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The low temperature growth conditions of mixed Bay;Sry 30 layers on Si(100) were investigated using the
combination of low energy electron diffraction, x-ray photoemission (XPS), and electron energy loss spectros-
copy. With these methods crystallinity, stoichiometry, and electronic structure of both occupied and unoccupied
levels were studied as a function of layer thickness. Oxide layers were generated by evaporating the metals in
oxygen ambient pressure with the sample at room temperature after determination of the minimum oxygen
pressure necessary for full oxidation. Good crystallinity with perfect lattice matching was only obtained
starting with preadsorbed metallic layers at a concentration close to one monolayer (ML), with best results
starting from the Sr(5X 1). The XPS analysis shows that a sharp interface is formed during oxidation. The
chemical species present at the interface are up to 1 ML of mono-oxidized Si and 1 ML of a mixed Sr—O-Si
species. No silicide and silicate species or SiO, formation at the interface after oxidation were found. Both
interface and mixed oxide layers turned out to be stable to temperatures up to at least 600 °C. Starting already
at 1 ML of Bag7Sr( 30, the band gap was found to be 4.3 eV, independent of layer thickness. We determined
the valence band offset with respect to n-Si to be —2.2 eV, resulting in a conduction band offset of +1.0 eV.
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I. INTRODUCTION

During the ongoing process of miniaturization of elec-
tronic circuits the oxide thickness in conventional comple-
mentary metal-oxide-semiconductor (CMOS) technology has
now reached the limit of about 2 nm using SiO,, which al-
ready causes high leakage currents in CMOS transistors. As a
consequence, an intensive search for alternatives to SiO, as a
gate dielectric with higher dielectric constant, K, started in
recent years. This search has concentrated in the past mainly
on binary,' but partly also on ternary oxides like the titanates
of Ba and Sr.? Currently HfO, and ZrO, seem to be the
favorites for the first generation of high-K oxides to replace
Si0, in fabrication. They still have the disadvantage of for-
mation of a thin SiO, interfacial layer so that no direct inter-
face with Si is formed.

No attempt is currently made to introduce crystalline
growth into fabrication, which could potentially further re-
duce the concentration of defects below the level of amor-
phous or polycrystalline material by perfect crystalline and
stoichiometric growth.

Both disadvantages, small K and noncrystalline growth,
can be overcome by use of the oxides of Ba and Sr.! Here the
advantage of miscibility can directly be used to obtain a
perfect lattice match, and the formation of an abrupt interface
formation has been already demonstrated.> Extensive studies
have been carried out for BaTiO5 and SrTiO; as well as for
mixed Sr,Ba,_,O; layers on Si(100).>° These layers were
typically grown at elevated temperatures. The growth pro-
cess was interpreted to start with the formation of a metal
silicide layer, which was considered to stabilize the interface
and to be not only a necessary precondition for epitaxial
growth of the oxides,” but also to be a stable chemical
species that is inert to subsequent the oxidation process.
These assumptions have recently been questioned by theoret-
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ical studies investigating the atomic structure at the
Si—SrTiO; and Si—Sr interfaces.!®!! They show that the
energetically most favorable structures of interfaces between
Si and the oxide are in fact atomically sharp and restricted to
the combination of the topmost Si layer and one layer stron-
tium oxide. Interfaces without oxygen, 1 ML, and 1.5 ML of
oxygen were investigated. Up to 1 ML is only coordinated
with Si forming mono-oxidized Si, whereas the rest forms
mixed Sr—O—Si bonds, but no configurations were found
that resemble typical metal silicide or silicate coordinations.

These contradicting predictions can best be clarified using
a low temperature process during oxidation, as suggested
recently by Lettieri et al.,'” so that a presumably existing
silicide would more easily survive than with the high tem-
perature process. This process also starts with an Sr layer
deposited and ordered around 700°, whereas further metal
deposition and oxidation in order to form Bag;Sry;0 was
carried out not far from room temperature. This was also the
approach we used here.

In our study presented here, we extend significantly these
previous investigations of the Baj;Sr;;0 system on Si(100)
by combining structural information, obtained with low en-
ergy electron diffraction (LEED), and electronic information
using both core level spectroscopy (XPS) and electron en-
ergy loss spectroscopy (EELS). Thus we are able to deter-
mine optimal growth conditions as well as the chemical spe-
cies at the interface and to correlate the amount of oxygen at
the interface with optimal growth. The combination of XPS
and EELS also allowed the determination of band gaps and
band alignment. As we will show below, no silicides exist
under our preparation conditions whatsoever. But even more
important, this combination of LEED with XPS and EELS
also allowed the calibration of concentrations for the differ-
ent oxygen species at the interface. Thus this study can serve
as a basis for the elaboration of how to adjust the band align-
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ment by controlled insertion of various oxidic species at the
interface.!” The static dielectric constants of Bay,Sr;0
should be in range of 30 due to the static dielectric constants
of 13.3 for SrO and 34 for BaO."?

