in Table IV. In another DFT study
Rao et al.*? obtained a much smaller ®p , of 0.96 for the
BaO-terminated Pt/BTO interface. However, their calcula-
tions were done for a half monolayer coverage, i.e., Pt atoms
only above the oxygen sites of the surface (cf. Fig. 1). The
results of this study thus cannot be directly compared to
results of our calculations or experiments since it is very
likely that such a low metal coverage will not lead to the
same SBH as the thicker films.

We would like to mention here only briefly that an em-
pirical estimation of 0.89 eV for the electronic SBH by Rob-
ertson and Chen!'*!"> fits within the wide range of experi-
mental data but is significantly smaller than the predictions
for the defect-free interface. We will discuss in more detail
the relation between the results of first-principles and empiri-
cal methods in Sec. V.

B. Theoretical analysis of Schottky-barrier formation

While it is relatively straightforward to obtain the magni-
tude of the SBH from first-principles calculations, it is much
more valuable to analyze the most relevant quantities that
determine the band lineup at the interface. Following the
three stages of interface formation described in the beginning
of this section, we can decompose the total SBH @ , into
three contributions as

Dy, =0F) + ADY) + ADY). (3)

The three terms correspond to the three stages of interface
formation displayed in Fig. 5. The first term on the right-
hand side of Eq. (3), @g)g,, is the ideal SBH in the Schottky-
Mott limit, which is simply the difference between the ion-
ization potential of STO (cf. Table III) and the work function
of Pt (cf. Table II):

R (4)

The other two terms in Eq. (3), ACDBIZ, and A(Dg , can be
understood as corrections to this ideal model and represent
the changes in the SBH due to atomic and electronic rear-
rangements at the interface, respectively. The relaxation-
induced change can be further split into

APy, = ALY - Ay, (5)

where Alg1> and A¢\) are the shifts of the STO ionization
potential and metal work function, respectively, when the
atomic structures of the surfaces are transformed in step 1
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from their equilibrium to the interfacelike configurations.
The changes in IP and WF in this step are therefore related
solely to the modifications of the surface dipoles. Finally, the
electronic relaxation during the interface formation in step 2
is associated with an electron density redistribution that
minimizes the interfacial energy and equalizes the Fermi
level in the whole system. This process usually results in
electrons being transferred across the interface and leads thus
to the creation of an interfacial dipole, which induces a step
AV in the electrostatic potential at the interface. Within our
procedure this potential shift can be extracted by subtracting
the superimposed planar or macroscopically averaged elec-
trostatic potentials of the interfacelike Pt and STO slabs (ob-
tained in step 1) from the planar or macroscopically averaged
potential of the relaxed Pt/STO interface (obtained in step 2).
In this derivation AV® presents a change in the electrostatic
potential across the interface. The correction of the SBH due
to the electronic rearrangement is then expressed as

AV - Ag]. (6)

where A(;S%):gzﬁﬁ)—gﬁﬁ},) is again a change in the metal work
function corresponding to the shift of the Fermi level. The
term ¢§3,) is also known as the effective work function
Guresr-1® We will return to this quantity, characterizing the
work function of a metal attached to a substrate, in more
detail in the next section.

All quantities that enter Egs. (3)-(6) are summarized for
the Pt/STO interfaces in Table V. Pt has the largest work
function of all investigated metals, which results in negative
(i.e., unphysical) or very small values of the ideal SBH. This
implies that significant atomic and electronic reorganization
has to take place when the two materials are joined together
to equalize the Fermi level in the whole system.

The data in Table V show that the transformation of the
equilibrium surface structures into the interfacelike configu-
rations (step 1) has almost no effect on the metal work func-
tions and changes only slightly the IP for the SrO- termmated
surfaces. The large and negative values of A@Bp for the
TiO,-terminated surfaces on the other hand cause the VBM
of STO to shift above the Fermi level of Pt. The ideal SBH
(in the Schottky-Mott limit) of such a system would be there-
fore negative as for the SrO-terminated surfaces. The
interface-induced atomic relaxation in this particular case
thus does influence significantly the band lineup but acts in
the unexpected direction leading to a thermodynamically un-
stable system.

