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ABSTRACT: The epitaxial growth of functional oxides on silicon
substrates requires atomically defined surfaces, which are most
effectively prepared using Sr-induced deoxidation. The manipu-
lation of metallic Sr is nevertheless very delicate and requires
alternative buffer materials. In the present study the applicability of
the chemically much more stable SrO in the process of native-oxide
removal and silicon-surface stabilization was investigated using the
pulsed-laser deposition technique (PLD), while the as-derived
surfaces were analyzed in situ using reflection high-energy electron
diffraction and ex situ using X-ray photoelectron spectroscopy, X-
ray reflectivity, and atomic force microscopy. After the deposition of
the SrO over Si/SiO2, in a vacuum, different annealing conditions,
with the temperature ranging up to 850 °C, were applied. Because
the deposition took place in a vacuum, a multilayer composed of
SrO, Sr-silicate, modified Si, and Si as a substrate was initially formed. During the subsequent annealing the topmost layer
epitaxially orders in the form of islands, while a further increase in the annealing temperature induced rapid desorption and
surface deoxidation, leading to a 2 × 1 Sr-reconstructed silicon surface. However, the process is accompanied by distinctive
surface roughening, and therefore the experimental conditions must be carefully optimized to minimize the effect. The results of
the study revealed, for the first time, an effective pathway for the preparation of a SrO-induced buffer layer on a silicon substrate
using PLD, which can be subsequently utilized for the epitaxial growth of functional oxides.
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■ INTRODUCTION

In recent years there has been an increasing interest in the
integration of functional metal oxides with silicon that would
expand the possibilities and application of silicon-based
technologies. The research is driven by the wide range of
properties exhibited by metal oxides, some of which are unique
(e.g., metallic conductivity at the interface between two
insulating oxides, LaAlO3 and SrTiO3).

1 However, their
epitaxial integration, already complex due to the dissimilar
properties of the materials, is additionally complicated by the
presence of the native silicon oxide.
Historically, the high-quality growth of materials on silicon

was always preceded by the appropriate preparation of the
silicon surface.2−4 In fact, even now, after more than 40 years of
development, approximately one-third of operations relate to
wafer cleaning.5 The commonly applied step in the process of
silicon-surface decontamination and functionalization is a
treatment with hydrofluoric acid that removes the layer of
oxides and produces an H-terminated silicon surface.6,7

However, the surface obtained in this manner is rough and
faceted8 with a tendency to reoxidize in ambient conditions.9

One way to overcome this problem was to regrow, in
controlled conditions, a layer of SiO2 that can be removed by

thermal desorption under ultra-high vacuum (UHV) con-
ditions.10

Considering that flashing to 1150−1200 °C is limited to
small samples that can be heated and cooled quickly,11 a
significant breakthrough in the deoxidation of silicon was
achieved by applying a few monolayers of strontium or
strontium oxide in a process initially developed for SrTiO3

growth on a Si(100) surface.12 Important findings that came
from the approach were a notable reduction of the deoxidation
temperature to 800 °C12,13 and the formation of a strontium-
covered surface that was less prone to oxidation.14

The interaction of alkaline-earth metals with a silicon surface
has been studied in the past. Fan et al. investigated the
adsorption of Sr and Ba on Si(001),15,16 while in the pioneering
works Ishiwara et al. investigated the epitaxial growth of SrTiO3

on silicon using Sr/SrF2 buffer layers.17−19 However, an
expansion of the research interest for the epitaxial growth of
SrTiO3 on a Si substrate occurred after McKee et al.’s work.20

They showed that the heteroepitaxial growth of metal oxides
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requires the presence of a stable silicide template layer formed
on the silicon surface.20 From then on, strontium has been
routinely used in molecular beam epitaxy (MBE) systems since
it incorporates two advantageous features: native-oxide removal
at lower temperatures and/or the formation of a silicide
template layer.13,21−27

However, because of the high acquisition and operating
costs, the low deposition rate, and the high reactivity of
strontium, there is an interest in alternatives to MBE. For
example, atomic layer deposition (ALD) was employed to
prepare a strontium template on Si(100) by growing SrO using
metal−organic surface reactions, followed by high-temperature
annealing.28,29 Motivated by the same reasons, we report on
silicon surface deoxidation using a SrO thin film prepared using
the pulsed-laser deposition technique (PLD). In the present
study, reflection high-energy electron diffraction (RHEED), X-
ray photoelectron spectroscopy (XPS), X-ray reflectivity
(XRR), and atomic force microscopy (AFM) were used to
analyze the SrO-induced deoxidation process at different
annealing stages. To the best of our knowledge, this is the
first report in which the useful features of alkaline-earth oxide
and the PLD method were applied to silicon native-oxide
removal.

