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Characteristic of the Ba0.8Sr0.2TiO3 film interface with the Si (100) surface
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Using X-ray photoelectron spectroscopy, the chemical bonds at the interface between the single-crystal surface of

a silicon substrate (p- and n-type) and the Ba0.8Sr0.2TiO3 (BST) film of Si(100)/Ba0.8Sr0.2TiO3 heterostructures,

which were created by sputtering ceramic Ba0.8Sr0.2TiO3 targets in a high-frequency γ-discharge at elevated

oxygen pressure (∼ 1 Torr) using the
”
Plasma 50 SE“ unit. Chemical bonds at the interface between the single-

crystal surface of a silicon substrate (p- and n-type) and the Ba0.8Sr0.2TiO3 (BST) film of Si(100)/Ba0.8Sr0.2O3

heterostructures have been studied using X-ray photoelectron spectroscopy. Heterostructures were created by

sputtering a Ba0.8Sr0.2TiO3 ceramic target in a high-frequency γ-discharge at a sufficiently high oxygen pressure

(∼ 1 Torr) on the
”
Plasma 50 SE“ installation of two orientations of crystallites in the films: [001] and [011]. The

bulk fraction of BST crystallites with [001] orientation is 96% for the n-type Si substrate and 97% for the p-type

Si substrate. The bulk fraction of BST crystallites with [011] orientation is 4% for the n-type Si substrate and 3%

for the p-type Si substrate. X-ray electron studies have shown that 46% of the silicon atoms at the interface are

bound to oxygen, belonging to the BST structure; 18% of silicon atoms belong to the SiO2 layer. In addition, at

the interface there are titanium and strontium atoms chemically bonded to the silicon atoms and oxygen atoms of

the BST structure. The Si/BST interface is sharp and at a thickness of ∼ 6 Å is already fully formed.
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1. Introduction

Barium strontium titanate (Ba1−xSrxTiO3, BST) has a

high dielectric constant, a low dielectric loss, and a low

leakage current density [1,2]. Heterostructures based on it

are an active medium for the manufacture of electrically

tunable microwave and EHF devices (phased antenna

arrays, tunable resonators, filters, delay lines) with low

energy consumption in control circuits [3–10]; ultrafast

optical modulators [5]; non-volatile memory, etc.

Silicon is planned to be used as a substrate in many de-

vices using ferroelectric films. However, from experimental

data it follows that during the formation of a ferroelectric

film, chemical compounds are formed at the film-silicon

interface. For example, according to [11], when BST films

were deposited on pure silicon, an interface layer with

a thickness of 30 Å was formed with intermediate values

of the static dielectric constant (K ∼ 12) and refraction

index (n ∼ 2.6 for photons with an energy of 1.5−3.25 eV).
In [12], using high-resolution electron microscopy (HREM)
it was found that an amorphous layer with a thickness

of ≈ 5.0 nm and titanium disilicide is formed at the

interface between BST and Si. On the other hand, in

the case of depositing SrTiO3 on n-type Si (001), the

data of photoelectron emission, electron diffraction [13],
scanning electron microscopy [14] and transmission electron

microscopy [15] indicate a sharp boundary and the absence

of chemical reactions at the interface. Models of the

Si/SrTiO3 interface structure proposed in [14,15] can be

useful for understanding the structure of the Si/BST system

interface, provided that some of the strontium atoms in

them are replaced by barium atoms. However, the research

methods used in [14,15] do not allow understanding the

chemical bonds at the Si/SrTiO3 interface; in particular, the

role of oxygen in its formation remains unclear.

Therefore, this study is focused on investigating the

chemical state of atoms at the interface between the single-

crystal surface of a silicon substrate and the Ba0.8Sr0.2TiO3

(BST) film using X-ray photoelectron spectroscopy.