The equalization of the Fermi level and stabilization of
the Pt/STO interfaces must be therefore realized by the elec-
tronic reorganization. The data in Table V confirm this as all
values of AD ; are large and positive and cause the Fermi
level to shift inside the STO band gap for a relaxed interface.
The potential shift AV arises from the rearrangement of the
electron density and the formation of the interfacial dipole
(strictly speaking the quantity is “dipole moment density”
but we omit the full name for brevity). It should be borne in
mind that our derivation of the interfacial dipole is again just
one of many possible definitions of this ambiguous quantity.
In fact, one has to consider always the reference with respect
to which the interface dipole is determined and take it there-
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TABLE V. Contributions to the SBH for the Pt/STO systems that enter Egs. (3)—(6) (all values are in

eV).
Stage 0 Stage 1 Stage 2

@) ALY AgY ADY) AV AP ADY)

SrO term
7 Pt -2.00 0.36 0.00 0.36 3.38 0.00 3.38
3Pt -1.96 0.36 0.00 0.36 3.26 0.04 322
1 Pt -2.64 0.11 -0.14 0.25 3.62 -0.51 4.13

TiO, term
7 Pt 0.34 -1.14 0.00 -1.14 2.57 0.00 2.57
3Pt 0.38 -1.13 -0.04 -1.09 2.62 0.12 2.50
1 Pt —-0.30 -1.29 0.00 -1.29 2.57 -0.77 3.34

fore as a relative rather than absolute measure.'”” The drop
of the potential obtained by subtracting the planar averages
of the electrostatic potential from interface and surface slabs
is shown in Fig. 9. We see that for the three- and seven-layer
Pt slabs the potential profiles are almost identical and the
drop AV® does not depend on the thickness of the metal
layer but differs by almost 1 eV between the two termina-
tions. For the monolayer coverage the potential profiles con-
tain a small hump located at the position of the Pt layer. This
feature arises due to the close proximity of interface and
surface and leads to rather large deviations of the effective
WF from the bulk WF (see A2 in Table V).

The change in the electrostatic potential is directly related
to the change in the charge (here electron) density via Pois-
son’s equation:

AV = 47’y (7)

where we define

Pint = f 7Ap dz (8)

as the interfacial dipole associated with the electronic rear-
rangement, i.e., in chemical language the formation of bonds

(a) SrO termination (b) TiO2 termination

STO Pt/vac STO Pt/vac
2T
\ ==
= 1 Y |
L
> av?
2 11 i

FIG. 9. (Color online) Change in the electrostatic potential due
to redistribution of the electronic density during step 2 at (a) SrO-
terminated and (b) TiO,-terminated Pt/STO interfaces.

between the metal and STO. This definition of the interfacial
dipole has therefore a very transparent physical meaning and
naturally excludes the arbitrary shifts of the average bulk
electrostatic potentials.

The differences of the planar averaged electron densities,
which were obtained in the same way as the differences of
the planar averaged electrostatic potential, are shown for the
six Pt/STO interfaces in Fig. 10. It is obvious from these
graphs that all charge profiles have similar characteristic fea-
tures. First, the charge transfer is limited to a close vicinity
of the interface and is mainly located between the interfacial
planes. This strong confinement is the reason why the SBH
depends only slightly on the thickness of the Pt layer. In
addition, the rapid decay causes the three-layer Pt/STO sys-
tem to have the same work function as the bulk platinum
since the presence of the interface does not influence the
surface dipole at the metal surface. Second, the electrons are
transferred always from STO to Pt creating a dipole moment
pointing toward STO. The same direction of charge transfer
was observed by Rao et al.*? for the Pt/BTO interface.

By integrating the planar averaged charge density we can
obtain a cumulative charge profile across the interface and
from its supremum estimate the magnitude of the charge
transferred per unit area of the interface and the interface
position.'® The position of the supremum corresponds to the
point where the planar charge density intercepts the x axis
between the TM and STO interfacial planes (the point is
marked in Fig. 10 by arrows). However, since the partition of
charge is not unique the quantities can be taken only as in-
dicative.

In summary, the step-by-step analysis that follows natu-
rally the formation of interface is able to provide a wealth of
information on the quantities that determine the SBH. The
resulting value of the SBH calculated from Eq. (3) agrees
well with the values determined directly (see Table IV). In
the following we apply the analysis to a number of TM/STO
interfaces.