II. EXPERIMENT

All experiments were carried out in an ultrahigh vacuum
system at a base pressure of 1 X 107!% mbar after bakeout.
This system was equipped with a hemispherical electron en-
ergy analyzer and an Al/Mg twin anode for x-ray photoemis-
sion spectroscopy (XPS). Mg Ka radiation and a normal
emission geometry were used for all measurements. Our
XPS spectrometer was calibrated to the Audf;, peak posi-
tion at 84.00+0.05 eV below the Fermi-edge inflection
point. An electron gun with an extra concentric hemispheri-
cal analyzer is used for electron energy loss spectroscopy
(EELS). High resolution low energy electron diffraction
(SPA-LEED) is used to control and characterize the mor-
phology of the surface. With this spot profile analysis-LEED
it is possible to measure high resolution line scans through
the diffraction pattern. A retractable quartz crystal microbal-
ance (QCM) is used to measure in situ the mass flux at the
position of the sample and to perform the oxidation experi-
ment.

The sample, 14 X 14X 0.5 mm in size, was a (001) orien-
tated n-type Si single crystal, doped with phosphorus at a
concentration of 2 X 10'> cm™ (conductivity of 3—5 Q cm at
room temperature). After chemical cleaning the sample was
transferred into vacuum and degassed at 600 °C for 12 h. In
order to remove the chemical silicon oxide the sample was
rapidly heated to 950 °C. After this procedure LEED mea-
surements showed the typical (2 X 1) reconstruction of the
clean Si(001)-surface without oxidic species. Also other im-
purities were below the detection limit of XPS. Substrate
temperatures were measured by an infrared pyrometer.

The alkaline earth metals strontium and barium were de-
posited onto the silicon substrate by electron-beam evapora-
tion from titanium crucibles, monitored by additional quartz
microbalances. A constant deposition rate was achieved by
regulating the heating power and monitoring the ion flux.

For oxidation molecular oxygen (99.998% purity) was in-
troduced into the chamber by backfilling it to the desired
pressure, avoiding any direct gas flow from the gas inlet to
the sample. Pressures were measured using a well degassed
extractor gauge.

III. RESULTS
A. Growth of lattice matched SrO/BaO oxide films

As mentioned, the quality of epitaxial growth depends on
the exact composition of the layer, but it depends also
strongly on the starting surface. We found it to be absolutely
necessary to start oxide growth with predeposition of about 1
ML of Ba or Sr. Growth without one of these intermediate
layers leads only to amorphous oxide layers. On these inter-
mediate layers even a pure SrO layer can be grown epitaxi-
ally on the Si(100) surface, although with a lot of disloca-
tions in it. In this paper we concentrate on the composition
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Sr,Ba,_,O with x=0.3. We first describe various possibilities
of intermediate starting layers that can be used for epitaxial
growth after having prepared a clean Si(100) sample as de-
scribed above, and then show the quality of mixed oxide
layers that have been obtained. Adjustment of the composi-
tion is carried out using quartz microbalances (see Sec.
III A 2), the precision of having reached the exact mixture
has to be judged by the quality of the epitaxial layer in
LEED and elements concentration obtained by XPS.

1. Intermediate layer

All intermediate layers are grown by the deposition of one
of the alkaline earth metals barium or strontium. Intermedi-
ate layers on which we were able to grow epitaxial
Sry3Bay ;O were Sr layers with coverages of 1, 1.2, and 1.33
ML. They show (2X 1), (5X 1), and (3 X 1) reconstructions,
respectively.'* Also the (4 X 1) reconstruction of 1 ML of
barium'> turned out to be suitable.

Optimal ordering of these layers was only obtained at
elevated substrate temperatures, for the Sr(2 X 1) at 700 °C,
for the Sr(5X 1) at 650 °C, for the Sr(3X 1) at 600 °C, and
for the Ba(4x2) at 800 °C. Outside this small coverage
range between 1 and 1.33 ML the quality of epitaxial growth
rapidly deteriorated, and in general only amorphous layers
could be grown. Most of the results detailed below were
grown on the Sr(5 X 1) intermediate layer. This layer can be
produced in a very well ordered form, as demonstrated in
Fig. 1. It is likely that this phase consists of a regular array of
domain walls in order to accommodate the high concentra-
tion of Sr atoms on the surface and at the same time allow
site specific adsorption for the majority of Sr atoms. A sche-
matic is shown in the lower part of Fig. 1.

2. Optimization of the oxide layers

Two methods were tested to deposit SrO an BaO onto the
silicon substrate. The first method is evaporate BaO and SrO
without excess oxygen. This procedure was not successful,
since it produced only amorphous layers, independent of the
kind of intermediate layer. Two main reasons may be respon-
sible: First, these oxides evaporate at temperatures in the
range of 1000—1200 C,'” i.e., a small percentage is already
dissociated and growth of slightly understoichiometric layers
is likely. The main reason, however, most likely was that
especially BaO always contained some fraction of hydroxide
after preparation of the evaporator, which coevaporates, so
that the direct deposition of BaO and SrO molecules always
leads to amorphous mixtures consisting of both oxide and
hydroxide.

