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First-principles calculation of the band offset at BaQBaTiO3; and SrO/SrTiO 5 interfaces
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We report first-principles density-functional pseudopotential calculations on the atomic structures, electronic
properties, and band offsets of BaO/BaJi@nd SrO/SrTiQ 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, SrTiQ/Pt, and BaTiQ/SrRugQ, interfaces we extrapolate the band alignments along two gate stacks
of technological interest: Si/SrO/SrTiOPt and Si/BaO/BaTig/ SrRuG, heterostructures.
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[. INTRODUCTION Many materials satisfy some subset of the previous crite-
ria, but the identification of a dielectric that addressisul-
The search for alternative gate dielectric materials to retaneouslyall of the requirements is a real challenge. Investi-
place silica (SiQ) in microelectronic devices is one of the gations on oxides like AD;, ZrO,, HfO,, Ta0s, Y,0s;,
grand challenges that the materials science community arld®0s, and TiG; have given encouraging results in the last
the Si-based semiconductor industry are facing at the curreffiW years' Among the most promising candidatesB Os
time! The rapid scaling of the physical gate lengths ofPerovskite oxideswhereA stands for Ba or Sr anB stands
metal-oxide-semiconductor field-effect transistoflOS-  for Ti) appear in good position. _
FET’S) requires a concomitant rapid reduction of the gate "€ ABOs compounds have a dielectric constant above
dielectric thickness in order to preserve a high gate oxide00: one order of magnitude higher than the other candi-

capacitance. This can no more be accomplished by Ioweringates' Although they are thermodynamically unstable in di-

. . : . _Tect contact with Sithey react to form titanium silicide and
the size of the Si@layer because, together with problems in alkaline-earth silicaft), they can be grown in perfect regis-

thickness control, the leakage current would become inac:- ith the Si sub b fmolecular b i

ceptably high. Indeed, the leakage current from the channt‘\)//I with the SI. sy st'rate y means ot molectriar beam epitaxy
- ’ . . . . ? BE) when including a silicon-compatible buffer layer. On

to the gate is due to the direct tunneling of carriers and INthe one hand, this layer must be sufficiently thick to ensure

creases exponentially with the decrease of both the thicknegge physical separation between the substrate and perovskite.
of the gate dielectric and the height of the electrostatic barg, the other hand. it must remain thin enough to keep the

rier for the e!ectrons through the gate stack. '_I'he currenfanefit of the high dielectric constant of tie8 O; com-
road-map projectiofassessed by the the International TECh'pound(the capacitance of the lowar-buffer layer being in
nology Roadmap for SemiconductolRS) (Ref. 2] im-  geries with that of the perovskjte
poses the choice of an alternative gate dielectric with a good |n the McKee-Walker proce$s? the buffer consists in
capacitance for a thick-enough layer and its full implemenfew atomic layers ofA O alkaline-earth oxide that can even-
tation into the production line by 2005. tually be alloyed during the growth in order to accomodate
The properties that the new dielectric should meet arghe |attice mismatch with Si. The growth O on Si in-
well established and have been reviewed recently by Wilkgjudes the presence, at the interface, ¢samonolayer of
and Wallac€’. They can be divided inttundamental material A sj, silicide so that the final structure corresponds to the
propertiesand device processing and performance proper-sequence S Si,/AO/ABO;. The epitaxy is such that
ties Among the material properties, we can enume(dt@  AB O,(001)|A O(001)|Si(001) and ABO;<110>||AO
higher dielectric constant than amorphous silicasié,  <100>|Si<100>; i.e., the ABO, atomic planes are ro-
=3.9) in order to increase the capacitance without decreasated 45° around th€001) A O direction’ The epitaxial
ing the thickness(ii) large band gaps and band offsets with crystalline growth at the oxide/semiconductor interface
Si to prevent tunneling current§ii) a good thermodynamic avoids the formation of defects and ensures the continuity of
stability in contact with the Si substratéy) a good quality the dielectric displacemeAtVIBE techniques allow the con-
of the interface with the Si channel, which means a smaltrol of the growing sequence at the submonolayer level pre-
number of electrical defects and a low midgap interface stateenting grain boundaries and providing a good quality inter-
density, andv) film morphology avoiding the formation of face and extremely smooth surface morphology.
polycristalline films and grain boundaries. Among the device First attempts to make MOSFET's including perovskite
properties, we can citevi) a good compatibility with metal- oxides have been reported recently. Using a 110-A-thick
lic gate electrodes(vii) a compatiblity with the deposition SrTiO; layer as the gate dielectric, Eisenbeiserl1° have
mechanism during the fabrication process, @riiil) reliabil-  fabricated a transistor that behaves comparably to a
ity. 8-A-thick SiO,/Si MOSFET. The improvement in transistor
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TABLE I. Reference configuration and cutoff radin bohn of the pseudopotentials used in our study.
Because of the inclusion of the semicore states in valence and within the Troullier-Martin scheme, Ba, Ti, and
Sr pseudopotentials must be generated for ionic configurations charge+2). However, these are more
suitable than the neutral ones, given the oxidation numbers of these atoms in the alkaline-earth oxides and

perovskites.
Ba Sr Ti O
Reference §2,5p%,5d%,4f% 45?2 4p°®,4d°,4f° 3s?,3p6,3d2,4f° 2s2,2p*,3d°,4f°
Core radiuga.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

performance was very satisfactory, and the leakage currentalence states, thes3and 3 electrons of Ti, 4 and 4p

was two order of magnitudes smaller than in a similarelectrons of Sr, andand 5 electrons of Ba were explic-

SiO,-based device. itly included in the calculation. Ti, Sr, and Ba pseudopoten-
As was pointed out before, the barrier height of the di-tials were generated scalar relativistically. The reference con-

electric with respect to the Si substrate should be larggiguration and cutoff radii for all the atoms we used are

enough to minimize carrier injection into the conduction- shown in Table .