C. Metal monolayers on STO

In order to investigate the dependence of the SBH on the
metal electrode we carried out a series of SBH calculations
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FIG. 10. (Color online) Differences of the planar averaged charge densities from the interface and slab calculations for seven-, three-, and
one-layer Pt films on (a) SrO- and (b) TiO,-terminated STO (only one half of each mirror-symmetric supercell is shown). The vertical dashed
lines mark the position of atomic layers (I and C denote interface and center of the slab, respectively); the arrows indicate the interface

position (see text).

for interfaces between STO and six transition metals—Cer,
Mo, W, Ni, Pd, and Pt. The calculations were done for mono-
layer TM coverages and with supercells containing a vacuum
region separating the TM/STO/TM nanocapacitors. All sys-
tems were studied in the on-top configuration with the metal
deposited above the oxygen atoms. Additionally, for Mo and
Pd we computed also the “hollow” configurations to explore
the influence of interface geometry. The calculations were
analyzed using the methodology described in the previous
section.

Since metal monolayers do not have the same properties
as bulk metals we computed first the WF of free-standing
TM monolayers, which are necessary for determination of
the ideal Schottky-Mott SBH q)g [see Eq. (5)]. The calcu-
lated monolayer WFs are listed in Table VI. These WFs are
about 0.5 eV larger than those of the corresponding bulk
metals (cf. Table II) indicating similar increases in the sur-
face dipoles due to enhanced electron spillage for all six
metals. When the metal monolayers are attached to STO the
electron delocalization is reduced by formation of chemical
bonds across the interface and the WF decreases (see the last
two columns of Table VI). Interestingly, in most cases the
effective WFs of the attached monolayers approach the bulk
WE. Only for the hollow configuration of the SrO-terminated
Mo/STO interface the effective WF remains to be about 0.6
eV larger than the bulk WFE.

The key quantities associated with our step-by-step pro-
cess of interface formation, i.e., the changes in the band
alignment due to atomic and electronic relaxations, are sum-

marized for all investigated monolayer interfaces in Table
VII. Large variations in both terms reveal that the processes
which accompany interface formation depend sensitively on
the TM electrode as well as on interface termination and
geometry.

The changes in the band alignment arising due to the
atomic rearrangements A(I)g;, are positive for all SrO-
terminated on-top interfaces but there are significant differ-
ences in the magnitude of this term for different TM. The
group VI TM (Cr, Mo, and W) show much larger values than

TABLE VI. Work functions of free-standing TM monolayers
bpr.mono and effective work functions of the TM monolayers on
STO ¢y e (all values are in eV).

Du et

¢M,mono SrO TIOZ

Cr 5.00 4.69 497

Mo “on-top” 5.34 4.87 5.15
Mo “hollow” 5.42 4.87
W 5.48 4.97 5.41

Ni 5.34 5.06 5.07

Pd “on-top” 6.06 5.65 5.38
Pd “hollow” 5.94 5.69
Pt 6.63 6.11 6.03
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TABLE VII. Contributions to the SBH according to Eq. (3) and
resulting values of the p-type SBH for the monolayer TM/STO
interfaces; values in brackets were determined using the LM ap-
proach (all values are in eV).

oY ADY) ADY) ®p,

SrO term “on-top”

Cr -0.75 1.66 1.38 2.29(2.27)

Mo -1.09 1.40 1.93 2.24(2.23)

Y -1.23 1.96 1.57 2.30(2.32)

Ni -1.09 0.68 2.46 2.05(1.91)

Pd -1.81 0.12 3.28 1.59(1.50)

Pt -2.38 0.23 4.00 1.85(1.71)
TiO, term “on-top”

Cr 1.52 —-0.46 0.88 1.94(1.95)

Mo 1.18 -0.52 1.47 2.13(2.18)

' 1.04 -0.54 1.61 2.11(2.14)

Ni 1.18 -0.80 1.45 1.83(1.89)

Pd 0.46 —-0.84 2.32 1.94(1.85)

Pt -0.11 -1.21 3.22 1.90(1.83)
SrO term “hollow”

Mo -1.09 0.01 1.91 0.83(0.73)

Pd -1.81 0.30 2.39 0.88(0.76)
TiO, term “hollow”

Mo 1.18 -0.09 0.56 1.65(1.68)

Pd 0.46 -0.48 1.17 1.15(1.21)

the group X TM (Ni, Pd, and Pt) with the difference between
the two groups exceeding 1 eV. Qualitatively different be-
havior is observed for the TiO,-terminated on-top interfaces
where A@g}’ is always negative, again with similar values
within each TM group. Apart from the large dissimilarities
between the two terminations we see also a strong influence
of the interface geometry. The changes due to the atomic
rearrangement are much smaller for the hollow than for the
on-top configurations, especially for the Mo/STO interfaces.