2. Experiment

2.1. Fabricating the Ba0.8Sr0.2TiO3/Si
heterostructure

To fabricate heterostructures, we used the method we de-

veloped for the deposition [16,17] of ferroelectric complex

oxides, which is used in the
”
Plasma 50 SE“ setup. The

difference between the proposed high-frequency deposition

of ferroelectric oxides and known analogues is that the

growth of films occurs from the dispersed phase of the oxide

formed in the plasma of a high-current (> 100W/cm2)
high-frequency γ-discharge when sputtering a ceramic target

under high oxygen pressures (∼ 1Torr) at the cluster level
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Figure 1. X-ray photoelectron spectra of the valence band of the

Si(100) surface cleaned in HF (brown color — our experiment)
and the spectrum of the valence band of the single-crystal Si(100)
surface produced by the authors of [18] (panel 1). The spectra

on panels 2 and 3 refer to BST films with thicknesses of 0.7 and

375 nm, respectively.

with their subsequent growth to plasma condensate. The

growth mechanisms, the degree of structural perfection,

and thus the properties of films can be varied widely,

being within the framework of three-dimensional phase

space q, p, b, where q is degree of structural perfection of

the film, p is oxygen pressure, b is generalized parameter

of the energy state of the condensate, which is determined

on the basis of spatial optical emission spectroscopy [16].
The target used was Ba0.8Sr0.2TiO3 (BST08) cera-

mics with tetragonal lattice constants of a = 0.3937 nm,

c = 0.3997 nm. Two series of BST films with thicknesses

from 0.7 to 375 nm on single-crystal Si substrates of n-type

and p-type conductivities were produced and studied.

Preparation of silicon substrates before deposition in-

cluded removal of the oxide layer in fluoric acid (5min)
followed by washing in deionized water and drying with dry

nitrogen. To monitor the state of the cleaned surface, X-ray

photoelectron spectra of the valence band and spectra of the

main Si2p-levels were recorded. Figure 1 (panel 1) shows

the spectra of the valence band of the cleaned surface, and

panels 2 and 3 show the X-ray photoelectron spectra of the

valence bands of the films illustrating the change in the fine

structure of the valence band with increasing the thickness

of the BST layer deposited on the silicon surface.

As is known [18,19], the X-ray photoelectron spectra of

the valence band of single-crystal Si have a specific shape,

shown in panel 1 (Figure 1), and are radically different

in fine structure from the spectra of the valence band of

amorphous silicon. Therefore, from the comparison of two

profiles of valence spectra in Figure 1 (panel 1), recorded by

us and the authors of [18], a conclusion can be made that the

surface of cleaned silicon was single-crystal. Spectroscopy

data of the main Si2p-levels indicated that it contained a

thin film (several tenths of nanometer) of SiO2 and traces

of fluoric acid. The comparison of the spectrum in Figure 1

(panel 3) with experiment and calculated data [20,21] shows
that it refers to the BST film and is mainly represented by

valence states of oxygen [21].

2.2. X-ray diffraction of BST films

The structural perfection of the film and the lattice

cell parameters in the direction normal to the plane

at room temperature were studied using a DRON-4-07

diffractometer (2−22-method). Figure 2, a and b show

X-ray diffraction patterns of the studied Si(p)/BST and

Si(n)/BST samples with thicknesses of 300 and 375 nm,

respectively. In the diffraction patterns in the 2θ angle

range from 20 up to 50◦ of both BST08/Si films (n-type)
and BST08/Si films (p-type) there are only (001), (011),
and (002) reflections from BST08, which is indicative of

the presence of texture in the films, and the [001] and

[011] directions are perpendicular to the substrate plane.

The volume percentage of BST crystallites with the [001]
orientation is 96% for the Si (n-type) substrate and 97% for

the Si (p-type) substrate. The volume percentage of BST

crystallites with the [011] orientation is 4% for the n-type Si

substrate and 3% for the p-type Si substrate. Reflections of

impurity phases are not detected in both diffraction patterns.

From the analysis of the angular positions of the (002)
lines, the parameters of BST lattice cells along the direction

of the normal to the substrate surface were determined:

c= 0.4040 nm for n-type Si and c= 0.4044 nm for p-type

Si. Compared to the bulk material, the lattice constants for

both the film on the n-type Si substrate and the film on the

p-type Si substrate are increased; therefore, in these layers

there are compressive stresses in the plane of the substrate.

The X-ray diffraction pattern of a Si/BST08 film with a

thickness of 50 nm is shown in Figure 2, c. The diffraction

pattern in the 2θ angle range from 20 to 50◦ contains (001),
(011), and (002) reflections from BST, and the (011)
reflection has an intensity comparable with those of (001)
and (002) reflections, which is indicative of the presence

of texture in the films, and the [001] and [011] directions
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Figure 2. Diffraction patterns of BST films on a silicon substrate: a — Si (p-type), film thickness is 300 nm; b — Si (n-type), film
thickness is 375 nm; c — Si (p-type) film thickness is 50 nm.