The successful strategy was to evaporate Ba and Sr metal
atoms onto the Si(100) surface, and to oxidize them simul-
taneously in an ambient oxygen pressure, after having depos-
ited the intermediate layers described above.

Alkali earth metals like Ba and Sr in combination with
elevated temperatures and excess oxygen may promote the
formation SiO, at the interface.'®-2! Such unwanted interface
layers also restrict the quality of epitaxial oxide growth.
Therefore the growth takes place at room temperature and
the oxygen pressure must be well controlled, depending on
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FIG. 1. (a) LEED-pattern after adsorption of 1.2 ML Sr on
Si(001) showing a (5X 1) reconstruction. (b) Real space model
adapted from the 1.33 ML (3 X 1) structure (Refs. 11 and 16).

the deposition rates of the metals. Following the procedure
suggested in Ref. 12, we determined the minimum pressure
necessary for complete oxidation of both Ba and Sr at a
given evaporation rate by mass accumulation onto the QCM.

The correct fraction between the pure Sr and Ba fluxes is
controlled directly by the QCM at the sample and held con-
stant by monitoring the ion current at the evaporators. The
evaporators were adjusted to a ratio of the atom flux of 7:3
for barium to strontium. In order to adjust the optimal oxy-
gen pressure for complete oxidation of the Sr and Ba layers,
the increased mass accumulation during oxidation compared
with evaporation of the metallic layers without oxygen on
the QCM at the sample position is used. Similar to the pro-
cedure described in Ref. 12, the oxygen pressure was in-
creased until the rate or mass accumulation did not change
any more by a further increase of oxygen pressure. The oxi-
dation of barium seems to have a catalytic effect on the
strontium oxidation. Therefore the pressure, first calibrated
with oxidation of pure Sr, had to be lowered by roughly a
factor to 2 in the presence of Ba. At our typical evaporation
rates of 2 ML per minute, an oxygen pressure of 6
X 1078 mbar was sufficient for complete oxidation of the
metals. As seen from the spectroscopic data presented below,
we were thus able to competely avoid the formation of sili-
con oxides apart from that directly in contact with the inter-
face.

3. Growth and crystallinity of mixed Sr3;Ba, ;0 layers

Crystalline growth can indeed be achieved by fine-tuning
the ratio of Ba to Sr evaporation and keeping it constant
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FIG. 2. LEED pattern of a 62 ML thick Ba;Sr;30 layer, dem-
onstrating crystalline and epitaxial growth of the oxide layer with 0°
orientation relative to the Si(100) substrate. Intensities are plotted
on a log scale. Line scans plotted in Fig. 3 are taken along the
dashed line.

during the whole procedure. The indication is the match of
lattice constants, especially for thicker layers above 10 ML,
as determined from the positions of the diffraction spots with
the SPA-LEED instrument. A representative example of the
diffraction pattern obtained after deposition of about 17 nm
(62 ML) of mixed Ba;Sr, 30 layers is shown in Fig. 2.
More details of the growth close to the interface as much
as for thick layers are revealed by line scans at 51 eV
through the diffraction spot profiles, which have been per-
formed along the dashed line shown in Fig. 2. Their evolu-
tion as a function of layer thickness is shown in a few char-
acteristic examples in Fig. 3: Starting at line scan (a) with a
clean (2X 1) reconstructed Si(001) surface. After evapora-
tion of 1.2 ML Sr at 600 °C the Sr(5X 1) reconstruction
appears in line scan (b). A profile measured after metallic
deposition of Ba and Sr in oxygen atmosphere at the rates
and pressure settings given above, leading to approximately
1 ML of Bay4Sry;0, is shown in profile (c) in Fig. 3. It
reveals the coexistence of several structures at various oxi-
dation states. The presence of a remaining (5X 1) structure
indicates that there are unoxidized patches of metallic Sr left
from the predeposited Sr layer. It quickly disappears by fur-
ther oxidation, as tested, but it is evident that the oxide layer
at this low coverage is not completely closed yet. This find-
ing may be indicative for the formation of a double layer as
a first oxidic layer, as found in other systems of insulator
growth,?” but no detailed investigations were carried out at
this stage. These patches coexist with a (2X 1) structure.
This structure is best developed when a pure Sr layer is oxi-
dized, e.g., by the oxidation of the Sr (3 X2) phase at one-
third monolayer coverage (see also Sec. IIT C). The (2X 1)
structure is also seen when higher Sr coverages are oxidized.
This structure cannot be due to the previous (2 X 1) structure
of the clean Si(001) surface. It is characteristic of a Sr—O—-Si
interface, as will be shown later in Sec. III C. Also from the
spectroscopic data described below, a formation of such an
interface layer seems to be more likely under our growth
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FIG. 3. SPA-LEED line scans at various stages of oxide growth,
taken at 51 eV. Scans are taken along the dashed line marked in
Fig. 2. (a) pure Si(100)-(2 X 1) structure. (b) (5 X 1) structure of 1.2
ML Sr. (c) Initial growth of Bag 7St 30 on top of the Sr layer (for
details, see text). A mixture of (2X 1), (5X 1), and (1 X 1) struc-
tures is seen. (d) and (e) (1 X 1) structures characteristic for thicker
Ba, ;Sr( ;0 layers.

