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The Sr and SrO monolayers on Sis001d and the SrTiO3/Sis001d interface have been simulated by means of
total energy minimization within the density functional theory formalism and the generalized gradient approxi-
mation form of exchange-correlation potential. It has been found that the first SrO layer restores a 131
structure of the substrate thus providing a template for subsequent epitaxy of the SrTiO3 layers. The calculated
densities of states are in good agreement with recent x-ray and ultraviolet photoemission valence band spectra.
The role of the “buffer layer” in forming the electronic structure is discussed and illustrated with an example
of SrO monolayer at the SrTiO3/Sis001d interface.
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I. INTRODUCTION

Metal oxides are famous for diversity of special dielectric
and magnetic properties, which makes them very promising
materials for development of new electronic devices. In par-
ticular, the high dielectric constant and electron spin polar-
ization of perovskites, like SrTiO3, make them attractive for
further development of tunneling semiconductor valves and
magnetic tunnel junctions for spintronics applications.1–6

However, there are many problems to be solved on the
way to maintaining such devices. First, properties of thin
films do not necessarily have to reproduce those of bulk
materials.2,3 Second, epitaxial growth of these films on sur-
faces of routine semiconductor materials, such as silicon,
presents a serious challenge.7–17 For example, TiO2 crystal
growth on Sis001d is impossible because of thermodynami-
cal instability of the interface.8,9,16 Furthermore, in most
cases, a lattice mismatch between a substrate and a film pro-
hibits epitaxy. This is why the recently discovered possibility
of maintaining SrTiO3 (STO) epitaxial films on the Sis001d
and subsequent use of these films as a template for epitaxy of
various metal oxides opens new horizons in micro- and
nanoelectronics.7–17

From a thermodynamical point of view, the interface be-
tween the Sis001d substrate and STO film is found to be
stable,9 and thus, due to a good match between the STO
lattice constants3.90 Åd and a Sis001d surface lattice period
along thek110l direction s3.84 Åd, a direct epitaxy seems
quite probable. However, the direct growth of STO on
Sis001d can be accomplished only with a special variable
temperature approach.10–15A key problem here is the behav-
ior of oxygen at the interface. Oxidation of the silicon sur-
face prohibits epitaxy,7–9 and therefore stability of the first
STO layer is a critical issue. To prevent oxygen diffusion to
the interface, it was suggested to start growth of the interface
with several layers of Sr(“buffer layer”).8,9 A direct epitaxy
(that is, without any buffer layer) also should begin with
adsorption of a Sr monolayer, but with following oxidation
that results, presumably, in formation of a SrO monolayer. In
practice, both methods provide STO epitaxial films on

Sis001d.8–15 The s001d surface of STO can be terminated
with either a SrO or a TiO2 plane. To obtain a template for
TiO2 epitaxy, however, it is desirable to have just a TiO2
terminated STO surface, which can be accomplished by spe-
cial treatment.18,19

It is well known that the Sis001d surface tends to recon-
struct with formation of the 132 structure20–26(and, in some
cases, also of the 432 structure).20–23 Thus, a local strain
field may appear at the SrTiO3/Sis001d interface, leading to
an increased interface energy and thus affecting the growth
mode. Hence, the “match” with the STO film cannot be taken
for granted and a challenge is how under these circumstances
the epitaxy can be obtained. This issue is addressed in the
present study by means of total energy minimization(at zero
temperature) within the density functional formalism. In par-
ticular, formation of the 231 Sis001d surface structure, Sr
and SrO adsorbed monolayers, and the equilibrium structure
of several epitaxial STO layers on the Sis001d support have
been explored in the present study.

The electronic structure of the STO epitaxial films on
Sis001d has been investigated by x-ray photoemission spec-
troscopy(XPS).10,11 In general, the main features of the va-
lence band spectra can be described in terms of the density of
states(DOS) of the components of the system. Thus, a su-
perposition of properly adjusted and renormalized electronic
spectra of Si and STO,10,11,19,20provides a good fit to the
electronic spectra of the net system.11 In other words, these
spectra are viewed as a superposition of yields from bulk Si
and STO with an account for the chemical shift(“band
offset”7) due to the contact potential difference. This feature
allows for a comparison between the calculated DOS and
experiment and therefore provides further insight into the
electronic structure of the interface.

