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First-principles calculation of the band offset at BaOÕBaTiO3 and SrOÕSrTiO3 interfaces
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We report first-principles density-functional pseudopotential calculations on the atomic structures, electronic
properties, and band offsets of BaO/BaTiO3 and SrO/SrTiO3 nanosized heterojunctions grown on top of a
silicon substrate. The density of states at the junction does not reveal any electronic induced interface states. A
dominant perovskite character is found at the interface layer. The tunability of the band offset with the strain
conditions imposed by the substrate is studied. Using previously reported theoretical data available for Si/SrO,
Si/BaO, SrTiO3 /Pt, and BaTiO3 /SrRuO3 interfaces we extrapolate the band alignments along two gate stacks
of technological interest: Si/SrO/SrTiO3 /Pt and Si/BaO/BaTiO3 /SrRuO3 heterostructures.
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I. INTRODUCTION

The search for alternative gate dielectric materials to
place silica (SiO2) in microelectronic devices is one of th
grand challenges that the materials science community
the Si-based semiconductor industry are facing at the cur
time.1 The rapid scaling of the physical gate lengths
metal-oxide-semiconductor field-effect transistors~MOS-
FET’s! requires a concomitant rapid reduction of the g
dielectric thickness in order to preserve a high gate ox
capacitance. This can no more be accomplished by lowe
the size of the SiO2 layer because, together with problems
thickness control, the leakage current would become in
ceptably high. Indeed, the leakage current from the chan
to the gate is due to the direct tunneling of carriers and
creases exponentially with the decrease of both the thick
of the gate dielectric and the height of the electrostatic b
rier for the electrons through the gate stack. The curr
road-map projection@assessed by the the International Tec
nology Roadmap for Semiconductors~ITRS! ~Ref. 2!# im-
poses the choice of an alternative gate dielectric with a g
capacitance for a thick-enough layer and its full impleme
tation into the production line by 2005.

The properties that the new dielectric should meet
well established and have been reviewed recently by W
and Wallace.3 They can be divided intofundamental material
propertiesand device processing and performance prope
ties. Among the material properties, we can enumerate~i! a
higher dielectric constant than amorphous silica (kSiO2

53.9) in order to increase the capacitance without decre
ing the thickness,~ii ! large band gaps and band offsets w
Si to prevent tunneling currents,~iii ! a good thermodynamic
stability in contact with the Si substrate,~iv! a good quality
of the interface with the Si channel, which means a sm
number of electrical defects and a low midgap interface s
density, and~v! film morphology avoiding the formation o
polycristalline films and grain boundaries. Among the dev
properties, we can cite~vi! a good compatibility with metal-
lic gate electrodes,~vii ! a compatiblity with the deposition
mechanism during the fabrication process, and~viii ! reliabil-
ity.
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Many materials satisfy some subset of the previous cr
ria, but the identification of a dielectric that addressessimul-
taneouslyall of the requirements is a real challenge. Inves
gations on oxides like Al2O3 , ZrO2 , HfO2 , Ta2O5, Y2O3,
Gd2O3, and TiO2 have given encouraging results in the la
few years.4 Among the most promising candidates,AB O3
perovskite oxides~whereA stands for Ba or Sr andB stands
for Ti! appear in good position.

The AB O3 compounds have a dielectric constant abo
300, one order of magnitude higher than the other can
dates. Although they are thermodynamically unstable in
rect contact with Si~they react to form titanium silicide and
alkaline-earth silicate4,5!, they can be grown in perfect regis
try with the Si substrate by means of molecular beam epit
~MBE! when including a silicon-compatible buffer layer. O
the one hand, this layer must be sufficiently thick to ens
the physical separation between the substrate and perovs
On the other hand, it must remain thin enough to keep
benefit of the high dielectric constant of theAB O3 com-
pound~the capacitance of the lower-k buffer layer being in
series with that of the perovskite!.

In the McKee-Walker process,6–8 the buffer consists in
few atomic layers ofA O alkaline-earth oxide that can even
tually be alloyed during the growth in order to accomoda
the lattice mismatch with Si. The growth ofA O on Si in-
cludes the presence, at the interface, of a~sub!monolayer of
A Si2 silicide so that the final structure corresponds to
sequence Si/A Si2 /A O/AB O3. The epitaxy is such tha
AB O3(001)iA O(001)iSi(001) and AB O3,110.iA O
,100.iSi,100.; i.e., the AB O3 atomic planes are ro
tated 45 ° around the~001! A O direction.9 The epitaxial
crystalline growth at the oxide/semiconductor interfa
avoids the formation of defects and ensures the continuit
the dielectric displacement.7 MBE techniques allow the con
trol of the growing sequence at the submonolayer level p
venting grain boundaries and providing a good quality int
face and extremely smooth surface morphology.

First attempts to make MOSFET’s including perovsk
oxides have been reported recently. Using a 110-Å-th
SrTiO3 layer as the gate dielectric, Eisenbeiseret al.10 have
fabricated a transistor that behaves comparably to
8-Å-thick SiO2 /Si MOSFET. The improvement in transisto
©2003 The American Physical Society27-1
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TABLE I. Reference configuration and cutoff radii~in bohr! of the pseudopotentials used in our stud
Because of the inclusion of the semicore states in valence and within the Troullier-Martin scheme, Ba,
Sr pseudopotentials must be generated for ionic configurations~ionic charge12!. However, these are mor
suitable than the neutral ones, given the oxidation numbers of these atoms in the alkaline-earth oxi
perovskites.