conditions than the formation of a silicide layer.3 As will be
detailed in Sec. III B, the latter can clearly be ruled out. For
a thicker Ba, St 30 layer only the (1 X 1) alignment of the
lattice matched oxide remains, as seen in the line scans (d)
and (e) in Fig. 3. The position of the first order spots at
+100% SBZ (surface Brillouin zone) of the Si(001) surface
reflect the correct mixture between SrO and BaO. The thick
Sry3Bag ;O layer shows broader diffraction spots compared
to the Si(001) surface or the Sr(5 X 1) intermediate layer, see,
e.g., line scan (e) in Fig. 3. The reason this broadening is not
necessarily an increase of roughness.?

B. Electronic structure of Sr(3;Ba,,O layers
1. The oxide interface

In order to characterize the interface, and the approximate
width of the interface, we carried out XPS measurements
using Mg K« radiation. Both the Si 2p (see Fig. 4) and O 1s
spectra (Fig. 6) as a function of layer thickness were inves-
tigated in detail. It turned out that a unique identification of
the state of oxidation of the Si surface is complicated by an
overlap with characteristic satellite peaks of the Ba 4ds;, and
4d;,, emissions seen in pure or mixed barium oxide. As
shown in Fig. 5, these satellite peaks are shifted by 9.7 eV
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FIG. 4. Evolution of the Si2p peak during oxide growth. Left:
clean Si(001) surface (bottom), after adsorption of 1.2 ML of Sr
(middle) and with 1 ML of Sry3Baj;0. The small shoulder of the
Si 2p peak in this spectrum at 101.4 eV binding energy is due to the
oxide at the interface. Right: Thicker oxide layers, as indicated. The
satellite peaks of the Ba 4d emission are solely responsible for the
shoulder appearing at the damped Si2p peaks, and are not due to
oxidation of the Si interface, as demonstrated in Fig. 7.

with respect to the main emission peaks, irrespective of the
underlying substrate. They exist only in the oxide, not in a
metallic Ba layer. An XPS spectrum of a 20 nm thick amor-
phous Ba ;Sr; ;0 layer evaporated onto Ta demonstrates the
independence of these satellite peaks from the substrate, as
shown in the spectrum (b) of Fig. 5. Ratio, shape, and posi-
tion of these satellite peaks are almost identical for an amor-
phous layer on Ta and a 62 ML thick crystalline oxide layer
on Si(001), where the substrate signal is damped to zero.
While the origin of these satellite peaks has not been
uniquely identified yet—they do not correspond to a typical
excitation across the band gap, but may be due to emission
of an additional valence electron—it is obvious that the over-
lap with part of the Si 2p spectrum can easily lead to misin-
terpretations of these spectra in terms of the oxidation state
of the Si interface.

Using the results of Fig. 5, we can now interpret the data
of the Si 2p line shape as a function of layer thickness shown
in Fig. 4. The Sr interface layer grown at 650 °C leaves the
Si 2p unchanged. Therefore there is no evidence for the for-
mation of silicide in the XPS spectra. Since oxidation of Sr
and Ba took place at room temperature, silicide formation
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FIG. 5. XPS: Ba induced 4ds,, and 4d5,, peaks in oxide layers at
92.5 and 90.0 eV, respectively. A typical doublet of satellite peaks,
shifted by ~9.7 eV with respect to the primary peaks is seen in the
oxide. Examples are shown for (a) 62 ML of crystalline Bag 7St ;0
on Si(001), (b) 20 nm of amorphous Sry3Bay;0 on Ta. On the Si
surface, the satellite peaks overlap with Si2p.

during the subsequent process is not possible either.

The initial step of oxidation forming mixed oxide layers is
shown in the topmost graph of Fig. 4 on the left. The Si2p
emission shows a small satellite peak Si2p(Il) at 101.4 eV
binding energy, indicating that traces of SiO, are formed.
The shift by 1.7 eV with respect to the unoxidized Si2p
peak (I), however, is much smaller than for SiO,, indicating
that x must be <1 and/or a mixed oxide with the Sr interme-
diate layer is formed.