■ EXPERIMENTAL DETAILS
The films were grown on 5 mm × 5 mm B-doped Si(100) substrates
(Si-Mat, Germany). The substrates were ultrasonically cleaned in
acetone for 3 min, thoroughly rinsed with EtOH, and blow-dried with
a N2 gun. Subsequently, the substrates were glued to a stainless-steel
resistance heater using silver paste (Leitsilber 200, TedPella, Inc.,
USA). Prior to insertion into the PLD chamber (Twente Solid State
Technology, Netherlands) the substrate was heated in the air (∼120
°C) to remove the organic solvent that is present in the paste. Once
inserted into the PLD chamber, the substrates were degassed at 700
°C for 2 h.
After degassing, a KrF excimer laser (λ = 248 nm, 25 ns,

COMPexPro 205 F, Coherent, Germany) was used for the
(pre)ablation of the SrO single-crystalline target (SurfaceNet,
Germany). During each deposition of the strontium oxide the fluency,
repetition rate, spot size, and target-to-substrate distance were kept
constant at 1.3 J/cm2, 0.1 Hz, 2.31 mm2, and 5.5 cm, respectively. The
removal of the native oxide was studied by depositing 40 pulses of
strontium oxide in a vacuum of ∼4 × 10−8 mbar on a Si/SiO2 substrate
at 700 °C, followed by an annealing stage. To determine the thickness
of 40 pulses of SrO the two independent experiments were performed;
that is, 1000 pulses of SrO were deposited on Si/SiO2 in a vacuum of
about 4 × 10−8 mbar at (i) room temperature and (ii) 700 °C,

followed by deposition of thick protective TiO2 layer (not shown). In
both cases, the XRR analysis showed that thickness equivalent to 40
pulses is ∼0.86 nm, that is, ∼1.6 ML of SrO.

We selected different annealing temperatures, that is, 700, 750, 800,
and 850 °C (for 20 min), while an additional sample was prepared at
200 °C as a control. The heating rate was 20 °C/min. Once the target
temperature was reached, the sample was controllably cooled (20 °C/
min) to 500 °C, after which the controlled cooling was turned off until
a temperature of 200 °C was reached. Next, a protective TiO2 layer
(∼1.2 nm) was deposited (80 pulses, 1.3 J/cm2, 1 Hz, 2.31 mm2, 5.5
cm, 1.2 × 10−2 mbar Ar).

Both during the deposition of the SrO and the annealing, the
surface of the sample was monitored in situ using the RHEED
technique (RHEED gun with differential pumping, STAIB instru-
ments, Germany, coupled with kSA 400 RHEED analysis system from
k-Space Associates, Inc., USA). The chemical composition of the
samples was obtained ex situ using an XPS system (Physical
Electronics, Inc., USA) with a hemispherical analyzer and a
multichannel detection system. Focused monochromatic Al radiation
(1486.7 eV) was used as the photon source, while the spectrometer
energy resolution was 0.3 eV. All the spectra were recorded at a takeoff
angle of 80° (if not specified otherwise) and aligned with respect to
the adventitious C 1s component at 284.8 eV. The surface
composition was calculated from the XPS signals, taking into account
the relative sensitivity factors provided by the manufacturer of the XPS
spectrometer.30 The surface composition of the layered structure
present in our samples was calculated using a simplified model of a
homogeneous matrix. The relative error of concentration determi-
nation by XPS was estimated to be ∼5%. For the purpose of qualitative
analysis the XPS signals were deconvoluted using the FitXPS program
from David Adams, University of Aarhus, Denmark. Immediately after
the XPS analysis, the thickness of the films was analyzed ex situ using
the XRR method (Empyrean with PIXCel3D detector, PanAnalytical,
Netherlands). The configuration on the incident side consisted of a
programmable divergence slit with a 1/32° fixed divergence slit and a
1/16° fixed antiscatter slit, a fixed incident beam mask of 5 mm, and a
0.04 rad Soller slit. On the diffracted side a 0.27° parallel-plate
collimator was used with the corresponding slit, a 0.04 rad Soller slit
and a PIXCel3D detector in the receiving-slit mode (all channels
active). The XRR spectra were acquired in the ω-2θ mode in the range
from 0.1° to 5° with a 0.005° step size and 11 s per step. The
simulation of obtained curves was performed using dedicated X’Pert
Reflectivity software and a segmented fit procedure, while taking into
account the sample size (5 mm × 5 mm) and the beam width (0.075
mm). The same software package was used for error analysis. The
surface morphology of the sample was examined using atomic force
microscopy in the tapping mode (Veeco Dimension 3100 AFM/MFM
system), while the images were processed using WSxM software.31

The root-mean-square (RMS) value and relative error were obtained
after measurement on three different places on the sample surface.