Ba Sr Ti O
Reference 5s2,5p6,5d0,4f 0 4s2,4p6,4d0,4f 0 3s2,3p6,3d2,4f 0 2s2,2p4,3d0,4f 0

Core radius~a.u.! s 1.75 1.50 1.30 1.15
p 2.00 1.50 1.30 1.15
d 2.50 2.00 1.30 1.15
f 2.50 2.00 2.00 1.50
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performance was very satisfactory, and the leakage curr
was two order of magnitudes smaller than in a simi
SiO2-based device.

As was pointed out before, the barrier height of the
electric with respect to the Si substrate should be la
enough to minimize carrier injection into the conductio
band states. A large value of the conduction-band of
~CBO! between Si and the gate dielectric is required, a
typically materials with CBO smaller than 1.0 eV are r
jected for further applications. Robertson and Chen,11 align-
ing the charge neutrality levels12 ~CNL’s! of both semicon-
ductors, have estimated the CBO for a Si/SrTiO3 interface to
20.14 eV (SrTiO3 below—that is, no barrier at all for the
electrons! in very good agreement with experiment
results.13 This prevents, in principle, the use of titanate as
gate dielectric in electronic devices. However, the prese
of the buffer alkaline-earth oxide in the heterostructure w
missing in their approach. In this paper, we will show that
addition to providing a physical separation between Si a
the perovskite, the presence of the alkaline-earth oxide
allows one to monitor efficiently the band offset.

We report a study of the properties of BaO/BaTiO3 ~from
now on, we will refer to this heterostructure as the Ba int
face! and SrO/SrTiO3 ~Sr-interface! structures from first
principles. The method on which the simulations are base
described in Sec. II. In Sec. III, we discuss the details of
atomic structure at the interfaces. The electronic struc
is presented in Sec. IV, where we analyze the density
states at the junctions. In Sec. V, we study the band of
at the interface. Finally, in Sec. VI, an estimate of t
band alignment of the whole Si/SrO/SrTiO3 /Pt and
Si/BaO/BaTiO3 /SrRuO3 structures will be given.

II. TECHNICALITIES

Our calculations have been performed within dens
functional theory14 ~DFT! and the local density
approximation15 ~LDA !. We used a numerical atomic orbita
~NAO! method, as it is implemented in theSIESTA code.16–18

The exchange-correlation functional was approximated us
Perdew-Zunger19 parametrization of Ceperley-Alder data.20

Core electrons were replaced byab initio norm-
conserving fully separable21 Troullier-Martin22 pseudopoten-
tials. Due to the large overlap between the semicore
15532
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valence states, the 3s and 3p electrons of Ti, 4s and 4p
electrons of Sr, and 5s and 5p electrons of Ba were explic
itly included in the calculation. Ti, Sr, and Ba pseudopote
tials were generated scalar relativistically. The reference c
figuration and cutoff radii for all the atoms we used a
shown in Table I.

The one-electron Kohn-Sham eigenstates were expan
in a basis of strictly localized23 numerical atomic orbitals.24

Basis functions were obtained by finding the eigenfunctio
of the isolated atoms confined within the new so
confinement spherical potential proposed in Ref. 25. We u
a single-z basis set for the semicore states of Ti, Sr, and
and double-z plus polarization for the valence states of a
the atoms. For Sr~Ba! an extra shell of 4d(5d) orbitals was
added. All the parameters that define the shape and the r
of the basis functions for Ba, Ti, and O were obtained by
variational optimization in cubic bulk BaTiO3, following the
procedure described in Ref. 25. For Sr, another optimiza
was performed in bulk SrTiO3, frozen in the atomic orbitals
of Ti and O to these previously optimized in BaTiO3.26

The electronic density, Hartree, and exchange-correla
potentials, as well as the corresponding matrix elements
tween the basis orbitals, were calculated in a uniform re
space grid.16 An equivalent plane-wave cutoff of 200 Ry wa
used to represent the charge density. Once self-consist
was reached, the grid was refined~reducing the distance be
tween grid points by half! to compute the total energy
atomic forces, and stress tensor.

The integrals in reciprocal space were well converg
using in all the cases a sampling inkW of the same quality as
the (63636) Monkhorst-Pack27 mesh in bulk BaTiO3. The
equivalent cutoff length28 for this sampling, 13 Å, was the
one employed in all simulations. This represents a la
number ofkW points thought that all the materials involved
the heterojunctions are insulators. However, it has b
proved that this fineness is mandatory while dealing w
perovskites.29

Tests of the performance of theSIESTA method on perovs-
kites were done in bulk BaTiO3.30 Lattice constants, ferro-
electric distorsions, Born effective charges, and phonon
persion curves are in very good agreement with pla
waves29,31–33and full-potential linear augmented plane-wa
~FP-LAPW! calculations.34
7-2
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III. ATOMIC STRUCTURE AT THE INTERFACE

In Table II we report the experimental and calculated l
tice parameters of the different materials involved in our h
erostructures, together with the lattice mismatch with resp
to the Si substrate. The misfit is defined asf 51003(a
2aSi)/aSi , wherea andaSi are, respectively, the lattice con
stant of the epilayer and Si. The value off is positive when
the epilayer is compressed and negative when it is expan
In Table II, we observe that the LDA produces a systema
underestimate of the lattice constant~about 1%!. Neverthe-
less, the correct sequence of lattice mismatch is obtaine
that the calculations will reproduce the experimental str
conditions when working at the theoretical lattice consta
of the substrate.

Interfaces were simulated using a supercell approxim
tion. The basic unit cell, periodically repeated in space, c
responds to the generic (A O)n /(A O-B O2)m formula, where
n and m are, respectively, the number ofA O oxide atomic
planes and the number ofAB O3 unit cells.7 For evenn and
odd m ~the only cases studied in this work!, this structure
possesses two mirror symmetry planes located on the ce
A O andB O2 layers.