For thicker layers, the Si 2p peaks (I) and (IT) are damped,
but two peaks indicated by the dashed line (right side of Fig.
4) grow relative to the unoxidized main peak with increasing
oxide layer thickness. This behavior, however, does not indi-
cate any increase of Si oxidation at the interface. As pre-
sented above, these peaks are exclusively due to the satellites
of Ba4d. This was proven by determining the positions,
shapes, and intensities of the Ba 4d satellites relative to the
main Ba 4d peaks for a 62 ML thick Ba;Sr,;0 layer. Tak-
ing these spectra as fixed, the satellite peaks were separated
from the Si2p peak and the interface oxide peak for each
growth step, as shown in the left part of Fig. 4 by the dashed
lines. This Ba satellite emission is the only emission remain-
ing in the energy range of the Si2p peaks for layer thick-
nesses above 10 nm.

The exponential damping of the Si2p features as a func-
tion of oxide thickness, shown in the bottom panel of Fig. 7,
is in agreement with these findings, and proves that no SiO,
is formed during the oxidation process, while the interface
remains sharp.

The O 1s emission shown in Fig. 6 is fully consistent with
this scenario just described and reveals even more details.
The initial growth of 1 ML of mixed oxide on the Sr inter-
layer yields three peaks in the O 1s spectrum. As clear from
the spectra of thicker layers, the emission with the lowest
binding energy at 529.8 eV, marked (I), is characteristic of
the homogeneous Baj,Sry;0 layer. This peak shifts little
from 1 to 6 ML thickness due to a deviating element ratio at
the initial growth, caused by the Sr intermediate layer. The
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FIG. 6. O 1s XPS spectra at various stages of oxide growth.
Peaks marked (IT) and (III) are characteristic for the oxide layer
formed at the interface to Si(100). As seen, they disappear gradually
for thicker layers. Only peak (I) at 529.8 eV of the Sry3Baj;0
remains.

other two peaks, (I) at 531.5 and (III) at 533.1 eV, appear
simultaneously and are due to species located at the interface
to Si. O 1s peak (IT) belongs to a mono-oxidized Si species,
as already discussed above, and O Is peak (II) to oxygen
which is coordinated both with Sr and with Si.?** For fur-
ther quantitative analysis and for easy comparison we assign
each O 1s peak at the initial growth an intensity relative to
the intensity of the O 1s peak (I) of 1 ML oxygen in the first
Baj;S1( 30 layer. These intensities are written below the bot-
tom O ls spectrum in Fig. 6. They allow us to determine the
absolute oxygen amount at the interface within an uncer-
tainty of about 20%. Both interface peaks are damped during
the subsequent growth until they vanish in the noise. The
damping characteristics as a function of layer thickness is
shown in the top panel of Fig. 7. Both peaks are damped by
the same factors, their ratio staying constant, as expected for
an oxidic layer located at the interface. Therefore the oxi-
dized interface layer remains unchanged during growth of
thicker oxide layers, in agreement with the conclusions
drawn from the Si 2p spectra. Again, there are no indications
for further oxidation of Si during this process. These findings
are fully compatible with the suggested oxidic interface
layer,' where with 1.5 ML of oxygen at the interface two
differently coordinated oxygen species are expected (see Sec.
1 C).
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FIG. 7. Top: O 1s peaks as a function of oxide thickness. As-
suming that the interface species (¢, [J) are localized in the first
layer at the interface, damping of the interface peaks as a function
of oxide thickness and the simultaneous increase of the oxide peak
of Sry3Bay;0 can be well described, as the lines show. Bottom:
Similar data for the Si2p peaks of Si and of the SiO, interface
oxide. Si2p and O 1s data sets are described by the same damping
parameters, respectively.

To summarize this section, our spectroscopic data show
that a mixed Sr—Si—O layer is formed at the interface, which
has a thickness of at most 2 ML. This interface remains
unchanged under our growth conditions, as well as after an-
nealing up to 600 °C, as tested. Under the well controlled
conditions of our experiments further oxidation of the Si
interface during growth of the oxide layers turned out not to
be a problem. No traces of SiO, were detectable in our spec-
tra, nor did we find indications for silicide formation.

2. Band gap and excitonic structure

The size of the band gaps was investigated with EELS for
20 nm of pure amorphous SrO and BaO, and for a crystalline
30 ML (8.15 nm) thick Sry;Bag;0 layer. The results are
plotted in Fig. 8 together with fits in order to determine the
position of the excitonic loss and of the lowest interband
excitation. For this purpose, the losses starting at energies
above 3 eV were fitted by a model of the elastic peak con-
sisting of three Gaussians, where the ratios between the
peaks was fixed, but the overall intensity and the half-widths
were free. This gave a very stable fit also for the loss peaks.
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FIG. 8. Energy loss spectra of (a) 20 nm of amorphous SrO, (b)
20 nm of amorphous BaO, and (c¢) 30 ML (8.15 nm) of crystalline
Bay;Sr(30. Full lines: Fits to the data using a set of Gaussian
functions, as described in the text. Only the first two are shown that
characterize the excitonic loss and the onset of valence band exci-
tations, respectively. Primary energy 100 eV.