The electronic rearrangement term A@g} is positive for
all investigated interfaces but shows even larger variation in
values than the A(I)g,;, term. The corresponding charge trans-
fer and interfacial dipole therefore have the same direction
for all interfaces but vary significantly in magnitude for dif-
ferent TM and interface configurations.

Even though the variations between interfaces are large
the data extracted in the analysis enable us to identify trends
in the underlying mechanisms of SB formation. Establishing
such trends is especially useful for the development and vali-
dation of phenomenological models that estimate the SBH
using only few fundamental material parameters (see Sec.
V).

In Fig. 11 we plot the crucial quantities that determine the
SBH for the on-top interfaces. The triangles correspond to
the characteristic properties of the metal electrode—the bulk
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FIG. 11. (Color online) Contributions to the IP and WF for
TM/STO interfaces.

and effective WFs. As was mentioned above, and as is also
seen in the figure, the two WFs are in most cases almost the
same and differ by a small constant shift only for the
TiO,-terminated interfaces with Cr, Mo, and W. The position
of the Fermi level below the vacuum level can be taken
therefore to a good approximation as independent of the
metal being isolated or attached to STO. This approximation
improves with thicker metal coverages (as we saw for the
Pt/STO interfaces the effective WF is indistinguishable from
the bulk WF already for the trilayer Pt slabs). The bulk WF
thus presents indeed an independent parameter characterizing
the TM.

The stacked bars in Fig. 11 represent the evolution of the
second key parameter—the position of the STO valence
band. The horizontal base lines on which the bars start cor-
respond to the ionization potentials of the relaxed STO sur-
faces and are located 4.25 eV and 6.52 eV below the vacuum
level for the SrO and TiO, terminations, respectively (the
values are slightly different from those in Table III because
seven- instead of nine-layer STO slabs were used for the
monolayer-TM/STO calculations). The difference between
the base line (IP) and the triangles (WF) equals to the ideal
SBH d)gf)p [see Eq. (4)]. This difference is negative for all
SrO-terminated and positive for all TiO,-terminated inter-
faces. The heights of the filled and empty bars then corre-
spond to the shifts of the STO valence band due to atomic
(Algn) and electronic (AV?) rearrangements, respectively.
Figure 11 shows that even though individually the two terms
vary strongly among the interfaces (especially for the SrO-
terminated ones), their sum correlates very well with the
metal WF for interfaces with the same termination and the
same TM group. The dashed lines, which are linear interpo-
lations of the bulk WFs and the STO valence-band maxima
in the four groups of interfaces, help to see these correla-
tions.

The relation between the total correction A@B’p=ACDg’L
+Aq)g; and the bulk metal WF is plotted explicitly in Fig.
12. We can indeed see a clear linear relationship for the four
interface groups but the slopes and shifts of the lines differ.
Furthermore, all hollow interfaces exhibit significantly lower
A®y , values than the on-top interfaces. These results indi-
cate that the interface dipole depends sensitively on the
structure and chemical bonding at TM/STO interfaces. This
fact has important implications for theoretical predictions of
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(a) SrO termination (b) TiO, termination
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FIG. 12. (Color online) Correlation between the metal WFs and
the total change in the band alignment due to the atomic and elec-
tronic rearrangements at the interface.

SBH with existing empirical theories, which we discuss in
the next section.

Finally, Table VII also contains the values of SBH deter-
mined from Eq. (3) as well as by the LM approach. Similarly
as for the Pt/STO interfaces both methods give consistent
results of SBH for all monolayer-TM/STO interfaces.

V. EMPIRICAL THEORIES

There exist a number of phenomenological theories that
try to estimate the SBH from few characteristic material pa-
rameters. These theories were originally developed for
metal-semiconductor interfaces’®?7-117-122 byt they have been
used also for the estimation of SBH at interfaces between
metals and TM oxides, #4143 114115123 Ap excellent review of
existing theories has been given by Tung®® and we will there-
fore summarize here only the fundamental ideas on which
these approaches rely.