We considered pseudomorphic heterojunctions, so tha
lattice constant parallel to the plane of the interface,ai , is
assumed to remain the same on both sides of the struc
The choice ofai allows us to treat implicitly the mechanica
effect of the substrate, which is not included explicitly in t
calculations.

To establish the notation, we will call the plane parallel
the interface the (x,y) plane, whereas the perpendicular d
rection will be referred to as thez axis.

Under the strain conditions imposed by the Si substr
the epitaxial layers will minimize the elastic energy by elo
gation or compression of the lattice constant alongz, a' .
To determine its value, strain relaxations of the bulk u
cells ofA O andAB O3 were performed under the constrai
of fixed ai . Since the lattice misfit between the substrate a

TABLE II. Experimental and theoretical lattice constants (a, in
Å) for the different compounds involved in our heterostructur
The lattice mismatchf between a given epilayer and the Si substr
~in % with respect to the substrate lattice constant! is also reported.
dA-A (A5Ba or Sr!, stands forA-A nearest-neighbor distance i
A O oxides. Perovskite values refer to the cubic structure.

System Experimental LDA-DFT
a(Å) f (%) a(Å) f (%)

Si 5.43a 5.389b

BaO 5.52a 1.66 5.433 0.82
(dBa-Ba53.90) (dBa-Ba53.842)

BaTiO3 4.00c 4.18 3.948 3.60

Si 5.43a 5.389b

SrO 5.16a 24.97 5.075 25.83
(dSr-Sr53.65) (dSr-Sr53.588)

SrTiO3 3.91d 1.83 3.874 0.90

aReference 35. cReference 36.
bReference 16. dReference 37.
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epilayers is small enough to remain in the linear regime,
different values ofa' with respect to the in-plane lattic
constant can be predicted from the macroscopic theory
elasticity ~MTE!, and therefore an estimation of the atom
structure of the interface can be done. Following the desc
tion of Ref. 38 and for an interface orientation along~001!,

ai ,'5@12Di« i ,i#ai ,

« i ,i5
ai ,i

ai
21,

Di52
c12

i

c11
i

, ~1!

whereai , c11
i , and c12

i stand for, respectively, the equilib
rium lattice parameter and the elastic constants of materii.
Theoretical values of the elastic constants are reported
Table III. Bulk structures from the macroscopic theory are
excellent agreement with the first-principles results, as
be drawn from the results in Table IV~relative errors within
1% for all the cases!.

The resulting bulk tetragonal unit cells were used as
building blocks of our supercell. However, as interplanar d
tances in the region close to the interface are not predic

.
e

TABLE III. Theoretical elastic constantsc11 andc12 ~in Mbar!.

c11 c12 2(c12/c11)

BaO 2.10 0.57 0.54
BaTiO3 3.71 1.26 0.68
SrO 2.36 0.57 0.48
SrTiO3 3.93 1.17 0.59

TABLE IV. Lattice constant perpendicular to the plane of th
interface,a' , at different values of the in-plane lattice constantai .
Results from both first-principles structural minimization
~FP’s! and macroscopic theory of elasticity~MTE! are reported.
Units in Å.

System ai a'
MTE a'

FP

5.389 5.457 5.457
BaO 5.430 5.435 5.433

5.665 5.307 5.322

3.811 4.041 4.054
BaTiO3 3.839 4.022 4.025

4.006 3.909 3.911

5.389 4.924 4.939
SrO 5.430 4.905 4.923

5.522 4.861 4.893

3.811 3.912 3.915
SrTiO3 3.839 3.895 3.893

3.904 3.856 3.857
7-3
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FIG. 1. Schematic view of the
atomic relaxation for the bottom
half of BaO/BaTiO3 ~a! and
SrO/SrTiO3 ~b! supercells.
Dashed lines correspond to th
referencepositions of the atomic
planes, and the solid lines are th
mean position in the relaxed struc
ture. Changes in the interplana
distance are written in Å. The at
oms (A or Ti, depending on the
layer, at the left and O at the right!
move in the direction indicated by
the arrow. The rumpling param
eterh is expressed in Å. The size
of the heterostructure correspond
to n56, m55.
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properly from MTE,39 a full relaxation of the geometry usin
first-principles methods was needed.

For each interface, areferenceionic configuration was
defined by piling up truncated bulk strained materia
Atomic coordinates were then relaxed until the maximu
component of the force on any atom was smaller th
10 meV/Å. The maximum component of the stress ten
along z was smaller than 531023 eV/Å3 for the Ba inter-
face and smaller than 731023 eV/Å3 for the Sr interface. It
has been confirmed that additional relaxation ofa' ~ne-
glected in this work! does not produce any significan
change.

In order to characterize the atomic displacements indu
by the relaxation, we definedz(Mi)@dz(Oi)# as the displace-
ment of the cation@oxygen# alongz at layeri, with respect to
the initial referenceconfiguration. We introduce the displac
ment of the mean position of each atomic plane asb i
5@dz(Mi)1dz(Oi)#/2 and the change in the interplanar d
tance between consecutive planesi and j as Ddi j 5b i2b j .
The rumpling parameter of layeri describes the movement o
the ions with respect to the mean position of each ato
plane and corresponds toh i5@dz(Mi)2dz(Oi)#/2. It is
positive when the cationMi is above the oxygen, and neg
tive otherwise.