II. METHOD OF CALCULATIONS

Geometry optimizaton was achieved by means of force
field calculations using the Viennaab initio simulations
package(VASP) code.27 The total energy and forces required
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for the simulations were calculated within the density func-
tional theory(DFT) formalism28 with exchange-correlation
potential in the Perdew-Wang form29 of the generalized gra-
dient approximation(GGA). To restore periodicity in the di-
rection normal to the surface, a repeat-slab model was
adopted, with vacuum gaps of approximately the thickness of
the slabs to minimize possible interactions between neigh-
boring slabs. High-precision settings were used throughout
to ensure a well-converged calculation. Pseudopotentials
were taken in the “ultrasoft” form30 with energy cutoffs and
numbers of plane waves adjusted, for each adsorption sys-
tem, to provide 1 mRy convergence(typically, for the plane
wave basis set, an energy cutoff of approximately 400 eV
was used). The 3p state of Ti, 4p state of Sr, and O 2s state
were included in the valence set. The DOSs were calculated
using the tetrahedral method with the Monkhorst-Pack31 sets
of k points (93939 for bulk phases and 93931 for
slabs), with finer meshes in the Brillouin zones for accurate
DOS evaluation, after geometry optimizations had been
completed.

III. RESULTS

A. Bulk and surface electronic structure of SrTiO3 and 2Ã1
reconstruction of the Si„001… surface

The lattice constant of bulk STO crystal at equilibrium is
found to be 3.94 Å, which is slightly larger than the experi-
mental value 3.90 Å. This difference illustrates a known de-
ficiency of currently available exchange-correlation function-
als, with interionic distances being too short within the local
density approximation(LDA ) and slightly too large within
the GGA.32–38Another deviation from experiment is under-
estimation of the width of the band gap(Fig. 1), which ap-
pears to be of 2.1 eV[note that recent linearly augmented
plane wave(LAPW) calculations38 have found a gap of
1.6 eV], whereas experimental values vary from 2.9 to
3.3 eV.10,15 Nevertheless, as discussed below in more detail,
the width of the valence band, 4.95 eV(dominated by the O
2p-originated band), as well as the binding energies of O 2s
and Sr 4p, are in satisfactory agreement with both
experiment10,19 and other calculations of STO electronic
structure.39

The STOs001d surfacecan be either a TiO2 plane or a SrO
plane, which terminates the bulk perovskite structure. For
more comprehensive analysis of electronic spectra, it is im-
portant to reveal changes in the electronic structure of STO
that can be attributed to the surface. With this aim in mind,
we have performed static self-consistent calculations for
STO slabs built from alternatesSrO-TiO2d planes(“bilay-
ers”), which reproduce the perovskite structure with two pos-
sible terminations at the(001) surface.

As is seen in Fig. 2, even one bilayer slab retains the main
features of the bulk STO electronic structure. In particular,
the oxygen 2s and 2p bands, Sr 4p, and Ti 3d bands remain
almost at the same energy positions as in the case of the bulk
STO (the zero energy corresponds to the highest occupied
level, which is the Fermi energyEF at T=0). However, the
band gap appears substantially decreased as compared with
that for the bulk, which can be attributed to a contribution
from surface states. This finding is in line with the narrowing
of the band gap at STO surfaces reported in Refs. 35–37.
With increasing number of bilayers, the DOS gradually ap-
proaches that of the bulk STO, while the high-energy shoul-
der on the plot of the valence band still persists, thus indi-
cating its surface origin.

Hence, the influence of the surface on the DOS of STO is
limited to certain changes in the shape of the DOS within the
valence and conduction bands. Nevertheless, the qualitative
agreement between DOSs calculated for bulk STO and(2–
3)-bilayer slabs, suggests that the two-bilayer slab appears to
be sufficient to describe the main features of the electronic
structure of adsorbed STO films.