The lowest two peaks, assigned to the excitation of the low-
est energy state of the exciton and to the lowest interband
excitation, respectively, are plotted by continuous lines. Two
of the additional peaks, which stabilize the fit, were plotted
by dashed lines.

For SrO the exciton excitation at 4.3 eV is very well sepa-
rated from the first interband excitation at 6.3 eV. This value
corresponds very closely to the bulk values of cleaved single
crystals also observed by EELS.?® This peak structure, al-
though not limited by the resolution of the instrument of
about 0.2 eV, is so broad that surface and volume excitations
cannot be separated. This is even more true for BaO, where
we see a strong overlap between excitonic and band excita-
tion. Nevertheless, the determination of the exciton excita-
tion at 3.5 eV and the band gap of 4.2 eV is still possible,
which is in reasonable agreement with other EELS
measurements”®2’ and optical studies.”®?° Interestingly, the
mixed Bay;Sr);0 layer has a band gap only 0.1 eV higher,
i.e., its value of 4.3 eV is mainly determined by the majority
species in the oxide. The same is found for the excitonic
excitation at 3.5 eV. A band gap of 5 eV of Ba;Sry;0 is
quoted in literature,”® unfortunately the cited publications>*°
contain no information about the Ba ;Sr,;0 band gap.

Using identical fitting procedures, the band gap as a func-
tion of layer thickness was investigated for the Bag;Sr ;0.
As Fig. 9 shows, there is a complete independence of the size
of the band gap on layer thickness. This is even true for the
thinnest layer of 1 ML, and may indicate that initial growth
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FIG. 9. Energetic position of the excitonic loss and width of the

band gap as a function of layer thickness of Ba, ;Sr( 30, determined
by fits as in Fig. 8.

proceeds by (at least) double layer formation. The same con-
stancy as a function of layer thickness was found for the
exciton excitation. These results, however, are not uncom-
mon for insulating material without surface states in the band
gap and corresponding small relaxations at the surface.3!*?

3. Band discontinuity

Valence band discontinuities were measured following the
method of Waldrop et al.3* This method was also used suc-
cessfully to determine as schematically the band discontinui-
ties of silicon/insulator heterojunctions.?*3> The method is
based on x-ray photoemission measurements of the energetic
distance of arbitrary core lines and valence band edges of
bulk materials of the silicon substrate and of the insulator
adsorbate, and the energetic distance of the same core lines
for the silicon/insulator heterojunctions, as schematicly
shown in Fig. 10. To find the valence band edge E,, the
linear portion of the valence band leading edge was extrapo-
lated to the flat energy distribution curve in the energy gap,
as shown in Fig. 11. The intercept was defined as E,. The
valence band offset for clean n-Si(001) was determined as
0.6+0.1 eV, in reasonable agreement with the value deter-
mined by Monch et al’® (0.56+0.02 eV). For the n

n-Si(001) Ba,,Sr,,0
EBaSrO
c
AE,
Ez.(om)
E  ~emmmmmmmmmmmmmmememeaannnnns
Ef,i(om)
AE,
AE ¥ asT
AEgig01) f E\B/ SO
Ese Ao
AE,
peasr0

Ols

FIG. 10. Schematic energy band diagram of an abrupt
Sry3Bag70/n-Si(001) heterojunction interface.
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FIG. 11. Valence band photoelectron spectra for n-Si(001) and
for a 62 ML (~17 nm) thick Bay;Sry 30 layer on Si(001).

-Si(001) substrate the energetic distance between the Si2p
line and the valence band edge was measured to be
AEsiqon=(Eg 5~ E;"®")=99.120.1 eV. Due to the lack
of Bag;Sry;0 bulk material, we used a 62 ML (16.8 nm)
thick Bay;Sr 30 layer on Si(001) instead of bulk material.
The leading edge of the valence band for 62 ML Ba ;Sr, 30
was found as 2.8+0.1 eV, the energetic distance between the
O 1s(I) line (see Fig. 6) and the valence band edge to be

AEg,sio=(Eg N 20— E? M- P510)=526.9240.1 eV.  The
energetic distance between the O 1s(I) line and the Si2p(I)
line

(see Fig. 4) was measured for a heterojunction of 6 ML
(16.3 A) Bay ;1950 to be AEg=(EQ 10— Eg YN P
=430.02+0.05 eV. The valence band discontinuities are now
calculated as follows:

AEB + AESi(OOl) - AEBaSrO = 22 + 01 eV.