Figure 1 shows a schematic view of the atomic rela
ations for both Ba and Sr interfaces, when the in-plane lat
constant was constrained to the theoretical one of Si.
most important features are~i! a compression of the interpla
nar distance at the interface layer;~ii ! the appearance of a
ionic interface dipole, due to the opposite motion of the a
ion and the cation at theA O layer closest to the interface—
the anion moves towards theA O region whereas the cation
displaces inside theAB O3 part; ~iii ! a monotonic decay o
the absolute value of the rumpling parameter as a functio
the distance to theA O-interface layer, where the major re
laxations are localized; and~iv! the oscillatory behavior of
the sign ofh i and b i inside the perovskite from layer t
layer, as happens also inAB O3 free-standing slabs.40,41

The main difference between the Ba and Sr heteros
tures is the magnitude of the relaxations at the interfa
15532
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larger in the last case. All these conclusions are indepen
of the in-plane lattice constant imposed in the calculation a
show very good agreement with the results obtained us
the ABINIT ~Ref. 42! plane-wave pseudopotential code.43

IV. ELECTRONIC STRUCTURE AT THE INTERFACE

In Fig. 2, we report the energy-band structure along
selected high-symmetry line in the first Brillouin zone for th
bulk alkaline-earth oxides (GX line! and cubic bulk perov-
skite structures (GR line!. Only bands close to the Ferm
level are represented. The valence bands are mainly c
posed of O 2p states that, in the case of the perovskit
show significant hybridizations with Ti 3d orbitals.

All the alkaline-earth and perovskite oxides we consid
are insulators~experimental gaps above 3 eV!. Within the
cubic symmetry~in the absence of strains! and neglecting
spin-orbit couplings, the computed band gap for bo

FIG. 2. Bulk band structures of cubic BaO, BaTiO3, SrO, and
SrTiO3 at the theoretical lattice constant. The zero of energy
been assigned to the top of the valence band in each case. On
bands closed to the gap are plotted.
7-4
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BaTiO3 and SrTiO3 is indirect (R→G). The topmost valence
and the bottom most conduction bands are 3 times dege
ated at these high-symmetry points. Under the same co
tions, the gap is also indirect in SrO, with three degenera
uppermost valence bands atG and a single lowest conductio
band atX, whereas BaO exhibits a direct gap, between sin
bands atX.

In Table V we report experimental and theoretical ban
gaps ~within the LDA! for all materials involved in our
study. We see that, due to the well-known DFT ‘‘band-g
problem,’’ the theoretical values are understimated by ab
50% in each case. Nevertheless, it is usually accepted
this error can be roughly compensated by an appropriate
of the conduction bands which should not affect the conc
sions of the character of the gap reported in this section

A uniaxial strain along~001! lowers the symmetry of the
perovskites fromPm3m to P4mm. This translates into a
splitting of the top of the valence bands into a singlet an
doublet. The singlet is above~below! for a compressive~ten-
sile! strain. For the alkaline-earth oxides, the symmetry
duces fromFm3̄m to I4/mmm. The top of the valence ban
of SrO is therefore split but, in this case, the doublet is ab
~below! the singlet for a compressive~tensile! strain. Spin-
orbit couplings~not considered in this work! might introduce
further splittings.

Figure 3 shows the projected density of states~PDOS! on
the different atoms~sum of the projections of the DOS on a
the atomic orbitals of the given atom! as a function of the
depth of the layer inside the material for the BaO/BaTi3
and SrO/SrTiO3 interfaces. The main conclusions that can
extracted are as follows:~i! the absence of any interface in
duced gap states clearly demonstrates the semicond
character of the heterostructures;~ii ! the features of the
PDOS on the alkaline-earth and the O atom at the interf
layer ~labeled as 4! are much closer to the ones displayed
bulk AB O3 than in bulkA O, showing a dominantAB O3
character of the interface;~iii ! the PDOS converges ver
quickly to the bulk properties, and many of the bulk featu
can be recovered even at the atomic layers closest to
interface; and~iv! atomic relaxations have small effects o
the shape of the PDOS, as can be seen comparing the
and dotted curves in the figure. Only a shift in the SrO lay
towards zero energy~chosen as the top of the valence ba
in each case! is noticeable. This effect is a direct cons
quence of the relaxation-induced interface dipole discus
in Sec. III. The different magnitude of the dipole between

TABLE V. Theoretical (Egap
theo) and experimental (Egap

expt) band
gaps in eV for the materials involved in our simulations. The th
retical value, within the LDA, has been calculated at the theoret
lattice constant.

BaO BaTiO3 SrO SrTiO3

Egap
theo 1.75 1.63 3.03 1.67

Egap
expt 4.8a 3.2b 5.7a 3.3c

aReference 44.
bReference 45.
cReference 7.
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Ba and Sr interfaces explains why the shift is almost negli
able in the Ba heterostructure.

V. BAND OFFSETS

One of the most important physical quantities that ch
acterize the interface between semiconductors or insulato
the band offset, i.e., the relative position of the energy lev
on both sides of the interface. The valence-band off
~VBO! @conduction-band offset~CBO!# is defined as the dif-
ference between the positions of the top of the valence ba
@the bottom of the conduction bands# of the two materials.
These band discontinuities play a fundamental role in ca
lating the transport properties through heterojunction
vices.

The determination of these offsets from first principl
cannot be achieved from a direct comparison of the co
sponding band edges in the two compounds as obtained
two independent bulk band-structure calculations. The r
son is the lack of an intrinsic energy scale to refer all t
energies: in a first-principles simulation, the Hamiltonian
genvalues are referred to an average of the electrostatic
tential that is ill defined for infinite systems46 ~it is only
defined to within an arbitrary constant!. Consequently, to-
gether with the eigenvalue difference, we must consider
lineup of this average between the two materials. This pot
tial shift depends on the dipole induced by the electro
charge transferred from one part of the interface to the o
after the interfacial hybridization~the electronic charge den
sity of each system will decay into the other in an, in pri
ciple, unknown way!. As the transfer of charge depends n
only on the materials that constitute the interface, but also
the particular orientation, the lineup can only be obtain
from a self-consistent calculation on a supercell includ
both materials.