band states. A large value of the conduction-band offset The gne-electron Kohn-Sham eigenstates were expanded

(CBO) between Si and the gate dielectric is required, andy 5 pasis of strictly localizéd numerical atomic orbitalé*

typically materials with CBO smaller than 1.0 eV are re- gagjs functions were obtained by finding the eigenfunctions

jected for further applications. Robertson and CHealign- of the isolated atoms confined within the new soft-

ing the charge neutrality leveéfs(CNL's) of both semicon-  confinement spherical potential proposed in Ref. 25. We used
ductors, have estimated the CBO for a Si/Srfiterface 10 4 gingle¢ basis set for the semicore states of Ti, Sr, and Ba
—0.14 eV (SrTiQ below—that is, no barrier at all for the 44 goublez plus polarization for the valence states of all
eIectrolr13$ in very good agreement with experimental e atoms. For SfBa) an extra shell of d(5d) orbitals was
results.” This prevents, in principle, the use of titanate as the,qgeq. All the parameters that define the shape and the range
gate dielectric in electronic devices. However, the presencgs ihe basis functions for Ba. Ti. and O were obtained by a
of the buffer alkaline-earth oxide in the heterostructure was, 4 iational optimization in cutsic ,bulk BaTiQ following the
missing in their approach. In this paper, we will show that inyqcequre described in Ref. 25. For Sr, another optimization
addition to providing a physical separation between Si anty,q nerformed in bulk SrTiQ) frozen in the atomic orbitals
the perovskite, the presence of the alkaline-earth oxide alsgf Ti and O to these previously optimized in BaTié
allows one to monitor efficiently the band offset. _ The electronic density, Hartree, and exchange-correlation
We report a study of the properties of BaO/BaJiom  qtentials, as well as the corresponding matrix elements be-
now on, we will refer to this heterostructure as the Ba intereen the pasis orbitals, were calculated in a uniform real-
face and SrO/SrTiQ (Sr-interface structures from first  gha06 grid® An equivalent plane-wave cutoff of 200 Ry was
principles. The method on which the simulations are based igse 1o represent the charge density. Once self-consistency
described in Sec. Il. In Sec. Ill, we discuss the details of the, < reached. the grid was refingeducing the distance be-

atomic structure at the interfaces. The electronic Structurgy een grid points by halfto compute the total energy
is presented in Sec. IV, where we analyze the density ok;,mic forces. and stress tensor. '

states a}t the junctiqns. In_Sec. V, we study the band offset 11 integrals in reciprocal space were well converged,
at the interface. Finally, in Sec. VI, an estimate of the
band alignment of the whole Si/SrO/SrREOPt and
Si/BaO/BaTiQ/SrRuG structures will be given.

using in all the cases a samplingﬁmf the same quality as
the (6X 6 6) Monkhorst-Pack mesh in bulk BaTiQ. The
equivalent cutoff lengtf for this sampling, 13 A, was the
one employed in all simulations. This represents a large

number ofk points thought that all the materials involved in
Our calculations have been performed within density-the heterojunctions are insulators. However, it has been
functional theory® (DFT) and the local density proved that this fineness is mandatory while dealing with
approximatio® (LDA). We used a numerical atomic orbital perovskites®
(NAO) method, as it is implemented in tiseesTA codel®-18 Tests of the performance of tlseesTA method on perovs-
The exchange-correlation functional was approximated usingites were done in bulk BaTiQ* Lattice constants, ferro-
Perdew-Zungétf parametrization of Ceperley-Alder d&fh.  electric distorsions, Born effective charges, and phonon dis-
Core electrons were replaced bgb initio norm-  persion curves are in very good agreement with plane
conserving fully separabéTroullier-Martin?® pseudopoten-  wave$®3'-33and full-potential linear augmented plane-wave
tials. Due to the large overlap between the semicore an¢FP-LAPW) calculations’

Il. TECHNICALITIES
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TABLE II. Experimental and theoretical lattice constands {n TABLE lIl. Theoretical elastic constants; andcy, (in Mbar).
A) for the different compounds involved in our heterostructures
The lattice mismatclibetween a given epilayer and the Si substrate Ci1 Cio 2(cqp/cqy)

(in % with respect to the substrate lattice constaalso reported.

da.a (A=Ba or Sp, stands forA-A nearest-neighbor distance in BaQ 2.10 0.57 0.54
A O oxides. Perovskite values refer to the cubic structure. BaTiO, 371 1.26 0.68
Sro 2.36 0.57 0.48
System Experimental LDA-DFT SITiO; 3.93 1.17 0.59
a(A) f(%) a(A) f(%)
Si 5.43 5.389 epilayers is small enough to remain in the linear regime, the
priay g g
BaO 5.52 1.66 5.433 082  (different values ofa, with respect to the in-plane lattice
(dga-pa=3.90) (dga-Ba=3.842) constant can be predicted from the macroscopic theory of
BaTiO; 4.00° 4.18 3.948 3.60 elasticity (MTE), and therefore an estimation of the atomic
Si 547 5 389 structure of the interface can be done. Following the descrip-
' i tion of Ref. 38 and for an interface orientation al D,
SrO 5.16 —4.97 5.075 —5.83 og1
dgr.5=3.65 ds,.s—3.588
) ( Sr-Sr p ) ( Sr-Sr ) ai,L:[l_Digi,ll]aiv
SITiO; 3.971 1.83 3.874 0.90
aReference 35. ‘Reference 36. - ai 1
bReference 16. YReference 37. W=
I1l. ATOMIC STRUCTURE AT THE INTERFACE i
c
In Table Il we report the experimental and calculated lat- Di=2712, (1)
tice parameters of the different materials involved in our het- C11

erostructures, together with the lattice mismatch with respect i i . .

to the Si substrate. The misfit is defined &s100x(a  Whereai, ci;, andcy, stand for, respectively, the equilib-