Bulk Si. The computed equilibrium lattice constant of bulk
Si was found to be 3.87 Å, which coincides with other GGA
results,23–26 while slightly exceeding the experimental value
of 3.84 Å.20–22 As mentioned above, LDA as well as GGA
calculations tend to underestimate the band gap.23–26 This
feature is more pronounced for semiconductors—the calcu-
lated indirect band gap for Si(Fig. 3) appears to be 0.8 eV,
which is in agreement with values obtained in other GGA
studies, but considerably smaller than the experimental value

FIG. 1. Band structure of SrTiO3.

FIG. 2. Densities of states for SrTiO3 “bilayers” sSrO+TiO2d
and for bulk SrTiO3.
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of 1.1 eV.20–22 We will recall this feature in further discus-
sion of the electronic structure of the Sis001d surface and
STO adsorbed layers. To this end, it is worth noting that the
width of the valence band of Si, approximately 12 eV, is
much greater than that of STO(,5 eV; cf. Fig. 2), whereas
the DOS peaks for STO have larger amplitudes than those
for Si (note the different scales for DOS plots in Figs. 2 and
3). Hence, it may be expected that valence band spectra for
STO films on the Si surface will contain a high-intensity
region of,5 eV in width, which originates from STO, and a
low-intensity but wides10–12 eVd band, which originates
from the Si substrate.10

Reconstruction of the Sis001d surface. Our total-energy
static minimization reproduces the well-known 132 recon-
struction of the Sis001d surface. The driving force of the
reconstruction is, obviously, a decrease of total energy. For
the 132 reconstructed surface, the total energy per Si atom
is found to be 0.1 eV lower than for a bulk-terminated(un-
reconstructed) surface.

In our simulations, we adopted a five-layer slab built from
Sis001d planes(Fig. 4). The three upper layers were allowed
to relax while the structure of the two lower layers was kept
fixed. To account for the possible 132 reconstruction, the
period of the lattice in the direction across the surface Si
rows was doubled, which resulted in ten atoms per unit cell.
Another recently suggested reconstruction of the Sis001d sur-
face,cs432d,23 was beyond the purpose of the present study
of epitaxial growth of the STO films on Sis001d and thus was
not considered.

In line with the results of Refs. 20–22, 24, 40, and 41(but
in contrast to calculations in Ref. 42), the reconstructed sur-
face shows buckled dimers of Si atoms(Fig. 4). The recon-
struction involves all the three layers, but the changes of
positions of the third layer under the reconstruction are found
to be very small, which allows for suggestion that the three
surface layers are sufficient for modeling of the reconstruc-
tion.

In general, both LDA and current GGA functionals tend to
underestimate actual values of calculated band gaps in
semiconductors,23,32 and therefore with these methods a
small gap between surface states, which might originate from
the buckling of surface atomic dimers, might not be ame-
nable to computational characterization. Probably for this
reason the reconstructed Sis001d surface remains metallic in
the calculations but is semiconducting in experiment.

B. Structures of Sr and SrO monolayers on the Si„001… surface

Sr atoms form linear chains oriented normal to the
troughs of the reconstructed Sis001d 231 surface. Simula-
tions performed for a monolayer coveragesu=1d of Sr have
revealed a coupling of the Sr chains(Fig. 5), in agreement
with the low-energy electron diffraction(LEED) and scan-
ning tunneling microscope43–46 studies of this system.

The Sr monolayer noticeably suppresses the initial corru-
gation of the Sis001d surface. However, it does not restore
completely the bulk structure of the substrate. Similar behav-
ior has been also reported for Li monolayers on the Sis001d
surface.47 We find that Sr atoms occupy positions about
“bridge sites,” i.e., are only slightly shifted along the troughs
from sites that would be occupied by Si atoms. However, the
spacing between the Sr layer and the topmost Si surface layer
is substantially increased as compared with the spacing be-
tween the Sis001d crystal planes(see Fig. 5). The calculated
DOS for the Sr monolayersu=1d on the Sis001d surface
(Fig. 5) shows a metallic character of this system, as could
be expected at high Sr coverages.48–50

A critical stage of STO growth on Sis001d is formation of
a “template” for epitaxy. It has been found that oxidation of
the Si surface can prohibit epitaxial growth of STO. The
growth conditions require, however, relatively high

FIG. 3. Band structure and DOS for Si.