Therefore, from a theoretical point of view, the band o
sets are usually split into two terms:47,48

VBO5DEv1DV
~2!

CBO5DEc1DV.
.

The first contributionDEv (DEc) is referred to as the
band-structure term. It is defined as the difference betwee
the top ~bottom! of the valence~conduction! bands as ob-
tained from two independent standard bulk band-struct
calculations at the same strained geometries as in the su
cell construction. Within the LDA, only a first estimate of th
band-structure term can be obtained,DEv,c

LDA . To get more
accurate results, a correction dealing with many-body effe
in the quasiparticle spectra should be added:

DEv,c5DEv,c
LDA1DEv,c

corr . ~3!

Self-energy corrections are often obtained within the G
approximation.49 They strongly modify the description of th
conduction bands and tend to solve the ‘‘band-gap proble
mentioned in Sec. IV. Even the valence-band energies m
be subject to certain errors, especially in oxides.50 Unfortu-
nately, no accurate GW data are currently available forA O
and AB O3 compounds. Only model GW calculations ha
been performed recently for SrO and SrTiO3 and with lim-

-
al
7-5
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FIG. 3. Projected density of states on all the atoms as a function of the distance to the interface for the BaO/BaTiO3 ~a! and ~b! and
SrO/SrTiO3 ~c! and ~d! heterostructures. Solid lines represent the projection for the relaxed geometry and dotted lines for un
coordinates. Atomic layers are identified as in Fig. 1. Projected densities of states of bulkA O andAB O3 are also plotted for comparison
All the energies have been rigidly displaced in order to align the top of the valence band~vertical line! with zero. The imposedai was set
up to the theoretical one of Si (5.389 Å).
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ited success.51 To overcome the problem, we make the a
proximation that the errors in the valence bands are sma
than those for the conduction bands and of the same ord
magnitude for the two compounds taking part in the hete
structures so that they tend to cancel each other (DEv

corr

50). Knowing the relative position of the valence bands,
simply add the experimental band gaps~see Table V! to ob-
tain the discontinuities for the conduction bands@DEc

5DEv
LDA1DEgap

expt, where DEgap
expt is defined asEgap

expt(B)
2Egap

expt(A) at a juntionA/B].
15532
-
er
of
-

e

The second termDV is the lineup of the average of the
electrostatic potentialthrough the heterojunction. This mac
roscopic quantity summarizes all the intrinsic interface
fects, such as the chemical composition, structural deta
and orientation. To obtain it, we start from the total~ionic
plus electronic! microscopic electrostatic Hartree potentia
output of the self-consistent supercell calculation~we refer
the reader to the Appendix for a detailed explanation ab
the relationship between the zero-energy level and the a
age of the electrostatic potential!. Then, we apply the double
7-6
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FIG. 4. Schematic representation of the valence-band offset~VBO! and the conduction-band offset~CBO! for BaO/BaTiO3 ~a! and
SrO/SrTiO3 ~b! interfaces.Ev , Ec , andEgap

expt stand for the top of the valence band, the bottom of the conduction band, and the experi
band gap, respectively. Values forEv , measured with respect to the average of the electrostatic potential in each material, are indicat
solid curve represents the profile of the macroscopic average of the total electrostatic potential across the interface.DV stands for the
resulting lineup. The in-plane lattice constant was set up to the theoretical one of Si (5.389 Å). The size of the supercell correspondn56
andm55.
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macroscopic average47,48,52technique. It consists of perform
ing first the average of the electrostatic potential over pla
parallel to the interface and then averaging the obtained q
siperiodic one-dimensional function with two steplike filt
functions whose lenghtsl 1 and l 2 are determined by the pe
riodicity of the constituents. Herel 1 and l 2 have been set up
to the distance between equivalentA O and TiO2 planes in
the alkaline-earth oxide and in the perovskite, respectivel
full description of the method to theA O/ABO3 heterostruc-
tures can be found in Ref. 53. The resulting profile of t
macroscopic potential is flat on both sides far enough fr
the interface~bulklike regions!. DV is defined as the differ-
ence between these two plateau values~see Fig. 4!. The
lineup should be independent of the length used in the fi
functions. We have checked that doubling the size of
steplike functions introduces a numerical uncertainty inDV
of the order of 30 meV. This is the main source of inaccura
in our calculations of the band offsets.48

It is worth noticing that neitherDEv nor DV has any
physical meaning of its own, being pseudopotenti
dependent numbers. Only the sum of both is physically s
nificant and quite independent of the choice
pseudopotential.48

First-principles results

Figure 4 shows a schematic representation of the ba
structure discontinuities for the BaO/BaTiO3 and
SrO/SrTiO3 heterostructures, both of them calculated fixi
the in-plane lattice constant at the theoretical one of Si. B
splittings stemming from strain are taken into account in
figure. We use the same sign convention as Van de Walle
Martin:54 a positive value of the band offset for the disco
tinuity at a junctionA/B corresponds to an upward step
going fromA to B.
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From the figure, we conclude that the Ba interface is ty
II, with both the valence and conduction bands of BaTi3
falling in energy below the corresponding ones of Ba
Within the accuracy of our calculations, BaO and BaTiO3
topmost valence bands are almost aligned~an offset of only
20.06 eV is predicted!, so the barrier in the conductio
bands is mainly due to the difference in the band gaps
both materials and, inferred from the experimental valu
amounts to21.66 eV.