—ag)/ag;, wherea andag; are, respectively, the lattice con- UM lattice parameter and the elastic constants of material
[ 11 I 1 ’

stant of the epilayer and Si. The valuefd§ positive when Theoretical values of the elastic constants are reported_ in
the epilayer is compressed and negative when it is expanded@P!e !ll. Bulk structures from the macroscopic theory are in
In Table 11, we observe that the LDA produces a systematicexce"em agreement with _the flrst-prlnmples results,. as can
underestimate of the lattice constaabout 1%. Neverthe- be drawn from the results in Table I¥elative errors within
less, the correct sequence of lattice mismatch is obtained sp® for all the cases _

that the calculations will reproduce the experimental strain | n€ resulting bulk tetragonal unit cells were used as the

conditions when working at the theoretical lattice constant2Uilding blocks of our supercell. However, as interplanar dis-
of the substrate. tances in the region close to the interface are not predicted

Interfaces were simulated using a supercell approxima- _ _
tion. The basic unit cell, periodically repeated in space, cor- TABLE |V. Lattice constant perpendicular to the plane of the
responds to the generid(©),,/(A O-B 0,),, formula, where interface,a, , at different values of the in-plane lattice constant
n andm are, respectively t?le numberZAran oxide,atomic Results from both first-principles structural minimizations
planes and the number &fB O unit cells” For evenn and (FP’9 and macroscopic theory of elasticifTE) are reported.

odd m (the only cases studied in this workhis structure Units in A.

possesses two mirror symmetry planes located on the centr, MTE FP
A O andB O, layers. 8ystem al A A
We considered pseudomorphic heterojunctions, so that the 5.389 5.457 5.457
lattice constant parallel to the plane of the interfagg, is  BaO 5.430 5.435 5.433
assumed to remain the same on both sides of the structure. 5.665 5.307 5.322
The choice ofa) allows us to treat implicitly the mechanical
effect of the substrate, which is not included explicitly in the 3.811 4.041 4.054
calculations. BaTiOs 3.839 4.022 4.025
To establish the notation, we will call the plane parallel to 4.006 3.909 3.911
the _interfgce thex,y) plane, wheregs the perpendicular di- 5.389 4.924 4.939
rection will be refgrred to as th:geaX|s. . Sro 5.430 4.905 4.923
Under the strain conditions imposed by the Si substrate, 5522 4.861 4.893
the epitaxial layers will minimize the elastic energy by elon- ' i '
gation or compression of the lattice constant alanga, . 3.811 3.912 3.915
To determine its value, strain relaxations of the bulk unitsrTio, 3.839 3.895 3.893
cells of AO andAB O; were performed under the constraint 3.904 3.856 3.857

of fixed a. Since the lattice misfit between the substrate and
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(a) symmetry TiO plane (b)

e i e e FIG. 1. Schematic view of the
T L 40,002 EO(9) n=0 T L 40002 EO(9) n=0 atomic relaxation for the bottom
Ba(8) pt===—-—=-0(8) n=+0.001 Sr(8) [N, O (3) 1 =-+0.002 half of BaO/BaTiQ (a) and

40006 {0008 7 SrO/SITiG (b) supercells.
[ ] | | N
Ti (7) S -~ 0(7) n=-0.001 Ti(7) 4--0(7) 1n=-0.003 Dashed lines correspond to the
LY 0006 ! 'Y 0008 ! referencepositions of the atomic
I I . .
Ba (6) SfEEEEEEEE 0(6) 1 =+0.004 Sr(6) SESEEESEEE 0(6) mn=-+0.012 planes, and the solid lines are the
L40.028 7 ! L+0.030 7 ! mean position in the relaxed struc-
I I . .
Ti(5) =0 (5 mn=-0.008 Ti(5) S ~0(5) n=-0014 ture. Changes in the interplanar
‘10051 'Y 0058 distance are written in A. The at-
Ba(d)=—------ "0 4 n=+0.022 Srd) =---—---- 0@ n=+0.076 oms (A or Ti, depending on the
! +0.017 ! +0.004 4o layer, at the left and O at the right
Ba (3) SEESEEE 3--0(3) 1n=+0.009 Sr(3) SR *0(3) n=-0015 move in the direction indicated by
! -0.008 ! L the arrow. The rumpling param-
Ba (2) ;il,T___TT'; 0 (2) n=-0.004 Sr (2) :ﬁ; 0(2) n=+0.004 eter 7 is expressed in A. The size
40012 ¢ +0.009 of the heterostructure corresponds
_______ Bahy  :O9Mm=0 Sy 10D Mm=0_  on=6 m=5.
symmetry AO plane

properly from MTEZ® a full relaxation of the geometry using larger in the last case. All these conclusions are independent
first-principles methods was needed. of the in-plane lattice constant imposed in the calculation and

For each interface, @eferenceionic configuration was show very good agreement with the results obtained using
defined by piling up truncated bulk strained materials.the ABINIT (Ref. 42 plane-wave pseudopotential cotfe.
Atomic coordinates were then relaxed until the maximum

component of the force on any atom was smaller than
10 meV/A. The maximum component of the stress tensor IV. ELECTRONIC STRUCTURE AT THE INTERFACE