As we already mentioned earlier the Schottky-Mott limit,
which assumes no charge transfer across the interface, can be
considered as an ideal, zeroth-order theory. In reality some
interaction between the materials forming the interface al-
ways takes place and this interaction alters the band align-
ment. It has been observed experimentally that the deviation
from the Schottky-Mott limit increases with increasing cova-
lency of the semiconductor or insulator. For most covalent
materials the SBH is largely independent of the metal WF
and the metal Fermi level instead tends to align with some
characteristic level within the insulator band gap. This phe-
nomenon is known as Fermi level pinning (FLP). The origin
and extent of the FLP present the key ingredients of most
phenomenological models of SBH.

The pinning mechanisms can be essentially divided into
two categories: (1) intrinsic due to the so-called metal-
induced gap states (MIGS) and (2) extrinsic due to native
defect or surface states. It is believed that the intrinsic pin-
ning gives a better description of the SBH in most cases and
applies also for our ideal, defect-free interfaces. The MIGS,
first proposed by Heine,'?* are tails of metallic wave func-
tions which decay exponentially into the insulator due to lack
of matching insulator bulk states. Even though these gap
states are induced by the metal their distribution is an intrin-
sic property of the insulator. The energy below which all
MIGS must be filled for a charge neutral surface defines the

PHYSICAL REVIEW B 79, 245121 (2009)

charge neutrality level (CNL).!"® The CNL presents a key
concept in the empirical theories of SBH as its role at the
interface is equivalent to the metal’s Fermi level. The p-type
SBH is then expressed within the FLP theory as'!”

Dy, =SUs— ) + (1 = S) e )

where S is a dimensionless Schottky pinning (or interface
behavior) parameter that depends on the density and extent
of the interfacial states in the insulator,!'” and ¢cy; is the
energy of the charge neutrality level above the VBM of STO.
The pinning factor S is characteristic for the insulator and
may take on values between 0 and 1. For S=1 there is no
charge transfer and Eq. (9) corresponds to the Schottky-Mott
limit. For S=0 the metal Fermi level is completely pinned by
the interface states at ¢y (Bardeen limit'?%). The n-type
SBH is in this case the difference between the CNL below
the vacuum level and the electron affinity of insulator. The
pinning factor S can be derived from experimental depen-
dence of the SBH on the WF (=S=d®y ,/ d¢h);) or estimated
using an empirical formula:'??

1

= Trote- 17 "o

with €, being the electronic dielectric constant. Reported
values of S for STO range between 0.1 and 0.6'8°4119.126
with the empirical estimate of 0.28.!'* This range of values
corresponds to a moderate FLP. A consistent procedure to
determine the CNL is not available and several methods have
been proposed.®®> Robertson and Chen''*!!> and Demkov et
al.'? calculated the CNL for STO from the branch point of
the complex band structure'”® to be 2.6 and 0.7-1.3 eV
above the VBM, respectively.

Even though the MIGS model has been applied success-
fully to a variety of metal-semiconductor interfaces it incor-
rectly assumes that chemical bonds formed at the interface
have no impact on the interface dipole since the distribution
of the gap states, which pin the Fermi level, is an innate
property of the semiconductor. However, both first-principles
and experimental data for epitaxial metal-semiconductor in-
terfaces have indicated that the SBH depends on the interfa-
cial atomic structure and details of chemical bonding (for a
summary see Refs. 8 and 63).

Recently, Tung”*!? proposed a novel approach based on
the polarization of interfacial bonds. His bond polarization
theory is able to account for the FLP phenomenon and at the
same time removes the internal inconsistencies of the classi-
cal MIGS models. The basic principle of Tung’s formulation
is identical to other SB theories, namely, that the frozen
charge distribution of the Schottky-Mott limit needs to relax
for minimizing the interfacial energy. The charge rearrange-
ment is the source of an interface dipole D;,, which causes
the deviation of the SBH from the ideal Schottky-Mott limit
as

Dp =I5~ ¢y — eDip. (11)