The Sr interface is type I, meaning that the band gap
SrTiO3 lies completely inside the gap of SrO. An upwa
step of10.18 eV for the valence bands is theoretically e
pected, which implies a CBO of22.22 eV.

A rough estimate of the valence-band offset was alre
accessible55 by identifying in Fig. 3 the position of the top o
the valence band in the PDOS for the O atom at both sy
metry planes, in the bulklike regions of the materials th
constitute the interface~numbered as 1 forA O and 9 for
AB O3). The values deduced from the figure are20.09 eV
for the Ba interface~BaO above! and 10.28 eV for the Sr
interface (SrTiO3 above!, close to those obtained using th
macroscopic average technique. However, these num
must be taken with care:48 this method to compute band off
sets requires calculations with a higher number of speciakW
points than those needed to converge the charge densi
the potential lineup.

It is important to note here thecrucial role played by the
atomic relaxations at these interfaces. As was pointed ou
Sec III, after the relaxation process an extra dipole appea
the junction that modifies the electrostatic lineup accross
interface56 and, consequently, the band offsets:

d~DV!5
4p

ai
2 (

ka

Zk,az* (T)

e`
Duka , ~4!
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TABLE VI. Valence-band offsets~VBO’s! for BaO/BaTiO3 and SrO/SrTiO3 interfaces. Values are re-
ported at different in-plane lattice constantsai . HereDEv andDV stand for, respectively, the band-structure
term and the lineup of the electrostatic potential contributions to the VBO’s. The size of the heterostructures
corresponds ton56, m55.
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whered(DV) is the change in the electrostatic lineup alo
the z direction due to the atomic displacements,Zk,ab* (T) is the
Born effective tensor of atomk, Duka its displacement
along the Cartesian directiona during the relaxation, ande`

the optical dielectric constant. Looking at the magnitude
the atomic displacements, it is reasonable that the cha
should be more remarkable for the Sr interface than for
Ba one. From ourab initio calculations and for the sam
supercell used to get results in Fig. 4, we observe a chang
DV of 20.67 eV for the Sr interface~from 20.55 eV for the
unrelaxed geometry to21.22 eV after the relaxation!,
whereas in the Ba interface the deviation amounts
20.11 eV~from 20.72 eV to20.83 eV). This emphasize
the importance of performing accurate first-principles atom
relaxations for correct predictions of the barriers.

To what extent do these discontinuities change with
in-plane lattice constant? This is an important question
cause a dependence with strain would allow us to tune
band offsets@for example, replacing the Si substrate by G
~Ref. 7! in order to impose a different lattice paramet
throughout the interface# depending on the required value
for a given device. In order to check this point, we ha
carried out calculations at different in-plane lattice consta
For all the different strain conditions both the superc
length and the atomic coordinates were relaxed as expla
in Sec. III. In Table VI and Fig. 5 we summarize the resu
for both Ba and Sr heterostructures. In both cases a varia
by about 0.1 eV in VBO’s with the in-plane lattice consta
is observed, mainly due to the band-structure term~a conse-
quence of the strain-induced splittings of the top valen
band manifold!, as happens for other lattice-mismatched,
ovalent, common anion interfaces.57 The change is almos
linear and tends to lower the energy of the valence band
the AB O3 perovskite with respect to theA O alkaline-earth
oxide.

The band-structure term displays a linear behavior w
strain for the Sr interface@see Fig. 5~a!#. The anomalous
behavior ofDEv for the Ba interface is due to a modificatio
in the character of the top of the valence band of BaO un
strain. It changes fromX when BaO is compressed toZ when
it is expanded. This transformation occurs for a lattice c
stant around 5.43 Å~theoretical lattice parameter of BaO!.
In Fig. 5~a! we plot the difference between the top of th
valence band of BaTiO3 and the highest occupied state atX
andZ of BaO. The crossing point is clearly identified in th
figure. No extra changes in the linear behavior ofDEv are
expected for longer lattice constants.
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The almost-linear change in the lineup term can be
plained according to an analytic scaling law proposed in R
58. OnceDV is known for a reference configuration with a
in-plane lattice constantai , then, supposing a uniform strai
throughout the structure,DV8 for any other strained configu
ration ai8 can be extrapolated from

DV8.
1

~11« i!
2
DV, ~5!

FIG. 5. Dependence with in-plane strain of the valence-ba
offset ~VBO! and of its decomposition into the band-structu
(DEv), and lineup (DV) terms. Squares and circles represent,
spectively, the first-principles results for the SrO/SrTiO3 and
BaO/BaTiO3 interfaces. In ~a!, gray-filled ~black-filled! circles
stand for the diffrence between the top of the valence band
BaTiO3 and the highest occupied state atX(Z) point in BaO. Lines
in ~a! and ~c! ~dashed for Sr and solid for the Ba interface! are a
guide to the eye. Lines in~b! represent the results of the anaylt
scaling law proposed in Ref. 58.
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FIG. 6. Estimation of the va-
lence ~dotted lines! and conduction
~dot-dashed lines! band offsets for
the whole heterostructures Si/SrO
SrTiO3 /Pt ~a! and
Si/BaO/BaTiO3 /SrRuO3 ~b!.
Dashed lines represent the expe
mental band gaps. Theoretical valu
for the VBO between Si andA O ~in
italic! has been taken from Ref. 5
for the Sr interface and from Ref. 60
for the Ba interface. Theoretica
Schottky barriers between SrTiO3

and Pt ~also in italic! have been
taken from Ref. 11.
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where« i5(ai8/ai21). Figure 5~b! shows a comparison o
the first-principles and extrapolated values, where the het
structure at the in-plane lattice constant of Si has been c
sen as the reference configuration. Results are in good ag
ment within the numerical accuracy of theab initio
simulations.