alongz was smaller than 10" ° eV/A?® for the Ba inter- In Fig. 2, we report the energy-band structure along a
face and smaller than710~ % eV/A® for the Sr interface. It  selected high-symmetry line in the first Brillouin zone for the
has been confirmed that additional relaxationaof (ne-  pylk alkaline-earth oxidesI{X line) and cubic bulk perov-
glected in this work does not produce any significant skite structures I{R line). Only bands close to the Fermi
change. level are represented. The valence bands are mainly com-
In order to characterize the atomic displacements inducefosed of O P states that, in the case of the perovskites,
by the relaxation, we defing,(M;)[ 5,(O;)] as the displace- show significant hybridizations with Tidorbitals.
ment of the catiofioxyger alongz at layeri, with respect to All the alkaline-earth and perovskite oxides we consider
the initial referenceconfiguration. We introduce the displace- are insulatorsexperimental gaps above 3 EWithin the
ment of the mean position of each atomic plane @s  cubic symmetry(in the absence of straingnd neglecting
=[6(Mi)+ ,(0;)]/2 and the change in the interplanar dis- gpin-orhit couplings, the computed band gap for both
tance between consecutive planeandj asAd;;=8;— 8;.
The rumpling parameter of layedescribes the movement of BaO BaTiO,
tive otherwise.
Figure 1 shows a schematic view of the atomic relax-
ations for both Ba and Sr interfaces, when the in-plane lattice_ )
ion and the cation at tha O layer closest to the interface—
the anion moves towards ti#eO region whereas the cations -3
displaces inside th&B O; part; (iii) a monotonic decay of 4
the sign of »; and g; inside the perovskite from layer to  FIG. 2. Bulk band structures of cubic BaO, BaEiCsrO, and
layer, as happens also &B O, free-standing slab®:*! SITiO; at the theoretical lattice constant. The zero of energy has
The main difference between the Ba and Sr heterostuteen assigned to the top of the valence band in each case. Only the

; . o . S10 SITiO,
the ions with respect to the mean position of each atomic / / \\ -~ ;
constant was constrained to the theoretical one of Si. Theg
the absolute value of the rumpling parameter as a function of
tures is the magnitude of the relaxations at the interfacehands closed to the gap are plotted.

plane and corresponds tg;=[35,(M;)— 5,(0;)]/2. It is

positive when the catioM; is above the oxygen, and nega-

most important features afg a compression of the interpla- & 0f

nar distance at the interface layéii) the appearance of an 2 | V \ A
ionic interface dipole, due to the opposite motion of the an-

the distance to thé O-interface layer, where the major re-

laxations are localized; ang@v) the oscillatory behavior of xr RT xr R
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TABLE V. Theoretical €Ji7) and experimental BSxh) band ~ Ba and Sr interfaces explains why the shift is almost neglige-
gaps in eV for the materials involved in our simulations. The theo-able in the Ba heterostructure.
retical value, within the LDA, has been calculated at the theoretical
lattice constant. V. BAND OFFSETS

One of the most important physical quantities that char-

Bao BaTia S0 SrTiQ acterize the interface between semiconductors or insulators is
Elheo 1.75 1.63 3.03 1.67 the band offset, i.e., the relative position of the energy levels
gexpt 4.8 3. 578 3% on both sides of the interface. The valence-band offset
oo (VBO) [conduction-band offs¢CBO)] is defined as the dif-
aReference 44. ference between the positions of the top of the valence bands
PReference 45. [the bottom of the conduction bardsf the two materials.
‘Reference 7. These band discontinuities play a fundamental role in calcu-

lating the transport properties through heterojunction de-
BaTiO; and SrTiQ is indirect R—T'). The topmost valence Vices.
and the bottom most conduction bands are 3 times degener- The determination of these offsets from first principles
ated at these high-symmetry points. Under the same condfannot be achieved from a direct comparison of the corre-
tions, the gap is also indirect in SrO, with three degenerategPonding band edges in the two compounds as obtained from

uppermost valence bandslatnd a single lowest conduction two independent bulk band-structure calculations. The rea-

band afX, whereas BaO exhibits a direct gap, between singlec'on is the lack of an intrinsic energy scale to refer all the

bands aiX. energies: in a first-principles simulation, the Hamiltonian ei-

In Table V we report experimental and theoretical band ﬁqenvalues are referred to an average of the electrostatic po-
I P P . . . ential that is ill defined for infinite systedfs(it is only
gaps (within the LDA) for all materials involved in our

; defined to within an arbitrary constaniConsequently, to-
study. We see that, due to the well-known DFT “band-gapgether with the eigenvalue difference, we must consider the

problem,” the theoretical values are understimated by aboufne of this average between the two materials. This poten-
50% in each case. Nevertheless, it is usually accepted thgh shift depends on the dipole induced by the electronic
this error can be roughly compensated by an appropriate shifharge transferred from one part of the interface to the other
of the conduction bands which should not affect the concluafter the interfacial hybridizatiotthe electronic charge den-
sions of the character of the gap reported in this section. sty of each system will decay into the other in an, in prin-

A uniaxial strain along001) lowers the symmetry of the ciple, unknown way. As the transfer of charge depends not
perovskites fromPm3m to PAmm. This translates into a only on the materials that constitute the interface, but also on
splitting of the top of the valence bands into a singlet and ahe particular orientation, the lineup can only be obtained
doublet. The singlet is abovbelow) for a compressivéten-  from a self-consistent calculation on a supercell including
sile) strain. For the alkaline-earth oxides, the symmetry re-both materials.

duces fromFm3m to I 4mmm The top of the valence band Therefore, from a theoretical poir!&3 of view, the band off-
of SrO is therefore split but, in this case, the doublet is abov&€!S are usually split into two terri§?

(below) the singlet for a compressivgensilg strain. Spin- VBO=AE, +AV
orbit couplings(not considered in this wojkmight introduce )
further splittings. CBO=AE_.+AV.