Figure 1. Characteristic sequences of the Si(001) surface deoxidation obtained using RHEED along the [100] and [110] azimuth of the Si(001)
substrate. Please refer to the text for an explanation of the symbols.
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■ RESULTS AND DISCUSSION

Reflection High-Energy Electron Diffraction (RHEED).
Figure 1 shows the characteristic sequences of the silicon
surface deoxidation, at different stages of annealing, induced by
a thin layer of strontium oxide. The azimuth directions of the
Si(001) substrate are shown at the bottom of each segment
containing a set of 3 × 3 RHEED images (Figure 1). The
dashed rectangles indicate the RHEED images of the Si/SiO2
substrate before the deposition, while the rest of the RHEED
images in Figure 1 correspond to sample surface after the SrO
deposition and subsequent annealing. On the basis of the
diffuse patterns it is clear that both before and after the
deposition of the SrO an amorphous layer is present on the
silicon surface (700 °C, Figure 1). In the case of pristine silicon
this is a consequence of the native oxide remaining after the
degassing, while the latter is due to the amorphous nature of
the deposited film.
The annealing of the deposited film induced a gradual change

in the surface crystallinity, as evidenced by the appearance of
bright spots (750 °C, [100] direction, Figure 1). Note that the
transformation of the amorphous surface to an ordered one was
observed during heating with a relatively fast rate (20 °C/min).
This ramp rate was adopted to avoid substantial loss of SrO,
since it is known that the desorption of the SrO peaks already
at 550 °C.29 The corresponding spots, observed along the
[110] direction, were less pronounced, because of which the
reversed triangles were used to indicate them (Figure 1, 750
°C). The definition of the spots, as well as the 3D character of
the RHEED patterns, was improved with the annealing (up to
840 °C, Figure 1). Because of the intense bright spots along the
[100] direction and the increased three-dimensional (3D)
character of the RHEED patterns (from 750 to 840 °C), we
refer to this structure as “3D” and the corresponding RHEED
patterns as “spotty”.
The observed “spotty” pattern was stable over a range of

∼100 °C. At ∼850 °C the formation of 1× streaks (847 °C,
[100] direction, Figure 1) and 2× streaks (847 °C, arrows,
[110] direction, Figure 1) became apparent. The intensity of
the streaks increased with the temperature, and at 850 °C the
streaks were clearly visible (Figure 1). The observation of 1×
and 2× streaks suggests that the 2 × 1 Sr-induced
reconstruction of the silicon surface was achieved. Clearly,
the 3D structure and the 2 × 1 reconstructed surface coexist
(847−850 °C, Figure 1). After 5 min at 850 °C only the 2 × 1
Sr-reconstructed surface remains. Also, prolonged annealing at
850 °C led to the loss of definition of the half-order streaks,
while the definition of the spots corresponding to the SiC, due
to imperfect vacuum, was improved (marked with * in Figure
1). The discussion about the possible origin of the 3D structure
is given after the introduction to the XPS and XRR data.
X-ray Photoelectron Spectroscopy. The XPS analysis

was performed after a batch of samples was prepared. Because
of the transfer of the samples to the XPS UHV chamber their
surface was exposed to air for about 15 min. On the basis of the
quantitative information from the XPS analysis, obtained using
a model of a homogeneous matrix, we were able to assess the
concentration profiles of the silicon surface after different stages
of annealing. The atomic concentrations of the O, Ti, Sr, and Si
are shown in Figure 2. The concentration of carbon is not
presented, although its contribution in total atomic concen-
tration was accounted for. Clearly, the concentration of Ti and
O is constant for all samples, which can be ascribed to the TiO2

capping layer, while the concentration of Sr decreases (Figure
2). The decrease of the Sr concentration was enhanced at
temperatures higher than 700 °C due to desorption and
deoxidation processes occurring on the surface, which can
explain the increase of the Si concentration (Figure 2).
The normalized core-level spectra reveal the chemical state of