Then, from the known band gaps of Si (1.12 eV) and of
Bay;Sr 30 (4.3 eV) a conduction band offset of 1.0+£0.1 eV
is found. The small shift of the Si 2p line to higher binding
energy suggests a small reduction of band bending induced
by the Bay;Sry;0 adsorbate of (Egil\pr(I?asro—E;(ggl))
=0.09+0.05 eV. Since this is within the error of the position
of the leading edges of the valence band, the simple differ-
ence between the valence band edges of (ES*Mb BasStO
—ES'(OOI)) =2.2+0.1 eV also reflects the valence band discon-
tinuity within the given accuracy. Figure 12 summarizes the
band discontinuity and band bending at the Bagy;Sry;0/
n-Si(001) heterojunction. Since the heterojunction depletion
layer is larger than the electron escape depth, the measured
band discontinuity is not affected by band bending. The band
bending of the clean n-Si(001) surface of —0.54+0.01 eV?3¢
is decreased by 0.09+0.05 eV to —0.45+0.05 for the hetero-
junction, but remains in the range of depletion.

C. Interface structure

To understand the structure of the interface presented in
Sec. I B 1, we directly oxidized Sr coverages of 1/3 and
1.2 ML on the Si(001) surface. The resulting O 1s spectra
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FIG. 12. Energy level diagram for the Srj;Bag,0/n-Si(001)
heterojunction.

and SPA-LEED line scans are shown in Figs. 13 and 14,
respectively. The scale of the O ls spectra is the same, for
easy comparison.

An amount of 1/3 ML Sr evaporated at 820 °C onto the
Si(001) substrate results in a (3X2) reconstruction.'* In a
first step, we oxidized the (3 X 2)-reconstructed surface for
2 min at a substrate temperature of 480 °C and at a pressure
of 2X 1077 mbar O,, which corresponds to an exposure of
18 L [1 L (Langmuir)=107° torr s]. The former (3X2) re-
construction was converted into a (2 X 1) reconstruction with
weak spots at third order positions, as shown in the bottom
inset of Fig. 13. Two peaks already known from Sec. IIl B 1
were observed in the O 1s spectrum. According to the as-
signment made there, the left peak (IIT) belongs to the Si—O
bonds, peak (II) to Sr—O-Si bonds. In a second step we

o

ey

w
=TT

100
)
'g
st 0.89 0.32
\(_';_
2t
o[ F
c N
or |
E: =
- 480°C
r 18LO 0 50 100

,oRESETI FSTSEETUTS ITRSTRTETY INSTUURETI FUTSURTET] INRURUTTE FOUT]

536 534 532 530 528 526
Binding energy (eV)

FIG. 13. O 1s spectra of an oxidized 1/3 ML thick Sr layer on
Si(001). Bottom: first oxidation step at 480 °C, oxygen exposure
18 L. Top: second oxidation step again at 480 °C with the same
amount of oxygen added. SPA-LEED line scans through (01), (00),

and (01) beams after each oxidation step are shown in the insets.
XPS intensities relative to the O 1s peak of 1 ML Bag;Sr, 30 are
marked below each peak.
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FIG. 14. Bottom: O 1s spectrum of a 1.2 ML thick Sr layer,
oxidized at 480 °C with 18 L of oxygen, on Si(100). Top: 0.7 ML
Bay;Srp30 grown on top of the partly oxidized Sr layer. SPA-
LEED line scans (same sections as in Fig. 13) are shown in the
insets. Intensities relative to the O 1s peak of 1 ML Ba ;S0 are
marked again below each peak.

oxidized this layer again at 480 °C with additional 18 L. The
weak spots at third order position almost disappeared, and
only a (2 X 1) reconstruction remained. In the O ls spectrum
peak (IIT) increased by one-third, whereas peak (II) remained
unchanged, as shown in the top of Fig. 13. Comparing the
relative intensities of the O 1s peak (III) with the O 1s peak
(I) of 1 ML Sr;;Bay;0 in Fig. 6 the second oxidation step
forms a coverage of nearly 1 ML of oxygen in Si—O bonds
at the surface. The Sr was already oxidized completely at the
first oxidation step, and contains 1/3 ML of oxygen in
Sr—O-Si bonds. This confirmed the calibration of 1 ML
oxygen in Fig. 6.

As already presented in Fig. 1, an amount of 1.2 ML Sr
evaporated at 650 °C onto Si(001) forms a (5X 1) recon-
struction. The result of the oxidation of such a (5 X 1) recon-
structed surface at 480 °C and 18 L is presented in the bot-
tom part of Fig. 14. LEED shows a (1 X 1) reconstruction
with weak spots at half and fifth order positions. The O s
spectrum splits again into the two known peaks, but the in-
tensities of both peaks indicate that only partial oxidation has
taken place. By evaporating an amount of 0.7 ML
Sryp3Bay ;O at RT on top of this partially oxidized Sr layer,
the intensities of O 1s peaks (I) and (II) increase. Both now
reach an intensity equivalent to roughly 1 ML, according to
our calibration, as shown in the upper part of Fig. 14, due to
the catalytic action of Ba on the oxidation. The line scan in
the upper inset in Fig. 14 now shows a broadened (2 X 1)
reconstruction. Further growth of Srj;Ba, ;O onto this layer
results again in the (1 X 1) alignment, but with a significantly
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lower crystalline quality than without prior oxidation of the
interface.