Table 1. Binding energies Ba4d-, Sr3d-, Ti2p-, and O1s -levels (in eV) in BST films of different thicknesses

Film thicknesses Ba4d Sr3d Ti2p O1s

BaSrTiO3, nm 5/2 3/2 3/2 1/2 3/2 1/2 A B C

0.83 89.6 92.2 133.6 135.4 458.75 464.5 529.5 530.4 532.3

1.66 89.7 92.3 133.6 135.4 458.75 464.55 529.8 530.45 532.45

2.49 89.3 92.0 133.2 135.0 458.37 464.37 529.85 531.42 532.45

7.5 89.4 92.0 133.2 135.0 458.25 464.07 529.6 531.4 532.42

300−375 87.80 90.4 132.3 134.1 457.2 462.80 528.9 531.0 532.7

are perpendicular to the substrate plane. The volume

percentage of BST crystallites with the [001] orientation

in a thin film is 79%, and the volume percentage of BST

crystallites with the [011] orientation is 21%.

For a thin film, lattice constants of BST lattice cells

along the normal direction to the substrate surface were

also determined from the angular positions of the (002)
lines, which turned out to be equal to c= 0.4041 nm.

Compared to the bulk material, the lattice constants of this

film are increased; therefore, thin BST films also contain

compressive stresses in the plane of the substrate.

2.3. State of the surface of BST films according
to X-ray photoelectron spectra

Figure 3 shows the Ba4d-, Sr3d-, Ti2p-, and O1s -spectra
of a 300 nm thick BST film on Si(p)-substrate, and

Table 1 shows binding energies of Ba4d-, Sr3d-, Ti2p-, and
O1s -levels (in eV) in BST films of different thicknesses.

It can be seen from Figure 3 that the X-ray photoelectron

spectra of Ba4d of all studied samples have two components

identified as BaBST and Basurf by us. The origin of

the Basurf component has been studied by a number of

Physics of the Solid State, 2023, Vol. 65, No. 11
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Figure 3. X-ray photoelectron Ba4d-, Sr3d-, Ti2p-, and

O1s -spectra of a 300 nm thick BST film on a Si(p)-substrate.
BaPL is plasmon peak from the Ba4d-line.

authors [22–24], including us [22] within the study of

single-crystal BaTiO3. Ba ions located in the surface layer

have a smaller number of oxygen ions in their immediate

environment. When interacting with oxygen, the internal

levels of the Ba4d5/2,3/2 line experience a negative shift, i.e.

a shift towards lower binding energies [24,25]. Therefore,

the components of barium ions located closer to the surface

have more energy.

Due to the replacement of Ba ions with strontium ions

in the BST lattice, the surface components should appear in

the Ba4d- and Sr3d-spectra in the same places [22].
The X-ray photoelectron spectrum of Sr3d (Figure 3,

panel 2) has two components, which we have identified

in the same way as in the case of the Ba4d-spectrum.

The SrBST component, depending on the film thickness,

varies in a range of 133.6 ÷ 132.3 eV, decreasing as the

film thickness increases. This binding energy is well

consistent with the binding energy of the Sr3d5/2 level

in the SrTiO3 film with a perovskite structure, which is

equal to 132.5 eV [26]. The SrDef component, which has a

lower binding energy, appears in the spectrum of the film if

there is an excess number of oxygen atoms surrounding the

strontium atoms compared to the bulk material.

The X-ray photoelectron spectrum of O1s , presented in

Figure 3 (panel 4) has two components, and in the general

case (see Table 1) it has three components. The most

intense of them has a binding energy, which is in the range

of 529.8−528.8 eV according to Table 1. Its energy, as well

as that for the Ba4d- and Sr3d-lines of barium and strontium

atoms built into the BST lattice, decreases with increasing

film thickness. This value is well consistent with the data

on the position of the O1s -line in single-crystal samples

of SrTiO3 (528.8) and BaTiO3 (528.9) [27–32]. A, B, C

components have energies in the intervals of 529.5 ÷ 529.8,

530.4−531.4, and 532.3−532.7 eV, respectively. High-

energy
”
tails“ with an energy of 530.4 ÷ 531.4 eV are

observed in the O1s -spectra of various perovskite-like

materials [27–32]. We attribute the C component with a

binding energy in the range of 532.3−532.7 eV to oxygen

OH-groups or to oxygen of water vapor on the surface of

the films [27,28].
The X-ray photoelectron spectrum of the Ti2p thick film

shown in Figure 3 (panel 3) has only two peaks due to

the spin-orbit splitting of the Ti2p3/2,1/2-levels. We assign

the spectrum of Ti2p to the BST structure [26]. The energy

position of the Ti2p3/2-peak changes from 458.7 to 457.3 eV

when switching-over from thin to thick films.