the annealed samples (Figure 3). The positions of Ti 2p1/2 and
Ti 2p3/2 at 464.3 and 458.5 eV, respectively, and their
separation of ∼5.8 eV is an apparent characteristic of the
TiO2 (Figure 3a).32−34 The C 1s core-level spectra of the
prepared samples are shown in Figure 3b. The intense peak at
284.8 eV can be ascribed to C−C bonds as a result of the
carbon contamination present on the sample surface. On the
side of the lower binding energies, another peak can be
observed at 279.3 eV. This peak is clearly visible for samples
annealed up to 800 °C, while it disappears in the case of the
sample annealed for 20 min at 850 °C (Figure 3b). Similar
behavior was observed in the case of the doublet positioned at
135.0 and 133.2 eV (850 °C, Figure 3d, please note the signal-
to-noise ratio). The peaks observed at 279.3, 135.0, and 133.2
eV correspond to Sr 3p1/2, Sr 3d3/2, and Sr 3d5/2, respectively,
and provide evidence for the SrCO3.

35,36 The deconvoluted Sr
3d spectra of the sample prepared at 200 °C indicate the
presence of a single Sr-containing component, that is, SrCO3
(Figure 4a). This indicates insufficient capping of the TiO2
protective layer, because of which the reaction of the SrO with
CO2 from the air occurred (by forming SrCO3).
The Si 2p spectra are shown in Figure 3e. The doublet at

∼98.9 eV and the broad peak at 103.0 eV, observed in the case
of the pristine, ultrasonically cleaned, silicon substrate, are
characteristic for Si and SiO2, respectively. However, in the case
of all the annealed samples the peak at 103.0 eV was shifted to
lower binding energies (101.3−101.7 eV), which suggests the
formation of silicates.37−41 By deconvoluting the Si 2p spectra
(Figure 4b), the contribution of the silicate peak to the total Si
2p signal can be used for assessing the temperature evolution of
the amount of silicate (Figure 2, right axis). The results show a
decrease in the amount of silicate after the high-temperature
treatments, which is in line with the temperature trends of the
atomic concentration of strontium (Figure 2). Therefore, on
the basis of the XPS data, the components of the multilayer of
thin films can be identified as TiO2, SrCO3, Sr-silicate, and Si as
a substrate. Figure 3c shows the O 1s spectra of the initial Si/

Figure 2. Atomic concentrations of O (-●-), Ti (-Δ-), Sr (-□-), and Si
(-○-) and the amount of silicate in the Si 2p peak (-◇-) obtained by
XPS (right y-axis).
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SiO2 and annealed samples. Clearly, the O 1s spectra of the
annealed samples are convoluted due to the contributions of
the TiO2, SrCO3, and Sr-silicate. A further discussion of the
XPS results, in particular those of O 1s, is presented after the
introduction of the XRR results.
X-ray Reflectometry. The XRR curves were recorded

immediately after the XPS analysis. The samples were stored in
a glovebox with a controlled inert atmosphere before they were
measured in the air using the XRR method. The obtained XRR
curves are shown in Figure 5. To obtain the information about
the film thickness the fitting of experimental curves was based
on components identified by XPS (TiO2, SrCO3, Sr-silicate,
and Si). Since the deposition of the TiO2 capping layer was
performed under the same conditions for all the samples, only a

small variation of the TiO2 thickness should be expected. To
determine the thickness of the TiO2 capping layer, an
additional experiment (not shown) involving 1000 pulses of

Figure 3. Normalized core-level spectra of (a) Ti 2p, (b) C 1s, Sr 3p1/2 (c) O 1s, (d) Sr 3d, and (e) Si 2p of the samples annealed at different
temperatures.

Figure 4. Deconvoluted (a) Sr 3d and (b) Si 2p core-level spectra of
the sample prepared at 200 °C.

Figure 5. X-ray reflectivity curves of samples annealed at (b) 700 °C,
(c) 750 °C, (d) 800 °C, and (e) 850 °C for 20 min, with a control
sample prepared at 200 °C (a). (inset) Two multilayer structures used
for the fitting of the XRR data. The Sr-silicate compound is Sr2SiO4 in
(a) and SrSiO3 in (b−e). Please note that the fitting curve
corresponding to structure 1 has an offset for clarity.
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TiO2 deposited on a Si/SiO2 substrate was conducted under
the same conditions as in the case of the annealed samples. The
results showed, assuming a constant growth per pulse in the
applied pulse range, that the thickness of 80 pulses of TiO2
used for capping the annealed samples is 1.23 nm.
While the identification of the TiO2, SrCO3, and Si from the

XPS data was straightforward, the case with the silicate
component was more complex. The reported binding energies
of the Sr-silicate (usually described as SrxSiyOz) in the Si 2p
core-level spectra range from 101.5 to 103.1 eV, where the
majority of the data are centered around 102.2 eV.14,38−44

Some authors ascribed this binding energy (102.2 eV) to
Sr2SiO4.