Figure 3 shows the projected density of stgfeB0O9 on
the different atomgsum of the projections of the DOS on all The first contributionAE, (AE,) is referred to as the

the atomic orbitals of the given atoms a function of the band-structure termlt is defined as the difference between
depth of the layer inside the material for the BaO/BagliO the top (bottom of the valence(conduction bands as ob-

and SrO/SrTiQ interfaces. The main conclusions that can be,_. :
extracted are as followsi) the absence of any interface in- tained from two independent standard bulk band-structure

duced gap states clearly demonstrates the semiconduct%?lcmat'ons at the same strained geometries as in the super-

character of the heterostructure@) the features of the cell construction. Within the LDA, only a first estimate of the

H LDA
PDOS on the alkaline-earth and the O atom at the interfacBand'StrlJCture term can pe Obtamﬁv;c . To get more
layer (labeled as #are much closer to the ones displayed in accurate results, a correction dealing with many-body effects

bulk AB O than in bulkA O, showing a dominanABO; " the quasiparticle spectra should be added:

character of the interfacgjii) the PDOS converges very AE, .= AELDAL AECOT 3
quickly to the bulk properties, and many of the bulk features o oe oe

can be recovered even at the atomic layers closest to the Self-energy corrections are often obtained within the GW
interface; and(iv) atomic relaxations have small effects on approximatiorf® They strongly modify the description of the
the shape of the PDOS, as can be seen comparing the soliénduction bands and tend to solve the “band-gap problem”
and dotted curves in the figure. Only a shift in the SrO layersnentioned in Sec. IV. Even the valence-band energies might
towards zero energfchosen as the top of the valence bandbe subject to certain errors, especially in oxidesInfortu-

in each caseis noticeable. This effect is a direct conse- nately, no accurate GW data are currently availableAf@
quence of the relaxation-induced interface dipole discussednd AB O; compounds. Only model GW calculations have
in Sec. lll. The different magnitude of the dipole between thebeen performed recently for SrO and Srji@nd with lim-
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1 3
(a)" [Ba, bukBao ' (b) 0, bulk BaO
I I
T ) /\\/\I Y 3 /W\I o)
1 /\/\l M 3 /\/\I
Ba (2) I . I 0@
1 3 AN S 3 /\A\: 55
I .,
1 /\"\’\= N\ 3 /\N\‘!
Ba (4) | 1 O™
'TA P e e T N, : ﬁ ‘I_A 3 TN i 58
3 s . I N 2 o
% a (6) ] | 8 | 0 (6)
P, e N
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2o | ,,/\N 3 T o@
Ba (8) I I 08
ﬁx/\\_m |
2 T M |
Ti(9) | M\/{v 3 | 0@
1 P e ' . P |
Ba, bu% | 3 | O, bulk BaTiO,
2 = = . T . 3 . . i (BaO'Iayer).
Ti, bulk BaTiO, | ,/\j\/ | O,bulkBaTI0
0 - d / 0 (TiO, layer)
—6 -4 -2 0 2 4 -6 -4 -2 0 2 4
Energy (eV) Energy (eV)
1 3
(¢) ' [sr, bukso ' (d) T 0, bulk S0
I I
! 8r (1) ' 8 //\' o (1)
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Sr(2) | I 0@
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Sr(3) | ] L | 0®
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Q" |sr@ ! @ ' o
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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 BaQamn®(b) and
SrO/SrTiQ (c) and (d) heterostructures. Solid lines represent the projection for the relaxed geometry and dotted lines for unrelaxed
coordinates. Atomic layers are identified as in Fig. 1. Projected densities of states @& OuiindAB O; are also plotted for comparison.

All the energies have been rigidly displaced in order to align the top of the valence(\eartidal ling with zero. The imposed; was set
up to the theoretical one of Si (5.389 A).

ited success! To overcome the problem, we make the ap- The second term\V is thelineup of the average of the
proximation that the errors in the valence bands are smallezlectrostatic potentiathrough the heterojunction. This mac-
than those for the conduction bands and of the same order ebscopic quantity summarizes all the intrinsic interface ef-
magnitude for the two compounds taking part in the heterofects, such as the chemical composition, structural details,
structures so that they tend to cancel each otkeE f""  and orientation. To obtain it, we start from the totainic
=0). Knowing the relative position of the valence bands, weplus electronif microscopic electrostatic Hartree potential,
simply add the experimental band g&gse Table Yto ob-  output of the self-consistent supercell calculatiore refer

tain the discontinuities for the conduction banflAE.  the reader to the Appendix for a detailed explanation about
=AEPA+AESRY, where AESRP is defined asEgiP(B)  the relationship between the zero-energy level and the aver-

- ESQE‘(A) at a juntionA/B]. age of the electrostatic potenialhen, we apply the double-
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FIG. 4. Schematic representation of the valence-band off#80) and the conduction-band offs€€BO) for BaO/BaTiQ, (a) and
SrO/SrTiG; (b) interfacesE, , E., andEgg’;‘ stand for the top of the valence band, the bottom of the conduction band, and the experimental
band gap, respectively. Values fa,, measured with respect to the average of the electrostatic potential in each material, are indicated. The
solid curve represents the profile of the macroscopic average of the total electrostatic potential across the intérftameds for the
resulting lineup. The in-plane lattice constant was set up to the theoretical one of Si (5.389 A). The size of the supercell correspénds to
andm=5,

macroscopic avera§e*®>technique. It consists of perform- ~ From the figure, we conclude that the Ba interface is type
ing first the average of the electrostatic potential over planefi, with both the valence and conduction bands of BaTiO
parallel to the interface and then averaging the obtained qudalling in energy below the corresponding ones of BaO.
siperiodic one-dimensional function with two steplike filter Within the accuracy of our calculations, BaO and BaJiO
functions whose lenghts andl, are determined by the pe- topmost valence bands are almost aligiiea offset of only
riodicity of the constituents. Herlg andl, have been set up —0.06 eV is predicted so the barrier in the conduction
to the distance between equivaleéhO and TiQ planes in  bands is mainly due to the difference in the band gaps of
the alkaline-earth oxide and in the perovskite, respectively. Adoth materials and, inferred from the experimental values,
full description of the method to th& O/ABO; heterostruc- amounts to—1.66 eV.
tures can be found in Ref. 53. The resulting profile of the The Sr interface is type I, meaning that the band gap of
macroscopic potential is flat on both sides far enough fronSrTiO; lies completely inside the gap of SrO. An upward
the interface(bulklike region$. AV is defined as the differ- step of+0.18 eV for the valence bands is theoretically ex-
ence between these two plateau valdsse Fig. 4 The pected, which implies a CBO of 2.22 eV.
lineup should be independent of the length used in the filter A rough estimate of the valence-band offset was already
functions. We have checked that doubling the size of theaccessibl® by identifying in Fig. 3 the position of the top of
steplike functions introduces a numerical uncertaintAM  the valence band in the PDOS for the O atom at both sym-
of the order of 30 meV. This is the main source of inaccuracymetry planes, in the bulklike regions of the materials that
in our calculations of the band offséfs. constitute the interfacénumbered as 1 foA O and 9 for