3. Results and discussion

3.1. Evolution of Si2p-spectra with changes
in film thickness

The electronic structure of the Si/SiO2 interface is

the subject of intensive research using various methods.

In particular, surface differential reflectivity (SDR) spec-

troscopy [33]; modulated capacitance spectroscopy [34];
ultraviolet photoelectron spectroscopy (ARXPS) [35]; X-ray
photoelectron spectroscopy [36–38] are used. According to

this data, the Si/SiO2 interface (including the clean silicon

surface) contains defects that create surface states in the

band gap [34,36]. These defects are caused by broken silicon

bonds on the surface. Their density, according to various

estimates, is up to 8 · 1014 cm−2 [38]. When thermal oxide

forms on silicon, the density of surface states decreases by

two orders of magnitude down to ∼ 1012 cm−2.

Figure 4 shows Ba4d and Si2p X-ray photoelectron

spectra in an energy range of 82÷ 112 eV, taken from the

surface of cleaned silicon and the surfaces of BST films with

a thickness from 0.6 to 7.5 nm. The profiles of Si2p-spectra
from the surface of all BST films on a silicon substrate

exhibit Si−Si bonds around 99.2 eV. Due to the fact that

Physics of the Solid State, 2023, Vol. 65, No. 11
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Figure 4. Changes in the intensities of Ba4d and Si2p X-ray

photoelectron spectra with increasing thickness of the BST film on

a Si(100) p-type substrate: 1 — Si-p(100)-substrate after cleaning

in HF and washing in deionized water; 2 — BST film with a

thickness of 0.6 nm; 3 — BST film with a thickness of 1.6 nm;

4 — BST film with a thickness of 2.5 nm; 5 — BST film with a

thickness of 7.5 nm.

the depth of analysis by X-ray photoelectron spectroscopy

is approximately equal to 3λ [39] (λ being mean electron

free path), it can be assumed that the greatest thickness of

the studied BST film, equal to 7.5 nm, does not exceed three

mean free paths of an electron in this material excited from

the Si2p-levels of the silicon substrate. Panel 1 shows the

Si2p X-ray photoelectron spectrum with a binding energy

of 99.2 eV, which corresponds to Si0 silicon [40]. At a

distance of 3.7 eV from it there is a small peak, which we

attributed to Si2p-silicon of Si4+ in the SiO2 oxide [37].
As the thickness of the BST film increases, the intensity

ratio of the Ba4d/Si2p-spectra increases. And the decrease

in the intensity of the electronic Si2p-line with increasing

dBST distance from the Si/SiO2 interface, due to the effect

of the exponential factor exp(−dBST/λ), is accompanied

by a change in its profile. The latter indicates a change

in the chemical state of silicon at the Si/BST interface

during the formation of the crystal structure and chemical

bonds corresponding to BST. Figure 5 shows Si2p-spectra
of BST films of different thicknesses on silicon substrates.

Column
”
a“ shows Si2p-spectra of silicon substrates with

p-conductivity, and column
”
b“s̃hows silicon substrates

with n-conductivity. Energy positions of maximum of the

Si2p-line of cleaned surfaces of silicon substrates with

p-conductivity and n-conductivity in Figure 5, a (panel 1)
and Figure 5, b (panel 1) are approximately the same

within the accuracy of binding energy measurements,

i. e. 99.2± 0.1 and 99.4 ± 0.1 eV, respectively. In X-ray

photoelectron spectroscopy, the binding energy is measured

relative to the energy of the Fermi level, located within the

band gap in the case of semiconductors [41]. Typically,

for silicon with n-conductivity, depending on the doping

level, it is located closer to the conduction band, and for a

sample with p-conductivity, it is closer to the upper edge

of the valence band. Therefore, the binding energy of the

same level in a semiconductor with n-conductivity is usually

slightly higher than that in a material with p-conductivity.