38−40 The silicate peak in our case is between 101.3 and
101.7 eV (Figure 3e), because of which it was difficult to state
the exact stoichiometry. However, it was reported that Sr2SiO4
tends to transform to SrSiO3 when annealed above 600 °C.39

Since in our case the samples were annealed above 700 °C, we
believe that the temperature transformation of the silicate
occurred, because of which we implemented SrSiO3 as a
strontium silicate component. In the case of sample prepared at
200 °C the silicate was approximated by Sr2SiO4.
Therefore, a multilayer structure, composed of TiO2, SrCO3,

Sr-silicate, and the Si substrate, was initially proposed (structure
1, Figure 5). The restrictions imposed on the multilayer
structure during the simulation of the XRR curves were (i) the
density variation of each component is not higher than 10%,
(ii) the thickness of the TiO2 capping should be 1.23 nm
(±10%), and (iii) the roughness of the film cannot be greater
than the film thickness. The obtained curves show that the
position of the critical angle and the first fringe is well-matched,
while at higher angles (>1.75°) there is a discrepancy, since the
simulated curves do not adequately describe the presence of
fringes (dashed lines in Figure 5).
As pointed out by Dane et al.,45 there are several factors that

can complicate the analysis of the data: (i) different sample
compositions for which the reflectivity curves are more or less
the same, (ii) multiple runs until a feasible sample composition
and good fits were obtained, (iii) the user has to decide
whether or not the solution obtained is feasible, and (iv) the
addition of extra interfacial layers to a multilayer structure of
thin film. In the case when knowledge about the thin film is
scarce it is clear that obtaining valid information can be time-
consuming. One way to improve the matching, as pointed out
by Dane et al.,45 is to introduce a new component to the
multilayer structure. However, in our case, the selection of
additional components is limited by the XPS results, which
include only TiO2, SrCO3, Sr-silicate, and Si as the substrate.
It is known that the PLD method produces energetic species

with energies up to a few kiloelectron volts, because of which it
is also considered for a unique hyperthermal deposition
technique.46 This is a consequence of energy transfer from
UV-laser pulse to kinetic energy of the particles in the plum. In
the absence of gases to slow down the plume there is a wide
range of particle−solid interactions that can occur. The
observation of a silicate peak in the Si 2p spectra of the
sample prepared at 200 °C supports such reasoning (Figure
4b). Namely, in numerous MBE experiments the formation of
silicate from strontium oxide was observed at temperatures
above 400 °C.39,40,42 In our experiments, the silicate was
obtained for a sample prepared already at 200 °C (-◇-, Figure
2 and Figure 4b) and therefore, since the SrO was deposited in
a vacuum, the formation of silicate at low temperatures can be
explained by the interaction between the SrO plume and the

Si/SiO2 substrate, as a consequence of the ballistic implantation
and mixing.46 At the same time, the energetic particles of the
plume can enhance the atomic mobility, amorphization, and
collisional cascades, because of which the topmost layer of the
Si substrate can be changed.
According to this, we have added modified silicon as an

additional layer to the previously proposed structure (structure
2, Figure 5). This required a new restriction to be added; that
is, the change in the density of the Si substrate must be
excluded, while the other conditions were unchanged. As can
be observed from Figure 5, the matching of the simulated
curves with experimental data was significantly improved: the
position of the critical angle and fringes is well-described, while
the discrepancy between the experimental and simulated curves
was considerably reduced (solid lines in Figure 5).
The thickness of the modified silicon layer and the thickness

of the strontium-containing layers, as a sum of the Sr-silicate
(Sr2SiO4 at 200 °C and SrSiO3 at T ≥ 700 °C) and SrCO3
thickness, together with the total thickness, are given in Figure
6. The thicknesses were obtained after fitting the XRR data

based on structure 2 (Figure 5). Clearly, the TiO2 thickness is
constant due to consistent capping, while the total thickness of
the film starts to decrease above 700 °C. Similar trends were
observed in the case of strontium-containing layers and the
modified Si layer (Figure 6). The decrease in the total thickness
is a result of desorption and deoxidation of the SrO/silicates at
higher temperatures, while the decrease of the modified Si-layer
thickness agrees well with the expected defect annealing at high
temperatures. By comparing the temperature changes of the
atomic concentration (Figure 2) and the film thickness (Figure
6) it is clear that the trends are similar. Also, the increasing
trend of Si concentration in Figure 2 is in line with the XRR
data and can be justified by an increase in the sampling volume
of the Si substrate as the film thickness is decreased. Similar
trends for the Si 2p (substrate), Si 2p (silicate), and Sr 3d peak
intensities as a function of the annealing temperature were
observed in the Muller-Sajak et al. study.40