It is worth noticing that neithenE, nor AV has any ABOj). The values deduced from the figure ar®.09 eV
physical meaning of its own, being pseudopotential-for the Ba interfacgBaO abov¢ and +0.28 eV for the Sr
dependent numbers. Only the sum of both is physically siginterface (SrTiQ above, close to those obtained using the
nificant and quite independent of the choice ofmacroscopic average technique. However, these numbers
pseudopotentidf must be taken with car® this method to compute band off-

sets requires calculations with a higher number of spdcial
First-principles results points than those needed to converge the charge density or
. . . c}he potential lineup.
Figure 4 shows a schematic representation of the band- "¢ important to note here therucial role played by the

structure  discontinuities  for the BaO/BalO and 4o mic relaxations at these interfaces. As was pointed out in

SrO/SrTiQ; heterostructures, both of them calculated fixingggq ) after the relaxation process an extra dipole appears at
the in-plane lattice constant at the theoretical one of Si. Ban

" X . . : e junction that modifies the electrostatic lineup accross the
splittings stemming from strain are taken into account in th

_ , ‘ therfacé‘i and, consequently, the band offsets:
figure. We use the same sign convention as Van de Walle an
Martin:>* a positive value of the band offset for the discon-

4 z*(M)
tinuity at a junctionA/B corresponds to an upward step in O(AV)= —727 E —az Au,,, 4)
going fromA to B. aj xa €
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TABLE VI. Valence-band offset§VBO’s) for BaO/BaTiQ, and SrO/SrTiQ interfaces. Values are re-

ported at different in-plane lattice constaats HereAE, andAV 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 tm=6, m=5.

BaO/BaTiO, SrO/SITiO,
a (&) 5.389 5.430 5.583 5.665 5.389 5.430 5522
AV —0.834 -0.833 —0.746 —0.755 -1217 -1.190 -1.128
AE, 0.772 0.807 0.600 0.560 1.401 1.340 1.209
VBO —0.062 —0.026 —0.146 -0.195 0.184 0.150 0.081

where 5(AV) is the change in the electrostatic lineup along The almost-linear change in the lineup term can be ex-
the z direction due to the atomic displacemerig,g}g is the  plained according to an analytic scaling law proposed in Ref.
Born effective tensor of atonk, Au,, its displacement 58. OnceAV is known for a reference configuration with an
along the Cartesian directian during the relaxation, and,  in-plane lattice constarg, then, supposing a uniform strain
the optical dielectric constant. Looking at the magnitude ofthroughout the structuréd V' for any other strained configu-
the atomic displacements, it is reasonable that the changationa; can be extrapolated from

should be more remarkable for the Sr interface than for the

Ba one. From oumb initio calculations and for the same 1

supercell used to get results in Fig. 4, we observe a change in V'= —ZAV, ()
AV of —0.67 eV for the Sr interfacérom —0.55 eV for the (1+e))
unrelaxed geometry to—1.22 eV after the relaxation
whereas in the Ba interface the deviation amounts to wmwk e,
—0.11 eV(from —0.72 eV to—0.83 eV). This emphasizes s s @ ]
the importance of performing accurate first-principles atomic . 12F o n
relaxations for correct predictions of the barriers. J Lk ]
To what extent do these discontinuities change with the £> L -
in-plane lattice constant? This is an important question be- 0.8 F‘k o .
cause a dependence with strain would allow us to tune the i O
band offsetdfor example, replacing the Si substrate by Ge 0.6 N N e ]
(Ref. 7) in order to impose a different lattice parameter o6 T b
throughout the interfadedepending on the required values - ® ]
for a given device. In order to check this point, we have _ 0.8 _e__c___________g___—-—e n
carried out calculations at different in-plane lattice constants. % 4 0'_ ]
For all the different strain conditions both the supercell g i o ]
length and the atomic coordinates were relaxed as explained A12F —g--g---mT T =
in Sec. lll. In Table VI and Fig. 5 we summarize the results i ]
for both Ba and Sr heterostructures. In both cases a variation -4 N N T e
by about 0.1 eV in VBO’s with the in-plane lattice constant o2k o 0
is observed, mainly due to the band-structure ténsonse- - TEa_ ©
guence of the strain-induced splittings of the top valence- ~ 0.1 Tt~ -
band manifolg, as happens for other lattice-mismatched, is- L 00'_ ]
ovalent, common anion interfacésThe change is almost g B J
linear and tends to lower the energy of the valence bands of Z 0.1 -
the AB O; perovskite with respect to th& O alkaline-earth i ]
oxide. 02 T T T T ST T A ]
The band-structure term displays a linear behavior with 535 540 545 550 555 5.60 5.65 5.70

strain for the Sr interfac¢see Fig. %a)]. The anomalous
behavior ofAE, for the Ba interface is due to a modification

in-plane lattice constant A)

