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on the epitaxial growth of complex oxides on
silicon by pulsed laser deposition
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and Danilo Suvorova

The integration of epitaxial complex oxides with Si represents an invaluable opportunity for the creation of

novel devices with logic and sensing capabilities, both implemented in the same chip. In this work, Pulsed

Laser Deposition (PLD) is used to grow epitaxial ultra-thin (3–4 nm) SrTiO3 (STO) layers on Si(001),

showcasing the possibilities of this technique for the growth of templates for the integration of complex

oxides with Si. Our procedure involves the growth of a 1/2 monolayer (ML) of Sr buffer layer on the

reconstructed Si(001) surface by PLD, the deposition of STO in inert Ar atmosphere, and latter oxidation

and crystallization phases. The optimization of STO deposition, oxidation, and crystallization parameters

proves to be essential for the improvement of the layer's quality. It has been found that the minimization

of the thermal budget during the crystallization phase increases the interface sharpness, but a minimum

temperature is needed for a proper densification of the STO layer. A coverage of 2 ML before every

crystallization and oxidation phases was determined as the best balance between the critical thickness,

minimization of the thermal budget, and a proper coverage of the buffer layer, which prevents its

reactions with the Sr/Si surface. These results improve the general knowledge and understanding of

metal oxide/silicon heterojunctions, and represent a solid stepping stone for the growth of high-quality

thin STO templates on Si by PLD.
1 Introduction

The eld of the growth of epitaxial complex oxides on Si has
seen a dramatic rise in interest since the breakthrough achieved
by McKee et al. on the epitaxial growth of SrTiO3 (STO) on
Si(001) 18 years ago.1 However, even aer almost 20 years of
research, the growth of this family of materials on silicon is still
not properly understood. Many methods and procedures have
been developed in order to achieve the integration of STO and
other complex oxides on Si, but the most common route implies
the removal of the amorphous SiO2 surface layer via Sr or SrO-
induced deoxidation,2–4 wet chemical processing5,6 or ash
annealing in UHV conditions;7 the growth of a buffer layer in
order to minimize the lattice mismatch and passivate the
surface,8,9 and the overgrowth of the complex oxide itself. The
most used and researched deposition technique for these
growths is Molecular Beam Epitaxy (MBE). However, the low
deposition rate, usage only of elemental sources and ux
monitoring issues makes it an inappropriate tool from the
industrial point of view. In this work, we intend to showcase the
tefan Institute, Jamova cesta 39, 1000
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hemistry 2017
use of Pulsed Laser Deposition (PLD) for overcoming these
issues and deliver high-quality oxide samples, using STO as our
example material. STO is by far the most studied of this family
of materials, because its crystalline properties (perovskite cubic
structure, space group Pm�3m, lattice constant: 3.905 Å) makes it
a perfect template for the epitaxial overgrowth of other complex
oxides with ferroelectric, ferromagnetic, piezoelectric and high-
T superconductivity properties.

The two key challenges lie in obtaining an adequate stoi-
chiometry and a good sharpness of the oxide/silicon interface.
The rst can be overcome by optimizing the laser parameters,
such as the uency, frequency and laser spot size,10 but the
minimization of the interface reactions can be more difficult,
since the layers grown at room temperature are usually amor-
phous,11 and heating during or aer the deposition is required
for the crystallization of the deposited material, which usually
leads to the appearance of amorphous silicate phases.12 A buffer
layer is commonly deposited in the clean silicon surface before
the oxide deposition, both as a way of minimizing the lattice
mismatch, and to passivate the highly reactive silicon surface.
However, in the growth of the rst 5–15 ML, issues like oxygen
diffusion into the oxide/Si interface and proper coverage of the
buffer layer become critical, and inadequate growth parameters
can lead to damage of the buffer layer, an appearance of
amorphous interface phases, and a decrease of the overall
RSC Adv., 2017, 7, 24709–24717 | 24709
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properties of the oxide layer. The procedures developed for the
growth of these oxides are therefore commonly multi-staged,
with the deposition of the rst monolayers of the oxide in
inert atmosphere or low O2 conditions, so the oxidation of the
interface is prevented; and the rest in higher O2 pressure, so
a correct stoichiometry is achieved.13–15

In this paper, the inuence of the deposition and oxidation
stages coverages and the annealing procedure on the physical
and structural properties of ultra-thin STO layers on Si will be
shown. In situ Reection High-Energy Electron Diffraction
(RHEED) is used for studying real-time changes in the crystal-
linity of the samples, and ex situ Atomic Force Microscopy
(AFM), X-ray Photoelectron Spectroscopy (XPS) and X-Ray
Reectivity (XRR) are used for characterizing the interface
properties, and the STO layer morphology, composition and
thickness.

2 Experimentals
2.1 Equipment, materials and techniques

The samples were grown in a custom pulsed-laser deposition
chamber (Twente Solid State Technology, Netherlands) coupled
with in situ high-pressure RHEED (Staib Instruments, Germany)
for real-time structural measurements, and two lasers: an IR
laser (coherent, l: 800–820 nm) used for heating, and a Kr–F
excimer laser (l: 248 nm, 25 ns, coherent) used for pulsed
ablation. The temperature was measured with a pyrometer
(IMPAC, 1.45–1.8 mm). Before every experiment, the chamber
was baked, and the base pressure was around 8 � 10�9 mbar.
Commercial p-type Si(001) substrates (B-doped, 1–30 U cm, Si-
Mat, Germany, 5 mm � 5 mm) and sputtering STO and Sr
targets (purity: 99.9+%) were used for the growths.