In summary, the VBO varies almost linearly for a larg
range of in-plane strains. The only deviation is observed
BaO/BaTiO3 and is explained by a change of character of
BaO gap under compression.

VI. INTERFACE WITH Si

As was pointed out in the Introduction, theA O/AB O3
interface is only a part of the gate stack of technologi
interest for the semiconductor industry.A O acts as a buffer
layer between the Si substrate and the high-k perovskite. The
whole heterostructure epitaxially grown following th
McKee-Walker process8 is made of Si/ASi2 /A O/AB O3.6

As will be emphasized in this section, the role of the buf
layer is not only the passivation of the Si substrate, but a
the efficient tuning of the offsets between the perovskite
the channel.

Combining our results with various data available in t
literature, we can estimate the band discontinuities along
whole heterostructures of technological interest as sum
rized in Fig. 6. Previous theoretical calculations of the ba
offsets between the alkaline-earth oxideA O and Si have
been reported recently@Si/BaO ~Ref. 60! and Si/SrO~Ref.
59!#. In addition, we can find in the literature theoretic
estimations for the Schottky barriers between perovsk
and prototypical metallic electrodes@SrTiO3 /Pt ~Ref. 11! or
BaTiO3 /SrRuO3 ~Ref. 61!#.

We must notice that, although most of the previous wo
~except Ref. 11! have been done using the same basic
proaches~DFT, pseudopotentials,kW -point samplings, super
cells, etc.!, they differ in the details of the calculations~for
example, they have been carried out at different in-pla
lattice constants, and the size of the supercells or the pa
eters used to generate the pseudopotentials might ch
from one to the other!. So only a rough estimate of the ba
riers can be deduced from the comparison and any quan
tive conclusion is beyond the scope of this section.
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Within the LDA, plus GW corrections, Boungiorno
Nardelli et al.59 investigated the structural and electron
properties of the Si/SrSi2 /SrO interface. They predicted
VBO between Si and SrO of21.91 eV for the most stable
interface configuration. Using the experimental gaps to
cate the conduction bands, it translates to a CBO of 2.69
The Schottky barrierfn ~difference between the Fermi leve
and the bottom of the conduction band! between SrTiO3 and
Pt has been evaluated11 to 20.89 eV, which implies a barrie
heightfp ~difference between the Fermi level and the top
the valence band! of 2.41 eV. These results are summariz
in the first panel of Fig. 6.

Through first-principles gradient-density-function
calculations Gulleri and Fiorentini60 focused on the struc
ture, energetic, and band offsets of the Si/BaO interfa
For the favored geometry, they obtained a VBO o
22.0 eV. Some of us evaluated the Schottky barriers
tween BaTiO3 and SrRuO3 ~a typical metallic electrode in
ferroelectric devices62! to be equal tofp511.44 eV and
fn521.76 eV. These results are summarized in the sec
panel of Fig. 6.

For both stacks, we clearly see that the problem of
large carrier injection@expected for the perovskite in direc
contact with Si~Ref. 11!# is overcome by the use of theA O
layer. The electrostatic barriers for both the electrons a
holes between the gate electrode and the channel are
enough to prevent carrier injections and to push the use
AB O3 perovskites to a prominent position to replace sili
as the gate dielectric oxide in MOSFET’s.

Although the band offset is a magnitude dependent on
specific details of the interface~through the lineup termDV
that accounts for charge transfers and interface-dipole for
tion!, for systems in which the charge density can be deco
posed into localized atomic-charge distributions, the follo
ing transitivity rule might sometimes be satisfied:48

VBO~A/B!1VBO~B/C!5VBO~A/C!. ~6!

As we are dealing with interfaces including rather ion
materials~like the alkaline-earth oxides!, they might follow
the previous rule to some extent. From Fig. 6, the extrapo
tions of the VBO and CBO for the direc
Si/SrTiO3 (Si/BaTiO3) interface are21.7 eV and10.5 eV
7-9



h

d

h
le
t

e
th
e

o
.
le
s
fa
c

e.
n

-
ic
s
-

a
th

e
e

nt
ite

C
r-
un
th

o
tle
7
t
3

he

a
th
m

s
ver-
nge

to
of

ted

-

si-
ns

nd
-

ate

unit

JUNQUERAet al. PHYSICAL REVIEW B 67, 155327 ~2003!
(22.1 eV and 0.0 eV!, in good qualitative agreement wit
previous experimental13 and theoretical11 results for
Si/SrTiO3, where the barriers were found to be of aroun
22.1 eV and 0.0 eV.

In other words, thanks to their wide band gap~with re-
spect to the perovskite!, the inclusion of the alkaline-eart
oxide layer guarantees the existence of sufficiently high e
trostatic barriers~VBO and CBO.1 eV) but does not affec
the relative position of Si andAB O3 electronic levels. This
fact might allow us to make some guess for the alignem
between the buffer layer and the perovskite oxide from
knowledge of the offsets between each material and th
substrate.

VII. CONCLUSIONS

We have studied structural and electronic properties
BaO/BaTiO3 and SrO/SrTiO3 interfaces from first principles
Atomic relaxations have been performed. Interface dipo
due to the opposite motion of the anion and cation atom
the interface, appear for both heterostructures. No inter
electronic states are induced in the band gap. The chara
of the A O layer at the interface is mainly perovskite lik
Under the experimental strain conditions, the valence ba
of BaO and BaTiO3 are almost aligned~within the accuracy
of our calculations!, whereas a slightly larger barrier is pre
dicted for SrO/SrTiO3. Interface dipoles, induced by atom
relaxations, have a strong effect on the band alignment
the interface. A nearly linear variation of the VBO with in
plane strain is observed.