This is qualitatively consistent with our data for specific

silicon samples. As it follows from Figure 5, when a

BST film is deposited on silicon substrates with different

types of conductivity, in both cases the Fermi level in the

conduction band drops by approximately 1 eV (in the case

of a semiconductor with n-conductivity the drop is ∼ 1.1 eV,

for a substrate with p-conductivity it is slightly lower —
∼ 0.9 eV). Taking into account that the band gap of silicon

is 1.12 eV [42], this means that in the initial state of the

silicon substrate with n-conductivity before deposition the

Fermi level was exactly at the edge of the band gap, and in a

substrate with p-conductivity it was 0.2 eV lower. Even with

the deposition of a BST layer with a thickness of 0.8 nm,

the Fermi level in the band gap of both substrates drops

to the edge of the valence band. The fine structure of the

Si2p-spectra in Figure 5 on the panels on the left and right

characterizes silicon bonds of Si−Si, Si−O (here O stands

for the oxygen atom belonging to the intermediate oxide of

SiOx and SiO2), Si−OBST types (here OBST stands for the

oxygen atom binding the silicon atom of the substrate and

one of the atoms of the BST structure).
In the case of a BST layer with a thickness of 0.8 nm, the

percentage of Si−Si bonds in Figure 5 on the left (panel 2)
in the total number of bonds of Si0 silicon atoms is about

13%, the percentage of the number of silicon atoms in

the oxidation state typical for the SiO2 structure is about

78%, and the percentage of silicon atoms associated with

atoms of the BST structure (the Si−BST component in

Figure 5) is about 7%. The percentage of silicon atoms

in the state of intermediate oxidation (SiOx component in

Figure 5) is about 2%. With increasing layer thickness,

these percentages change and for a layer with a thickness

of 7.5 nm (Figure 5, left, panel 5) they are as follows: the

percentage of Si−Si bonds increases to 18%; the percentage

Physics of the Solid State, 2023, Vol. 65, No. 11
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Figure 5. Evolution of X-ray photoelectron spectra of Si2p with increasing thickness of the BST film on the Si-p(100) substrate: 1 —
Si-p(100)-substrate after cleaning in HF; 2 — BST film with a thickness of 0.83 nm; 3 — BST film with a thickness of 1.66 nm: 4 — BST

film with a thickness of 2.49 nm; 5 — BST film with a thickness of 7.5 nm.

of silicon atoms belonging to SiO2 decreases down to 12%;
the percentage of silicon atoms in intermediate oxidation

states becomes equal to 24%, and the percentage of silicon
atoms associated with atoms of the BST structure increases
to 46%. In this regard, it should be noted that the chemical
state of silicon atoms at the Si/BST interface changes

approximately equally with increasing BST layer thickness
for substrates of p-type and n-type conductivities.
Thus, the mechanism of BST growth, at least to a thick-

ness of 7.5 nm, ensures at the Si/BST interface a constant

increase in the percentages of the chemical state of silicon
atoms involved in establishing bonds with the atoms of the
BST structure, a decrease in the percentages of silicon atoms
in the composition of oxides with the chemical formula of

SiO2. The energy position of the silicon component in the
intermediate oxidation state of SiOx for both substrates on

the panels 5 is shifted relative to the energy of the Si2
line on the panel 2 by approximately 1.8 eV. According

to [37,38], these components can be attributed to Si2+

silicon. The Si2p-spectra of both substrates (with p-type
and n-type conductivity) are characterized by a shift of
the components related to Si−Si fragments towards lower

binding energies with an increase in the thickness of the
BST layer for the initial structure of the surface of silicon
substrates before deposition. This shift, if measured along
the low-energy edge of the Si2p-spectrum, is 2.4 eV for a

substrate with n-conductivity and 3.3 eV for a substrate with
p-conductivity. The presence of these components in the
X-ray photoelectron spectrum of Si2p after the formation
of a BST layer with a thickness of up to 7.5 nm on a

silicon substrate is not clear. In [37], within the study of
the Si/SiO2 interface, the presence of silicon atoms in the

Physics of the Solid State, 2023, Vol. 65, No. 11
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the cones located at heights ∼ 0 Å (Figure 6.1, a, b), ∼ 3 Å (Figure 6.2, a, b), ∼ 6 Å (Figure 6.3, a, b), respectively, relative to the crater

bottom.

oxidation state Si4+, Si3+, Si2+, and Si1+ was discovered at

the Si/SiO2 interface, which actually means the appearance

at the interface of stoichiometric SiO2 and fragments with

excess silicon of SiO3Si, Si2O2Si, and Si3OSi, respectively.