The change in roughness of each layer, obtained by fitting
the XRR results, is shown in Figure 8a. The roughness of the
Sr-silicate and the Si substrate is almost constant up to 800 °C,
while the roughnesses of the SrCO3 and the modified Si layer
increase slightly with temperature. The constant roughness of
the Si substrate is a consequence of the model structure, since
all changes in the Si substrate are reflected in changes to the
modified Si layer. After 20 min of annealing at 850 °C the
thicknesses of the Sr-containing layers decrease to zero (Figure

Figure 6. Variation of film thickness with temperature.
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6 and the signal-to-noise ratio of the Sr 3d peak in Figure 3d),
because of which the presentation of the roughness of SrSiO3
and SrCO3 at 850 °C has no physical meaning. The same is
true for the modified Si layer. Finally, it can be observed that
TiO2 provides the dominant contribution to the overall
roughness up to 800 °C. However, at 850 °C, after prolonged
annealing, the roughness of the Si substrate becomes dominant.
By assuming the cumulative nature of the roughness of each
component, the total roughness, as a sum of roughness of each
component, can be obtained (Figure 8a). The results of the
XRR method were compared with the results of the atomic
force microscopy.

Atomic Force Microscopy. The AFM analysis showed that
the morphology (Figure 7) and roughness of the sample
surfaces (Figure 8b) change with annealing. In the case of the
samples annealed up to 750 °C the average roughness remained
similar to the initial Si/SiO2 substrate (Figure 7a−d and Figure
8b). In the case of the sample annealed to 800 °C the formation
of circular protrusions was observed (Figure 7e), but after
prolonged annealing at 850 °C they disappeared, leaving the
surface with a drastically increased roughness (Figure 7f). By
comparing the total roughness obtained using the XRR method
(Figure 8a) with the RMS values of the AFM method (Figure
8b), the matching of the trend is clearly visible. We also
prepared a sample showing a mixture of 2 × 1 and the “spotty”
RHEED pattern, and the roughness of such a surface agrees
well with the trend of the RMS increase (Figure 8b). Having in
mind the decrease in the thickness of the Sr-containing layers
with temperature (Figure 6), the increase in the roughness, as
observed using the AFM and XRR methods (Figure 8), can be
explained by Wei et al.’s finding that an insufficient amount of
SrO promotes the formation of a rough silicon surface during
the deoxidation process.13

Analysis of 3D Structure. To identify the origin of the 3D
structure (Figure 1, 750−850 °C), we prepared an additional
set of samples (Table 1). Although the previous XPS results
clearly indicated the presence of TiO2, SrCO3, and Sr-silicate
(Figure 3), the contribution of each component to the O 1s is
less straightforward because they overlap. Therefore, special
attention was devoted to the O 1s peak, which is, in our
opinion, important for understanding the origin of the 3D
structure.

Figure 7. AFM micrographs of (a) initial Si/SiO2 substrate and
samples annealed at (b) 200 °C, (c) 700 °C, (d) 750 °C, (e) 800 °C,
and (f) 850 °C for 20 min.

Figure 8. Roughness of samples annealed at different temperatures, as
obtained using the (a) XRR and the (b) AFM method. RMS values
were obtained from an area of 100 μm2.

Table 1. Preparation and Growth Conditions for Samples
without a TiO2 Protective Layer

sample preparationa

S0 5 × 5 mm Si/SiO2 substrate is ultrasonically cleaned in acetone for 3
min, rinsed with EtOH, and blow-dried with a N2 gun

b

S1 Initial cleaning + 80 pulses of TiO2 at 0.03 mbar O2 at Troom +
exposure to air for 15 min

S2 Initial cleaning + 40 pulses of SrO at 0.2 mbar O2 at Troom + exposure
to air overnight

S3 Initial cleaning +2 h of degassing at 700 °C + 1h cooling +40 pulses
of SrO at ∼4 × 10−8 mbar at T < 100 °C + exposure to airc