Gathering together our results and various data av
able in the literature, we make some predictions on
band alignment of whole Si/SrO/SrTiO3 /Pt and
Si/BaO/BaTiO3 /SrRuO3 structures. In both cases larg
enough electrostatic barriers for electrons and holes betw
the gate electrode and the channel are estimated, preve
the injection of carriers and suggesting that both perovsk
compounds are promising candidates to replace silica
MOSFET’s.

ACKNOWLEDGMENTS

The authors are indebted to Maria Peressi, Luciano
lombo, Rodney McKee, Marco Buongiorno-Nardelli, He
mann Kohlstedt, Darrel Schlom, Alex Demkov, and J
Wang for useful discussions. This work was supported by
VolkswagenStiftung ~www.volkswagenstiftung.de! within
the program ‘‘Complex Materials: Cooperative Projects
the Natural, Engineering, and Biosciences’’ with the ti
‘‘Nano-sized ferroelectric Hybrids’’ under Project No. I/7
737. Three of us~J.J., M.Z., and Ph.G.! acknowledge suppor
from FNRS-Belgium~Grant Nos. 9.4539.00 and 2.4562.0!
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APPENDIX: ZERO-ENERGY REFERENCE IN SIESTA

As is mentioned in Sec. V, in all DFT first-principle
codes, the Hamiltonian eigenvalues are referred to an a
age of the electrostatic potential that, due to the long-ra
character of the Coulomb interaction, is ill defined~com-
pletely arbitrary! for infinite systems.46 Let us callVi 1e

H (rW)
the total ~ionic 1 electronic! Hartree potential at a given
point rW in real space. The long-range ionic contributions
the Hartree potential are included through the local part
the pseudopotential,VI

local(rW) (I is an atomic index!, so

Vi 1e
H ~rW !5(

I
VI

local~rW !1Vel
H ~rW !, ~A1!

whereVel
H (rW) is the electrostatic Hartree potential genera

by the electronic charge densityrel(rW). Within the SIESTA

methodology,16 this last density is split into two contribu
tions:

rel~rW !5ratom~rW !1dr~rW !, ~A2!

whereratom(rW) is the sum of atomic electron charge den
ties r I

atom(rW) constructed by populating the basis functio
with appropiate valence charges (ratom5( Ir I

atom) and

dr(rW) is the deformation charge density induced by bo
formation. LetVI

atom(rW) anddVH(rW) be the electrostatic po
tentials generated by these charge distributions. Then,

Vi 1e
H ~rW !5(

I
VI

local~rW !1Vel
H ~rW !

5(
I

VI
local~rW !1(

I
VI

atom~rW !1dVH~rW !

5(
I

@VI
local~rW !1VI

atom~rW !#1dVH~rW !

5(
I

VI
NA~rW !1dVH~rW !, ~A3!

where the screened neutral-atom~NA! potential, has been
defined asVI

NA(rW)[VI
local(rW)1VI

atom(rW). Since the refer-
ence ofVI

local and VI
atom is the same~both of them tend

asymptotically to zero at infinite distance, as in the isol
atom! and the basis orbitals are strictly localized~they are
zero beyond a given cutoff radius!, VI

NA(rW) will vanish also
beyond that range.

Averaging the total Hartree potential,

^Vi 1e
H &5K (

I
VI

NA1dVHL 5^VNA&1^dVH&, ~A4!

whereVNA5( IVI
NA.

In contrast with typical plane-wave DFT codes,42 where
the average ofVi 1e

H is chosen as the reference,SIESTA as-
signs the zero-energy level to the mean value over the
cell ~that is, theGW 50 Fourier component! of the deforma-
7-10
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tion potential,,dVH., referring the Fermi energy and a
the one-particle Hamiltonian eigenvalues to it.

Therefore, to compute withSIESTA the lineup term
DVSIESTAthat enters in the band-offset expression, we m
apply the macroscopic average technique on the microsc
deformation potentialdVH, output of the self-consistent ca
culation for the supercell, comparing afterwards the plat
values at the twobulklike regions, as explained in the tex
This method gives rise to a correct final band offset, althou
the decomposition into the band structure and the lineup t
is not the standard one.

As this convention is unusual, in order to report valu
comparable to what could be computed with other codes,
results quoted in this paper are obtained following thestan-
dard convention(,Vi 1e

H .50). Starting from the criterion
of SIESTA (,dVH.50), this can be done by~i! shifting
rigidly the profile of the average ofVi 1e

H @obtained by apply-

ing the macroscopic average technique toVi 1e
H (rW) as it is

dumped into a file bySIESTA# by substracting the mean valu
m
ttp

R.

tt

. E

,
w

i,

.

.
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of the neutral-atom potential over the whole supercell a
~ii ! computing the lineup termDV, comparing the plateau
from the previous profile. At a heterojunctionA/B,

DV5^Vi 1e
H &~B!2^Vi 1e

H &~A!

5^VNA&~B!1^dVH&~B!2^VNA&~A!2^dVH&~A!

5^VNA&~B!2^VNA&~A!1DVSIESTA, ~A5!

where,V.(B) stands for the value of the potential profi
in the B region of the supercell. Because we now take in
account the difference of the mean values ofVNA in the
lineup term, we have to~iii ! substract them from the ban
structure term. Since the neutral-atom potential is short ra
and local, its average in thebulklike regions will not depend
on the details of the interface. Consequently, it can be
duced from two independent calculations in the bulk of ea
material~it is a bulk quantity!. The final result following this
method is exactly the same as the one obtained from
procedure explained in the previous paragraph.
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