Due to the fact that we have the Si2+ silicon component in

the valence state at the Si/BST interface, we can assume the

presence of structures or defects enriched with silicon of

the O3≡Si−Si≡O3 or Si2O2Si type at the interface. Some

of the oxygen atoms in these formulas may be atoms that

bind the substrate and the structure of the BST coating.

3.2. X-ray photoelectron spectra of the Si/BST
interface of a wedge-shaped profile

For a more detailed examination of the depth structure of

the Si/BST interface, we etched a crater with a depth of 2.5

and a diameter of 5mm in a 2.5 nm thick film using sput-

tering with Ar+ ions. The walls of the conical crater were

located at a very small angle α with respect to the plane

of the substrate, the tangent of which was ∼ 10−6 . The

crater walls, inclined at a very small angle to the surface, are

actually an implementation of the
”
wedge method“ known

in the literature on X-ray spectral microanalysis, which

improves the spatial resolution of the method [43]. The

diameter of the X-ray probe was 250µm, i. e. only 0.05 of

the crater diameter. The X-ray photoelectron spectra were

recorded at points A, B, C, D on the generatrix of the crater

cone, shifted relative to the center of the crater (point A)
horizontally by 309µm (point B), 601µm (point C), and
1076µm (point D). Assuming the generatrix of the ion

etching crater is straight, a horizontal shift by the above

distances leads to an increase in the area irradiated by the

X-ray probe by values of ∼ 3 Å (point B), 6 Å (point C),
and ∼ 10 Å (point D).
From the center of the crater (point A), overview spectra

were recorded, as well as Si2p-, Ba4d-, Sr3d-, Ti2p-, and
O1s -photoelectron X-ray spectra presented in Figures 6, a, b

and Figure 7, a, b, c in the first panels were recorded

separately. Analysis of the overview X-ray photoelectron

spectrum on the panel
”
a“ in Figure 6.1 shows that the

surface of the silicon substrate in the center of the crater was

almost cleared of BST film atoms: the overview spectrum

contains only lines of silicon, argon, and oxygen. Ar2p- and
Ar2s -spectra were recorded from argon atoms embedded
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in the silicon substrate during ion etching. The energy

position of the O1s electron line in Figure 6.1, b was equal

to 531.3 eV, which corresponds to adsorbed oxygen [25–30]
on the etched silicon surface. The energy position of the

Ti2p3.2-line (peak A in Figure 7, c), equal to 453.9 ± 0.1 eV,

corresponded to metallic titanium [44]. This is only 0.3 eV

greater than the binding energy of titanium compounds with

silicon, TiSi or TiSi2. Therefore, it can be assumed that these

titanium atoms can be chemically bonded to the silicon

atoms closest to them. As follows from the overview spectra

in Figures 6.1, a, 6.2, a, 6.3, a, recorded at points A, B,

and C, located at heights of ∼ 0 Å (Figure 6.1, a, b), ∼ 3 Å
(Figures 6.2, a, b), 6 Å (Figure 6.3, a, b), respectively, relative
to the crater bottom, with an increase in the analyzed

thicknesses, the intensities of the lines of elements related to

the BST film increase and the intensities of the Si2p-lines of
the substrate decrease. The Si2p-lines in Figure 7.3, a evolve

to a profile typical for the Si/BST interface, similar to the

profiles of the Si2p-spectra in Fig 5, a, b already discussed

above. It can be noted that the Si/BST interface for a

BST film with a thickness of ∼ 6 Å is already fully formed

with all the features of the chemical bonds at the interface

discussed above. The same conclusion follows from the

consideration of the energy position of the O1s -, Ba4d-,
Sr3d-, and Ti2p-spectra presented in Figures 6.3, b, 7.3, a,

7.3, b and 7.3, c, respectively. The energy position of the

Ba4d-, Sr3d- and B and C components of the Ti2p-spectra
and their profiles are typical for fully formed Ba(Sr)−O-

and Ti−O-layers of the BST structure. The exception is

peak A in the profile of the Ti2p-spectrum in Figures 7.1, c,

7.2, c, and 7.3, c. As noted above, this peak refers to the

chemical state of titanium close to titanium silicide. As can

be seen from Figure7, c this peak decreases with increasing

thickness of the BST film, indicating that titanium atoms of

this type belong to the Si/BST interface.