S4 Initial cleaning + 2 h of degassing at 700 °C + 40 pulses of SrO at
∼4 × 10−8 mbar at T = 700 °C + heating until a sharp “spotty”
RHEED pattern was observed + exposure to airc

aThe fluency, repetition rate, spot size, and target-to-substrate distance
during the deposition of the SrO and TiO2 were the same as in the
previous set of experiments. bReferred to as initial cleaning. cThe
samples were allowed to cool to room temperature in the PLD
chamber before they were exposed to air for 15 min prior to XPS
measurements.
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In a new set of experiments the SrO films were prepared
without a TiO2 protective layer. As was shown previously, a 1.2
nm thick layer of TiO2 was not sufficient to prevent the
interaction of the SrO with CO2 from the air (i.e., the
formation of carbonates, Figure 3d). It is important to note that
we prepared thicker TiO2 films (∼20 nm) that efficiently
prevented any interaction with the air; however, in such cases it
is necessary to probe the corresponding interface using XPS in
combination with ion-beam sputtering. Unfortunately, the
interface appeared as “blurred” due to the ion-beam mixing
induced by the Ar ions. Therefore, we intentionally prepared
samples without a protective layer, aware of the unavoidable
interaction of the film with the air under ambient conditions.
To slow down the particles in the plume, in a new set of
experiments the deposition of TiO2 and SrO was performed in
0.03 mbar and 0.2 mbar of O2, respectively. The process
pressure during the deposition of the TiO2 and the SrO was
selected to understand the role of the pressure, that is, the
particle energy, on the formation of the initial multilayer
structure.
The O 1s core-level spectra of the samples S0, S1, and S2

that act as a reference for the SiO2, TiO2, and SrCO3,

respectively, are shown in Figure 9. The O 1s spectrum of the
sample S1 can be deconvoluted into three peaks centered at
530.5 eV (TiO2),

47 531.7 eV (OH groups on TiO2),
48 and

532.3 eV (SiO2). Similarly, the O 1s peak of the sample S2 can
be deconvoluted into two components: one belonging to SiO2
(532.3 eV) and the other at 531.7 eV that can be ascribed to
SrCO3, due to overnight exposure of the SrO film to the air.
The O 1s spectra of the samples S3 and S4 can be
deconvoluted with two components centered at 531.6 and
530.0 eV and 531.8 and 530.1 eV, respectively (Figure 9).
Clearly, the peak at ∼531.7 of the samples S3 and S4 is well-
matched to the one of the SrCO3 (sample S2). Also, the Sr 3d
peak of the samples S2−S4 (Figure 9b) was observed at
approximately the same binding energy (given the energy
resolution) as in the first set of experiments (Figure 3d). This
indicates that the Sr 3d spectra in Figure 3d contain
information not only from the SrCO3 but also from the Sr-
silicate. To understand the origin of the O 1s peak at ∼530.1
eV it is necessary to explain the changes in the Si 2p core-level
spectra (Figure 10a).
The doublet of the Si 2p core-level spectra of the S1−S4

samples was aligned with the Si 2p3/2 peak of the semi-

Figure 9. O 1s core-level spectra of samples described in Table 1.

Figure 10. Normalized (a) Si 2p and (b) Sr 3d core-level spectra of the samples S0−S4 described in Table 1 (takeoff angle is 80°). (c) The angle-
resolved O 1s spectra of sample S4.
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conducting silicon of the initial Si/SiO2 substrate, S0 (Figure
10a). The binding energy difference of ∼4.3 eV between the
doublet and the broad peak at 103.2 eV of sample S0 is
characteristic of the Si/SiO2 surface. On the other hand, for the
S1−S4 samples the broad peak at 103.2 eV was shifted to the
low-binding-energy side: S1 (102.7 eV), S2 (102.8 eV), S3
(102.3 eV), and S4 (102.0 eV). The shift to the low-binding-
energy side was more pronounced if the films were deposited in
a vacuum (S3 and S4, 4 × 10−8 mbar). In the case of samples
S1 and S2, deposited at 0.03 mbar and 0.2 mbar, the shift
toward lower binding energies was 0.5 and 0.4 eV, respectively,
while in the case of samples S3 and S4 it was 1.0 and 1.3 eV.
This downward shift of the broad peak is attributable to the
increase of the films’ “silicate” character, that is, to the
incorporation of a heteroatom in the SiO2 matrix.49