FIG. 4. The unit cell used for simulations of 231 reconstruc-
tion of the Sis001d surface(left) and “dimerization” of Si atoms at
the reconstructed surface(right).
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temperatures8–17 s200–850°Cd. Hence, formation of a stable
or metastable film of SrO on Sis001d is critical for the further
growth of epitaxial STO films.8–17

Our predictions of the atomic and electronic structure of
the SrO monolayer on the Sis001d surface are presented in
Fig. 6. We underscore two important features of the obtained
surface structure:(i) the SrO monolayer completely restores
the 131 structure of the Si support;(ii ) oxygen atoms re-
main within the SrO layer and therefore do not oxidize the
Sis001d substrate surface. Both these features are essential
for the successful epitaxy of STO. We conclude that the SrO
monolayer on Sis001d is a good template for the epitaxial
growth of STO.

It is interesting to note that even in the presence of oxy-
gen, the surface shows clearly metallic character. Figure 6
shows the DOS calculated for a four-layer Sis001d slab cov-
ered with SrO from both sides[to exclude a possible “short-
cut” by a pure Sis001d surface]. The metallicity of the sur-
face is evident from the noticeable density of states at the
Fermi energy. As we will further discuss below, this feature
pertains for epitaxial STO films on the Sis001d surface.

C. Electronic structure of SrTiO 3 on the Si„001…
surface

For these simulations, we built a slab of four planes of
Sis001d and two “bilayers” of STO(Fig. 7). Such a choice
allows for description of the most important features of the

epitaxial STO films on Sis001d. In particular,(a) the interface
between Si and STO reproduces the SrO layer on Sis001d,
(b) the topmost surface layer consists of TiO2, as usually
observed in experiment,10,18 and (c) a STO film two “bilay-
ers” thick retains the stoichiometry of the SrTiO3 crystal and
has a density of states similar to those of thicker layers(see

FIG. 5. Structure and DOS for the Sr monolayer on the Sis001d
surface.

FIG. 6. (Color) Structure and DOS for the SrO monolayer on
the Sis001d surface.

FIG. 7. (Color) The unit cell used for simulations and structure
of the SrTiO3 film on the Sis001d surface.
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Fig. 2). After relaxation of the system, we increased the
thickness of the slab to justify that only minor changes in
DOS could be obtained with thicker films.

For simulation of the relaxation of the STO films on
Sis001d we used the selective dynamic method, which allows
for the modeling of rearrangement of selected atoms in the
unit cell while positions of the other atoms are kept constant.
In particular, all atoms of STO and two Sis001d planes at the
interface were allowed to relax, whereas two Sis001d planes
in the bottom of the slab were kept fixed. The latter condition
was adopted to reproduce stability of the Si substrate in real
experiments.

Results of the simulation are illustrated in Fig. 7. In gen-
eral, the STO film demonstrates only a limited relaxation
(that is, not a reconstruction) of the SrO-TiO2 layers, and
therefore may indeed be considered as an epitaxial film.
Along the normal to the surface, the period of the STO film
(Sr-Sr distance of 3.96 Å and Ti-Ti distance of 3.95 Å) ap-
pears to be only slightly increased with respect to the calcu-
lated bulk lattice constant of STOs3.94 Åd. The interfacial
oxygen atoms from the SrO plane have moved by,0.05 Å
toward STO(upward in Fig. 7), which is a favorable feature
in the context of the undesirable silicon oxidation. The sur-
face oxygen atoms, which belong to the top TiO2 layer, tend
to shift the STO outward, and different values of their shifts
with respect to the Sr plane result in a certain roughening of
the surface.