From the point of view of the features of the chemical

bond, the profiles of Sr3d- and Ti2p-spectra in Figure 7.2

in panels b and c, respectively, are interesting. They refer

to a layer with a thickness corresponding to the height of

the spectra in region B. It can be seen from Figure 7.2, b

and c that the Sr3d- and Ti2p-spectra contain low-energy

components (A, B for the Sr3d-spectrum) and (A, C for

the Ti2p-spectrum) and components with higher binding

energy (C, D for the Sr3d-spectrum) and (B, D for the Ti

2p-spectrum). We attribute the low-energy components in

the case of the Ti2p-spectrum to the titanium atoms located

directly in the silicon layer near the interface, and the second

components in the Sr3d- and Ti2p-spectra are attributed to

the strontium and titanium atoms embedded in the BST

lattice.

In the above, we have identified the low-energy compo-

nents A and B in the Sr3d-spectrum of the thick BST film

in Figure 3, and we attributed them to the strontium atoms

surrounded by a large number of oxygen atoms, which occur

in the BST structure, i. e. to a defective structure. At the

Si/BST interface, as we discussed above, there are oxygen

atoms that are not embedded in the BST lattice, but with

which strontium atoms can also be associated. Therefore,

we attribute the low-energy components A and B in the

Sr3d-spectra to strontium atoms at the Si/BST interface.

The incorporation of strontium atoms into the upper

layer of silicon, according to a number of authors, is

facilitated by the structure of the upper Si(001) layers

of the surface of single-crystal silicon [14,45–47]. It is

generally accepted that the Si(001) surface consists of

dimers, which constitute the (2× 1) basic structural unit of

the reconstructed surface [46,47]. The 2× 1 superlattice on

the Si(001) surface is observed at room temperature. The

surface contains significant subsurface distortions extending

several layers deep [14,47]. Currently, there are two

models of the upper Si(001) layer that are equivalent to

each other from the point of view of the evidential base:

symmetrical and asymmetrical models [45]. In the case

of the implementation of the asymmetric dimer model

of Si (2× 1) of the reconstructed surface layer, the first

layer is represented by dimers consisting of two silicon

atoms, one of which is shifted in depth [45]. According

to theoretical and experimental data [46,48,49], the energy

levels of the lower silicon atom in the dimer are shifted

towards lower binding energies by a value of approximately

from 0.6 to 1 eV. Thus, the decrease in the binding energy of

the Sr3d- and Ti2p-levels for some strontium and titanium

atoms, which we recorded at the interface, within the

framework of the asymmetric model of the Si(001) silicon

surface can be explained by the incorporation of Sr and Ti

atoms into free places in reconstructed surface of Si(001)
(2× 1) enlarged as compared to the volume of the lattice

cell. In [50], it was established that when barium and

strontium atoms are deposited onto a Si(001) substrate

within the framework of the symmetric dimer model of

the Si(001)(2 × 1) surface structure the Ba and Sr atoms

can occupy sites of the same type (2× 1) Ba/Si(001) and

(2× 1) Sr/Si(001), i. e. free places in the enlarged cell of

(2× 1) Si(001). At the same time, the authors of [50]
have experimentally discovered that adatoms of the (2× 1)
Ba/Si(001) phase are located at a height 0.14 Å higher than

adatoms of the (2× 1) Sr/Si(001). The authors of [50]
explained this fact by the difference in the sizes of the

ionic radii of barium and strontium. A little earlier, the

authors of [13] used photoelectron spectroscopy to study

the growth of a coating of Sr atoms with a thickness from 0

to 1 monolayer on a single-crystal surface of n-type Si(001).
According to the interpretation of the authors of [13], which

they performed within the framework of the asymmetric

dimer model of the Si(100) (2× 1) surface, the Sr atom,

interacting with the lower Si atom in the dimer, introduces

a charge into this atom, lowering the binding energy so that

it becomes close to the binding energy of the upper silicon

atom. However, at the same time, their experimental data

shows that the layer of Sr atoms forms a sharp interface on

top of the Si(001) without removing the top surface atoms

of the Si dimer [13]. Thus, regardless of the models within

which the results are interpreted, when barium or strontium

atoms are deposited onto a single-crystal Si(100) surface,

these atoms occupy positions within one monolayer in an

enlarged surface as compared to the lattice cell volume,
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Table 2. Ratios (IBa/σBa + ISr/σSr)/(ITi/σTi) and Ba1−xSrxTiOy

for different BST film thicknesses corresponding to recording

points A, B, C, and D on the generatrix of the crater cone

Region
(IBa/σBa+ISr/σSr)/(ITi/σTi) Ba1−xSrxTiOy

of recording

A 0.29 Ba0.09Sr?Ti0.305O4.6

B 3.11 Ba0.28Sr0.675Ti0.305O3.73

C 1.21 Ba0.515Sr0.22Ti0.61O3.66

D 0.78 Ba0.49Sr0.145Ti0.81O3.55

forming a sharp boundary. In [15,51], the Si(100)/SrTiO3

interface was studied using high-resolution transmission

electron microscopy and X-ray photoelectron spectroscopy.