In our opinion, the O 1s peak at 530.1 eV observed in the
case of the S3 and S4 samples (Figure 9) can be ascribed to the
layer with an increased “silicate” nature, induced by the ballistic
implantation and the mixing of SrO with the silicon native
oxide due to the deposition in a vacuum, while in the case of
sample S4 the increased intensity of the peak at 530.1 eV can be
ascribed to the contribution of the thermal treatment that was
necessary for the appearance of a spotty RHEED pattern, that
is, a 3D structure.
The origin of the O 1s peak at 530.1 eV (Figure 9, S3 and

S4) can be found in the analogy with silicate glasses. One of the
many methods used for the preparation of silicate glasses is ion
implantation50,51 and the quenching of silicate melts.52,53 For
example, in Dalby et al.’s study the silicate glass was obtained by
the rapid cooling of PbO−SiO2 melts in a liquid-nitrogen-
cooled steel mold.53 The analysis of the PbO−SiO2 glass
system revealed two O 1s peaks: one, the high-binding-energy
O 1s peak representing the bridging oxygen (BO, originating
from Si−O−Si) and the second, the lower-energy peak,
representing both the nonbridging oxygen (NBO, originating
from the Si−O−Pb) and the metal-bridging oxygen (MBO,
originating from the Pb−O−Pb) contributions.53 The same
notation was used in Kakushima et al.’s study for the
description of the La2O3 reaction with a HF-etched silicon
surface, where the formation of the NBO Si−O−La peak was
explained as being a consequence of the La2O3 reaction with Si
diffused from the bulk.54 Similarly, in Qin et al.’s study the
observation of the O 1s peak at ∼529.7 eV was attributed to the
formation of manganese silicate as a result of the MnO reaction
with SiO2 at elevated temperatures.55

Because of the deposition in a vacuum and the subsequent
annealing, we believe that the peak at 530.1 eV can be ascribed
to the Si−O−Sr type of bonds (NBO). This is corroborated by
the Si 2p core-level spectra, where a clear downward shift was
observed (Figure 10a). By analogy with the silicate glass, the O
1s spectra of samples S3 and S4 might reveal, in addition to the
silicate phase, the features of different chemical environments
present in the SiO2 (BO) and SrO (MBO). For example, as
sample S2 shows, the O 1s spectrum of the SiO2 is overlapped
by the O 1s spectrum of the SrCO3 (Figure 9). However,
because of that the identification of the SiO2 is hindered in the
S3 and S4 samples. Also, since the NBO (silicate) and MBO
(SrO) contribute to the same peak,53 it should be expected that
the O 1s spectra of the SrO also contributes to the peak at
530.1 eV (Figure 9, S3 and S4). Indeed, numerous studies
focused on the strontium−silicon interaction reported,
although with some dissipation, that the position of the O 1s
peak of the Sr−O bond is centered at ∼530.1

eV.14,23,35,39,40,42−44,56,57 In our case, because of exposure to
the air, the remaining SrO reacted to form SrCO3, so the
contribution to the peak at 530.1 eV (Figure 9, S3 and S4) is
absent.
We further performed an angle-resolved XPS study of the

sample S4, which provides a better insight into the ordering of
layers. As is clear from Figure 10c the intensity of the NBO
peak at ∼530.1 eV increases as the takeoff angle changes from
20° to 80°. This clearly shows that the silicate layer is under the
layer of SrO, that is, the SrCO3 formed after exposure to the air.
In the present work, the exclusion of TiO2 as a capping layer
was proven to be very useful for a description of the process
since the O 1s component of the TiO2 and OH-groups on
TiO2 was overlapping the NBO peak of the formed silicate as
well as the O 1s spectra of the SrCO3, respectively.

■ CONCLUSION
On the basis of the obtained results the overall process of
silicon native-oxide removal can be described in the following
way. The deposition of SrO in a vacuum leads to the
implantation of high-energy particles of the plume into Si/SiO2,
which results in the formation of the silicate layer, even at low
temperatures (200 °C) and, possibly, the modification of the
silicon substrate, while the low-energy part of the plume
remains on the surface as SrO. Subsequent annealing promotes
the desorption of the as-formed layers and deoxidation of the
surface at sufficiently high temperatures. During this process, as
observed by RHEED, the surface ordering occurs. On the basis
of AFM and the 3D character of the RHEED patterns, this
ordering leads to the formation of epitaxial, presumably SrO,
islands and a 2 × 1 Sr-reconstructed silicon surface. However,
the stability of the reconstructed surface is limited due to the
increase of roughness and the formation of SiC.
The results indicate the necessity for optimizing the

experimental conditions so a suitable quality of Sr-recon-
structed surface is achieved. In our opinion, such an
improvement would be a major milestone in the application
of the PLD method for the integration of functional oxides with
silicon.
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