FIG. 5. Dependence with in-plane strain of the valence-band
set (VBO) and of its decomposition into the band-structure
(AE,), and lineup AV) terms. Squares and circles represent, re-

in the character of the top of the valence band of BaO undegﬁ
strain. It changes frorX when BaO is compressed fowhen
it is expanded. This transformatlon_ occurs for a lattice Con‘spectively, the first-principles results for the SrO/SrFi@nd
stant around 5.43 ﬁ(theor?t'cal lattice parameter of BAO  ga0/BaTiq, interfaces. In(a), gray-filled (black-filled) circles

In Fig. & we plot the difference between the top of the stand for the diffrence between the top of the valence band of
valence band of BaTiQand the highest occupied stateXat  BaTiO, and the highest occupied stateXd®) point in BaO. Lines
andZ of BaO. The crossing point is clearly identified in the in (a) and (c) (dashed for Sr and solid for the Ba interfacee a
figure. No extra changes in the linear behaviorAd, are  guide to the eye. Lines ifb) represent the results of the anayltic
expected for longer lattice constants. scaling law proposed in Ref. 58.
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(a) Si Sr0  SiTiO, Pt ()] Si BaO  BaTiO, SrRuO, FIG. 6. Estimation of the va-
4.0 lence (dotted line$ and conduction
- ' ! . 3.0 —_— -| (dot-dashed linesband offsets for
11 | L 1 4 .
3.0F P i - il i the whole heterostructures Si/SrO/
L 07 eVi : i 22eV i 20F+1.7eV i : | -1.7eV - SITiO, /Pt (@ and
20F L [ = [ ) L 1 Si/BaO/BaTiQ/SrRuG (b).
= - " b 1= LOF 11eV i ! : ] Dashed lines represent the experi-
210 ——*—"I Is7ev | i-09eV 0 = ool L T j48eV ! i-1.8ev | mental band gaps. Theoretical value
2B pillev ! ! ; 1 B0 * 1350y ] |  forthe VBO between Siand O (in
5 00— ! 133V : 4 5 1ok 20ev P Y] italio) has been taken from Ref. 59
s o | f124 eV e o | ‘+14ev |  forthe Srinterface and from Ref. 60
d0F-19ev | ! ; i ok t I : | for the Ba interface. Theoretical
i i 1 : ] ) -0.1eV Schottky barriers between SrTjO
: —_ v B b P
20k wt +02eV | 30k i and Pt (also in italig have been
' ) ) taken from Ref. 11.

whereg|=(aj/aj—1). Figure §b) shows a comparison of Within the LDA, plus GW corrections, Boungiorno-
the first-principles and extrapolated values, where the heterdNardelli et al® investigated the structural and electronic
structure at the in-plane lattice constant of Si has been chgroperties of the Si/Sr§iSrO interface. They predicted a
sen as the reference configuration. Results are in good agreéBO between Si and SrO of 1.91 eV for the most stable
ment within the numerical accuracy of thab initio  interface configuration. Using the experimental gaps to lo-
simulations. cate the conduction bands, it translates to a CBO of 2.69 eV.

In summary, the VBO varies almost linearly for a large The Schottky barrieg,, (difference between the Fermi level
range of in-plane strains. The only deviation is observed foand the bottom of the conduction barzktween SrTiQ and
BaO/BaTiQ, and is explained by a change of character of thePt has been evaluat€do —0.89 eV, which implies a barrier
BaO gap under compression. height ¢, (difference between the Fermi level and the top of
the valence bandof 2.41 eV. These results are summarized
in the first panel of Fig. 6.

Through  first-principles  gradient-density-functional
As was pointed out in the Introduction, teO/AB O, calculations Gulleri and Fiorenti#i focused on the struc-
interface is only a part of the gate stack of technologicafure, energetic, and band offsets of the Si/BaO interface.

interest for the semiconductor industyO acts as a buffer For the favored geometry, they obtained a VBO of
layer between the Si substrate and the higberovskite. The —2.0 eV. Some of us evaluated the Schottky barriers be-
whole heterostructure epitaxially grown following the tween BaTiQ and SrRuQ (a typical metallic electrode in
McKee-Walker procedsis made of Si/ASI/AO/ABO,.®  ferroelectric device$) to be equal tog,=+1.44 eV and
As will be emphasized in this section, the role of the buffer¢,= —1.76 eV. These results are summarized in the second
layer is not only the passivation of the Si substrate, but als®anel of Fig. 6.
the efficient tuning of the offsets between the perovskite and For both stacks, we clearly see that the problem of the
the channel. large carrier injectiorjexpected for the perovskite in direct
Combining our results with various data available in thecontact with Si(Ref. 11] is overcome by the use of t#%eO
literature, we can estimate the band discontinuities along thigyer. The electrostatic barriers for both the electrons and
whole heterostructures of technological interest as summaioles between the gate electrode and the channel are large
rized in Fig. 6. Previous theoretical calculations of the bandnough to prevent carrier injections and to push the use of
offsets between the alkaline-earth oxi#O and Si have ABOj; perovskites to a prominent position to replace silica
been reported recentfSi/BaO (Ref. 60 and Si/SrO(Ref.  as the gate dielectric oxide in MOSFET's.
59)]. In addition, we can find in the literature theoretical Although the band offset is a magnitude dependent on the
estimations for the Schottky barriers between perovskitespecific details of the interfadghrough the lineup termvV
and prototypical metallic electrod@SrTiO;/Pt (Ref. 11 or  that accounts for charge transfers and interface-dipole forma-
BaTiO;/SrRuQ, (Ref. 61)]. tion), for systems in which the charge density can be decom-
We must notice that, although most of the previous workgposed into localized atomic-charge distributions, the follow-
(except Ref. 1L have been done using the same basic aping transitivity rule might sometimes be satisfféd:
proacheg DFT, pseudopotential&-point samplings, super-
cells, etc), they differ in the details of the calculatiorfor VBO(A/B) +VBO(B/C)=VBO(A/C). (6)
example, they have been carried out at different in-plane
lattice constants, and the size of the supercells or the param- As we are dealing with interfaces including rather ionic
eters used to generate the pseudopotentials might changeaterials(like the alkaline-earth oxidg¢sthey might follow
from one to the other So only a rough estimate of the bar- the previous rule to some extent. From Fig. 6, the extrapola-
riers can be deduced from the comparison and any quantitéions of the VBO and CBO for the direct
tive conclusion is beyond the scope of this section. Si/SrTiO; (Si/BaTiO,) interface are—1.7 eV and+0.5 eV

VI. INTERFACE WITH Si
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(—2.1 eV and 0.0 e in good qualitative agreement with ~ APPENDIX: ZERO-ENERGY REFERENCE IN SIESTA
previous experimentdl and theoretical results for
Si/SrTiO;, where the barriers were found to be of around
—2.1 eV and 0.0 eV.