According to these studies, the SrTiO3/Si interface is sharp.

The SrTiO3 film interacts with the Si(100) (2× 1) surface

through strontium atoms according to the models considered

in [13,51]. And the X-ray photoelectron spectroscopy data

supports the conclusion that the bond with the substrate

occurs through strontium atoms, which form silicates with

silicon atoms [51]. At the same time, the authors of [15]
believe that the interface most likely consists of Si bound to

O in SrTiO3.

By analyzing the chemical state and intensity ratio of

the Ba4d-, Si2p-, Sr3d- and Ti2p-lines in Figures 6 and 7,

a conclusion can be made that these spectra indicate, at

least, the presence of strontium and titanium atoms directly

in the body of the silicon substrate at the interface itself

and in two monolayers of strontium, barium, and titanium

atoms associated with oxygen, i. e. Ba(Sr)−O and Ti−O

located above. However, qualitative analysis does not allow

determining the order of the layers. Table 2 shows the

ratios of (IBa/σBa + ISr/σSr)/(ITi/σTi) for four recording

points A, B, C, D and the formal elemental composition

of Ba1−xSrxTiOy corresponding to these thicknesses.

The IBa, ISr, ITi and σBa, σSr, σTi notations refer to the

intensities of the X-ray photoelectron lines of Ba4d, Sr3d,
Ti2p and factors of the elemental sensitivity upon excitation

of these lines according to Wagner, respectively [52].
Analysis of the data in Table 2 allows making a confident

conclusion that the layer rising above the interface and

represented by the spectral recording region B with the ratio

of (IBa/σBa + ISr/σSr)/(ITi/σTi) = 3.11 is the Ba(Sr)−O

layer. Records at higher points C and D demonstrate a

consistent increase in the content of titanium atoms (Ti−O

layer), as well as barium and strontium atoms, approaching

its content in the thick BST film.

The experimental material discussed above is well con-

sistent with the concepts of a sharp interface discussed

in [15,51] for the case of deposition of a SrTiO3 strontium

titanate film on a single-crystal Si(001) substrate.

Combining the results obtained from Figures 3, 6 and 7

for the analysis of chemical bonds at the Si/BST interface,

a conclusion can be made that 46% of silicon atoms

are bound to the BST structure through oxygen atoms

belonging to the BST structure. Some of the strontium and

titanium atoms of the deposited BST film are located in the

uppermost layer of the dimerized Si(001) (2× 1) structure

alternating with silicon atoms. They can form chemical

bonds with silicon atoms. In this respect, our results are

consistent both with the conclusions of [52] and with the

assumptions of [15].

4. Conclusion

Single-crystal films of Ba0.71Sr0.27Ti1.03O2.99 were formed

on Si(001) silicon substrates from p-type and n-type silicon.

The X-ray diffraction of the films showed that the volume

percentage of BST crystallites with the [001] orientation is

96% for the n-type Si substrate and 97% for the p-type Si

substrate. The volume percentage of BST crystallites with

the [011] orientation is 4% for the n-type Si substrate and

3% for the p-type Si substrate.

The X-ray photoelectron spectroscopy data on the chemi-

cal state of the Si(001)/BST interface showed the following:

46% of silicon atoms at the interface are bound with oxygen

belonging to the BST structure; 18% silicon atoms belong to

the SiO2 layer. At the Si(001)/BST interface, O3≡Si−Si≡O3

defects caused by the presence of one oxygen vacancy at

the interface, and defects of the O3≡Si− Si−Si≡O3 type

caused by the presence of an oxygen vacancy were detected.

The Si/BST interface is sharp and at a thickness of ∼ 6 Å
is already fully formed. The adhesion of a BST film to

a silicon substrate is implemented in a combined manner:

a — through chemical bonds of surface silicon atoms with

oxygen of the BST structure; b — through titanium and

strontium atoms chemically bound to silicon at the interface

and simultaneously to oxygen in the BST structure.
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