The bond polarization theory assumes that the major charge
rearrangement originates from the formation of polarized
chemical bonds across the interface. The interface dipole
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FIG. 13. (Color online) Comparison of SBH from DFT calcula-
tions (points) with empirical estimates of Robertson and Chen
(Refs. 114 and 115), Demkov et al. (Refs. 40 and 126), and Tung
(Ref. 94). The error bars at the DFT values mark the range of
calculated WFs for different lateral lattice parameters of the TM
(see Table III).

then can be determined by considering the interface region as
a giant molecule and using a simple picture of charge trans-
fer:
eqmldintN B
D int = ’

€int

(12)

where g, is the charge transferred between atoms participat-
ing in interfacial bonds, d,, is the interface separation, Ny is
the bond density, and €, is the dielectric constant of the
interface region. By expressing the transferred charge in
terms of bulk crystal properties Tung obtained a dependence
of the SBH on the metal WEF,
E

(I)B,p:S([S_d)M)"'(l_S)_zgv (13)
which is similar to Eq. (9) with half of the band gap E,/2
replacing the CNL. This model thus leads to a weak depen-
dence of the SBH on the work function and a natural ten-
dency for the SBH to converge toward the middle of the
band gap. The interface parameter S is however different
from that predicted by the MIGS models.

Our first-principles calculations and the analysis we pre-
sented in the previous section enable us to probe both the
numerical predictions and the underlying assumptions of
these phenomenological models. The comparison of the first-
principles and empirical SBH plotted as a function of the
metal WF is shown in Fig. 13. Even though both MIGS
models exhibit the same decrease in the p-type SBH with
increasing metal WF (due to the same interface pinning pa-
rameter S) the range of predicted SBH differs by more than 1
eV. An origin of this large difference can be traced to the
uncertainty in determination of the CNL position. While
Robertson and Chen''*!'> obtained the CNL level close to
the conduction-band edge of STO, Zhang et al.'?® found it to
be only about 0.7 eV above the valence-band edge (with an
uncertain LDA correction). The first-principles SBH for the
on-top TM/STO interfaces fall between these two extremes.
Within the phenomenological picture of FLP these interfaces

PHYSICAL REVIEW B 79, 245121 (2009)

would therefore correspond to a strong pinning limit with the
CNL located close to the middle of the band gap. This view
however breaks down when we consider the hollow-type in-
terfaces. Their first-principles SBH, especially for the SrO-
terminated interfaces, are much lower than the SBH of the
on-top-type interfaces pointing to the inability of the simple
MIGS models to describe correctly the mechanisms respon-
sible for the SB formation.

The first-principles results appear more consistent with
the basic assumptions of the bond polarization theory. The
linear dependence of the SBH on the WF shown in Fig. 13
was obtained for an empirical value of the interface behavior
parameter S=0.2. This parameter is however not unique in
the bond polarization theory and depends on the chemical
bonds established at the interface [see Eq. (12)]. The rela-
tively good agreement visible in Fig. 13 for the on-top inter-
faces is rather fortuitous and related to the fact that the
atomic structure and chemical bonding in this group of inter-
faces is quite similar. In fact, we can determine the appropri-
ate values of S from the analysis described in the previous
section. The slopes of lines obtained by linear interpolations
of Ad, , (see Fig. 12) correspond directly to 1-S. The bond
polarization theory is also able to provide a plausible expla-
nation of the lower SBH values for the hollow interfaces.
These interfaces contain a lower density of interfacial bonds
between the TM and oxygen, and consequently, the interface
dipole is smaller. The reduced bond density leads also to a
weaker FLP.

An interesting result of our analysis is the importance of
atomic rearrangements. The bond polarization theory consid-
ers the charge rearrangement, which arises from the forma-
tion of interfacial bonds, as the only contribution to the in-
terface dipole. Our analysis reveals that the dipole associated
with atomic rearrangements may be of the same order of
magnitude and is therefore not negligible. A deeper analysis
will be the subject of a forthcoming paper.

VI. CONCLUSIONS

We have evaluated the Schottky barrier heights for a num-
ber of TM/STO interfaces by first-principles DFT calcula-
tions. Our results show that the interface band alignment
depends sensitively on the interface structure and chemistry.
The step-by-step analysis of the interface formation enables
us to separate the contributions to the SBH originating from
the atomic and electronic rearrangements at the interfaces. A
comparison of the calculated SBH with predictions of the
existing phenomenological theories reveals the inability of
simple MIGS models to describe correctly the mechanisms
responsible for the SB formation.
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