Our results agree in general with earlier calculations of
the STO surface relaxation by Heifetset al.,35–37but, in con-
trast to the results of modeling performed in Refs. 35–37, 51,
and 52, we have found an outward displacement of oxygen
atoms in the top TiO2 layer, in agreement with the LEED,
reflection high-energy electron diffraction(RHEED), and
medium-energy ion scattering(MEIS) measurements.53–55

Actual displacement of surface oxygen atoms(“surface rum-
pling”) at a metal oxide surface depends on subtle details of
interionic interactions, as has recently been demonstrated by
DFT calculations for MgO and CaOs100d surfaces.38

There is an open question whether the STO thin layer on
Sis001d is kinetically or thermodynamically stable. The pos-
sibility of incorporation of oxygen atoms into the topmost
Si-Si bond is currently being considered in our group. Our
preliminary results indicate that there is a significant activa-
tion barrier for oxidation of the Si surface by the SrO mono-
layer. This barrier is essential for the epitaxial growth of
STO. One should also note that our current procedure of
total-energy minimization implies zero temperature, whereas
the kinetic stability of a metastable structure is usually tem-
perature dependent. The issue of stability of thin STO films
on Sis001d will be addressed in our future study.

The density of states calculated for the relaxed STO film
on Sis001d is shown in Fig. 8. It is interesting to note that the
DOS for STO/Sis001d generally reproduces the DOS for the
STO two-bilayer slabs(cf. Fig. 2), but reveals a metallic
character of the net system, which is evident from the non-
zero DOS atEF. To exclude the effect of the Sis001d surfaces
(in the “bottom” of the unit cell shown in Fig. 7), which
could result in an apparent metallic state of the net
STO/Sis001d system, we have also calculated the DOS for a

layered superlattice built from five layers of Sis001d and five
planes of STO, thus excluding any vacuum region. In this
case there is no free Sis001d surface. Thus, the nonzero den-
sity of states atEF, found from these calculations, originates
from the STO/Sis001d interface, and, because both the SrO-
and TiO2-terminated STO slabs are definitely dielectric(see
Fig. 2), the metallicity of the STO/Sis001d interface origi-
nates from the metallic state of the SrO/Sis001d interface.

From comparison with the XPS experimental spectrum
(shown in the inset in Fig. 8) it is evident that both in theory
and in experiment the yield to the net DOS from the Si
substrate is the relatively small, but leads to a substantial
increase of the width of the valence band. In particular, the
peak marked as “Si” in Fig. 8 is typical just for the STO/Si
system.11 For a pure STO crystal surface, there is no such
peak in the spectrum while the calculated DOS is zero for
this binding energy(see Fig. 2). Hence, the obtained results
confirm suggestions from Refs. 10–15 as to the electronic
structure of the STO/Sis001d system, which can be described
as a superposition of the(bulk) DOSs of STO and Si, with
corresponding band offset,11 whereas some extra features ap-
pear, probably due to the interface and surface electronic
structures.

IV. SUMMARY

We have performed density functional theory simulations
with the Perdew-Wang exchange correlation functional for
the SrTiO3/Si interface. A critical stage of SrTiO3 growth
on the Sis001d surface is formation of an interface layer
which can serve as a template for subsequent epitaxy and
prevents oxidation of the Si substrate surface. Our results for
the SrO monolayer on the Sis001d 231 surface have re-
vealed a “backward” surface reconstruction which results in
the 131 structure of the SrO/Sis001d interface, thus provid-
ing the almost perfect lattice match essential for epitaxial
growth of SrTiO3 films. It has also been found that the inter-
face oxygen atoms remain within the SrO layer and therefore
there is a barrier for oxidation of the Sis001d substrate by the
SrO layer.

FIG. 8. Densities of states for the SrTiO3 film on the Sis001d
surface. The XPS data from Ref. 11 are shown in the inset.
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The SrTiO3/Sis001d interface was found to be metallic
and the metallicity has been attributed to the SrO/Sis001d
interfacial layer. Because of the low density of states at the
Fermi level, we cannot exclude, however, that this result,
which means serious consequences for some device applica-
tions such as the use of STO as a gate dielectric, may be due
to underestimation of the band gap, which is characteristic of
the DFT/GGA approach. A metallic interface would be eas-
ily detectable in an electrical measurement, but the properties
of the interface should depend strongly on the degree of dop-
ing of the Si substrate.

In future work we will concentrate on the stability of thin
films of STO on Sis001d. The incorporation of oxygen atoms
into the topmost Si-Si bond should be explored. The height

of the activation barrier will be studied as a function of the
Sr coverage.
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