We note that the intensity of the O Is peak (III) in the
spectrum in the upper part of Fig. 14 is significantly higher
than in the spectrum of 1 ML Ba,, ;51 ;0 in Fig. 6, indicating
less oxygen directly coordinated with Si in this layer. Even
taking into account the slight increase of this peak during
multilayer growth (see upper graph of Fig. 7), peak (III)
reaches only 70% of peak (IT) during direct oxide growth on
the Sr(5 X 1) layer without the intermediate step of complete
interface oxidation. Therefore this interface contains not
more than 0.7 ML of oxygen coordinated in Si—O bonds and
1 ML of oxygen coordinated in Sr—O-Si bonds. A similar
behavior of the oxidation of Sr coverages of 1/3 and 1/2
ML on Si(001) is described in Ref. 24.

The Si2p spectra of the different oxidation and growth
steps offer no further information. The behavior is equivalent
to that shown in Fig. 4. The intensity of Si 2p peak (II) scales
with the intensity of O ls peak (III), whereas the position
remains unchanged. The distance of 1.7 eV to the Si 2p main
peak primary indicates SiO.

The different electronic environments of oxygen ions at
the interface, which for the coordination with Sr atoms find
their expression by the O 1s peak (I) and (II), are also seen in
the shift of the Sr3d (not shown here) during the different
oxidation and growth steps. The oxidation of the first Sr
layer results in a broadening of about 20% and a small shift
of the Sr3d;,, peak to lower binding energy by about 0.2 eV
induced by the formation of Sr—O-Si bonds. Further growth
of 1 ML Ba,;Sry;0 or more gives rise to a further shift of
about —0.6 eV due to the higher ionicity of Sr in the
Bay 7519 30.

IV. DISCUSSION AND SUMMARY

From our results we obtain the following description of
the interface between the Si(001) surface and the Ba;Sr, ;0
layer: Our deposition procedure leads to an abrupt interface
between Si and the mixed oxide that extends over not more
than the two topmost Si layers and one layer of Sr. This
follows from the saturation of oxidation at integer values of
monolayers. This interface contains up to 2 ML of oxygen,
which is distributed in the following way: The Sr layer as the
starting interface layer 1is oxidized completely into
Sr—O—Si bonds, containing 1 ML of oxygen. In addition,
up to 1 ML oxygen is located in Si—O bonds. No traces of
Si0O, were found. This fully oxidized interface, however, is
not best suited for growth of crystalline mixed oxides. In-
deed, a reduced oxygen content of 1.5 to 1.7 ML at the
interface seems to be more favorable for the subsequent
growth of a crystalline Ba,Sr30 layer.

PHYSICAL REVIEW B 72, 075410 (2005)

As a signature for the oxidized Sr layers as well as of
complete interfaces, we find a (2 X 1) reconstruction. This is
in full agreement with the results of density functional theory
calculations of SrO interfaces presented by Forst et al.'
They find (2 X 1)-reconstructed SrO interfaces consisting of
1/2 ML of Sr and of 1 to 1.5 ML of oxygen. At a coverage
of 1/2 ML of Sr, the strontium atoms first occupy the troughs
between the dimer rows in the center of four dimers, result-
ing in the (2 X 1) reconstruction. In order to be compatible
with our findings with 1 ML Sr in the interface, the strontium
atoms must also occupy locations between two dimers. Since
these sites are not equivalent, still a (2 X 1) reconstruction
can be maintained. The subsequently deposited Bag,Sr;3;0
layer seems to level off this modulation of the substrate.

Our low temperature procedure to grow lattice-matched
crystalline Ba,, 7Sr, 30 on the Si(001) substrate demonstrates
the feasibility of an alternative process to that described in
previous studies.>%~ In our oxidation process of the interface
at low temperatures we were not able to identify spectro-
scopically any species that may be called a silicide. Instead,
all Sr atoms at the interface are completely oxidized. This is
again in agreement with the findings of Ref. 10. We note that
for oxidized Sr layers our spectroscopic data agree rather
well with those of Ref. 24, but the notation as a silicate
species seems to be inappropriate because all species at the
interface are still in a two-dimensional layer, for which the
local coordination differs strongly from that of bulk silicate
phases, as does the lattice constant. Our results are partly
corroborated by previous publications**3” that found indica-
tions that silicides at the interface are not stable during oxi-
dation. This must be even more true at elevated tempera-
tures.

Summarizing, Bay;Sry;0 grows crystalline and lattice
matched on the Si(001) surface. The interface discussed
above forms an abrupt heterojunction between the substrate
and the oxide. The combination of a band gap of 4.3 eV, a
band offset with respect to n-Si of —2.2 eV, and a conduction
band offset of +1.0 eV shows that this system is a promising
candidate for alternative gate oxides. As suggested recently,'”
it might be possible to tune the band gap as well as band
alignment in such materials by manipulating the interface.
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