In other words, thanks to their wide band gapith re-

As is mentioned in Sec. V, in all DFT first-principles
codes, the Hamiltonian eigenvalues are referred to an aver-
age of the electrostatic potential that, due to the long-range

X ) : character of the Coulomb interaction, is ill definécbm-
spect to the perovskitethe inclusion of the alkaline-earth . o &6 VP (F
oxide layer guarantees the existence of sufficiently high eIecQIetely arF"”?“y for |nf|n|te_ systems.” Let us ca i+e(.r)
trostatic barrier§vVBO and CBO>1 eV) but does not affect thg to}gl (ionic + electronig Hartree p.ote.ntlal at. a Q'Ve”
the relative position of Si anéB O; electronic levels. This Pointr in real space. The long-range ionic contributions to
fact might allow us to make some guess for the alignementhe Hartree potential are included through the local part of
between the buffer layer and the perovskite oxide from thehe pseudopotentiav',Oca'(F) (I is an atomic inde)k so
knowledge of the offsets between each material and the Si

substrate. ViH+e(F):EI vieealr) + v (), (A1)

Vil. CONCLUSIONS wherevgﬂ(F) is the electrostatic Hartree potential generated

We have studied structural and electronic properties oby the electronic charge densipf'(r). Within the SIESTA
BaO/BaTiQ, and SrO/SrTiqQ interfaces from first principles. methodology?® this last density is split into two contribu-
Atomic relaxations have been performed. Interface dipolesions:
due to the opposite motion of the anion and cation atoms at
the interface, appear for both heterostructures. No interface pe (1) = pa°™M(r) + 5p(T), (A2)
electronic states are induced in the band gap. The character -
of the AO layer at the interface is mainly perovskite like. Wherep®*°™(r) is the sum of atomic electron charge densi-
Under the experimental strain conditions, the valence bandges p?t°m(F) constructed by populating the basis functions
of BaO and BaTi@ are almost alignedwithin the accuracy with appropiate valence chargespatom:zlpf‘mm) and

gf ?u(; ;:alcsulgt/ign_}? whlerteafs a scljightlly Ia.rgéar be:jrrti)er i? Pré- sp(r) is the deformation charge density induced by bond
icted for SrO/SITIQ. Interface dipoles, induced by atomic formation. Letva°™r) and 5VH(r) be the electrostatic po-

relaxations, have a strong effect on the band alignments ) o
the interface. A nearly linear variation of the VBO with in- tentials generated by these charge distributions. Then,

plane strain is observed.
Gathering together our results and various data avail-  vH (r)=> vi°c@r)+vH(r)
able in the literature, we make some predictions on the !
band alignment of whole Si/SrO/SITiOPt and
Si/BaO/BaTiQ/SrRuG, structures. In both cases large = vieeali) + 7 valemr) 4+ svH(r)
enough electrostatic barriers for electrons and holes between ! !
the gate electrode and the channel are estimated, preventing

the injection of carriers and suggesting that both perovskites =, [VI°%(r) + VAM(F) T+ sVH(r)
compounds are promising candidates to replace silica in '
MOSFET's. ) )
= VNN +oVvH(r), (A3)
|
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tion potential,<sVH>, referring the Fermi energy and all of the neutral-atom potential over the whole supercell and

the one-particle Hamiltonian eigenvalues to it. (ii) computing the lineup termV, comparing the plateaus
Therefore, to compute withsiESTA the lineup term from the previous profile. At a heterojunctiéx B,

AVgesTathat enters in the band-offset expression, we must H H

apply the macroscopic average technique on the microscopic AV=(Vite)(B)=(Viie)(A)

deformation potentiabV", output of the self-consistent cal- =(V B)+ ( SVIY(B) = (Va M A) = ( SVIY (A
culation for the supercell, comparing afterwards the plateau (Vnar(B)+( JB) = (Vi (A) = YA
values at the twdoulklike regions, as explained in the text. =(Vna)(B) = {(Vna)(A)+AVgiesTA (AB)

This method gives rise to a correct final band offset, althoug

the decomposition into the band structure and the lineup term), the B region of the supercell. Because we now take into

is not the standard one. account the difference of the mean values\gf, in the

As this convention is unusual, in orde_r to report valuesIineup term. we have tgiii) substract them from the band
comparable to what could be computed with other codes, thgtructure term. Since the neutral-atom potential is short range

(rjesmcjjlts quotetq 'n<”1'/SH pzipfroares?bt?me;j foIIc:r\ﬁvmg thm and local, its average in tHaulklike regions will not depend
ard convention( <V, .>=0). Starting from the criterion on the details of the interface. Consequently, it can be de-

H _ . . Py
of SIESTA (< 6V">=0), this can be done by) shifting  q,ceq from two independent calculations in the bulk of each
rigidly the profile of the average ofi. . [obtained by apply-  material(it is a bulk quantity. The final result following this

ing the macroscopic average technique\/ﬂée(F) as it is  method is exactly the same as the one obtained from the
dumped into a file bygIESTA] by substracting the mean value procedure explained in the previous paragraph.

there<V>(B) stands for the value of the potential profile
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