The thickness of the samples was measured ex situ by XRR,
using an Empyrean diffractometer with PIXCel3D detector,
(PanAlytical, Netherlands). On the incident side, a program-
mable divergence slit with a 1/16� aperture was used, along with
a 1/16� xed anti-scatter slit, and a xed incident beam mask of
2 mm. On the diffracted side, a parallel-plate collimator with an
acceptance angle of 0.27� and a PIXCel3D detector in the
receiving-slit mode (all channels active) were used. The XRR
spectra were acquired in the u–2qmode 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 the X'Pert Reectivity
soware and a segmented t procedure. The error in the
parameters was obtained with the Error Analysis tool imple-
mented in the soware.16

The chemical composition of the interface and STO layers
was determined ex situ using an monochromatic XPS system
(Physical Electronics, Inc., USA, E ¼ 1486.6 eV) with a hemi-
spherical analyzer (resolution: 0.3 eV) and a multichannel
detection system. All the spectra were taken at take-off angles of
20, 45 and 70� (the take-off angle is dened here as the angle of
the X-ray source with respect to the sample surface normal). The
20� take-off angle spectra are those presented in this work, since
they allow us to explore the whole depth of the sample and
interface structure (l � 3–4 nm, calculated with the TPP
formula17); and the 45 and 70� spectra were used for separating
24710 | RSC Adv., 2017, 7, 24709–24717
the bulk components from those coming from surface
contamination. The charge correction was made with respect to
the adventitious C 1s component at 284.8 eV, and the ttings
were performed with the soware XPS Peak. The morphology of
the samples was obtained with a Veeco Dimension 3100 AFM/
MFM system, and the images were processed with the so-
ware WSxM.18 The root-mean-square (RMS) roughness value
and relative error were obtained with three 5 mm� 5 mm images
recorded in different areas of each sample.
2.2 Growth description

The deposition of STO on Si was carried out following the multi-
staged process previously established in our group by Klement
et al.19 It mimics previous successful MBE epitaxial growths of
STO on Si,20,21 and it can be summarized in the following steps:

(1) Removal of the SiO2 layer by ash annealings in UHV
conditions (�1000 �C, 10�9 mbar).

(2) Growth of a 1/2 ML Sr buffer layer by PLD.
(3) Growth of 1–4 ML of STO in an Ar atmosphere (5 � 10�2

mbar) and room temperature.
(4) Exposure of the freshly grown STO to O2: 9.3� 10�7 mbar,

5 min (oxidation stage).
(5) Repetition of steps (3) and (4), until a desired thickness is

achieved.
(6) When enough MLs have been grown, the layer is crys-

tallized by heating on UHV conditions (crystallization stage).
(7) Repetition of steps (3)–(5) until a thickness of 10–12 ML is

achieved.
The PLD growth of STO in vacuum or inert atmosphere is

inherently oxygen-decient,22,23 but the deposition of STO in an
O2 atmosphere is also not convenient in our case, given the high
sensitivity of the buffer layer: it is because of this reason that
separate deposition and oxidation stages are introduced. From
now on, the coverage before every oxidation stage is going to be
referred as “Coverage Per Oxidation” or “CovOX”, while the total
coverage before the crystallization stage is going to be referred as
“Coverage Per Crystallization” or “CovREC” Previous research
effortsmade by our group in the last two years studied the impact
of parameters such as the laser uence, substrate temperature
and growth pressure, on the quality of these layers.19 It was
shown that proper optimization of the laser uence led to
optimal STO stoichiometry and avoidance of large particulates
formation, while an adequate argon pressure led to smoother
STO layers and better crystallinity. The impact of the substrate
temperature was lightly explored, but it was shown that
temperatures higher than 545 �C led to interface reactions and
nal polycrystalline samples. Based on these previous experi-
ments, a set of parameters was established as our default
procedure, and two groups of experiments were devised around
these parameters, testing the coverage per oxidation (SOX
samples) and recrystallization (SREC samples), with two values
both above and below the default parameters. Furthermore, two
experiments were also devised for testing the crystallization
process (SPR,1 and SPR,2 samples). On the rst one, the same
crystallization procedure used in samples SREC and SOX was fol-
lowed, and the rest of conditions were taken from sample SOX,3
This journal is © The Royal Society of Chemistry 2017
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Table 1 Growth conditions of all samples used in this work

CovOX (ML) CovREC (ML) TREC (�C) tREC (min) CovFINAL (ML) Sample name

Default conditions 1 2 545 15 10 SD
Coverage per crystallization 1 2 545 15 10 SREC,1 ¼ SD

1 3 545 15 12 SREC,2
1 4 545 15 12 SREC,3

Coverage per oxidation 1/2 2 545 15 10 SOX,1
1 2 545 15 10 SOX,2 ¼ SD
2 2 545 15 10 SOX,3

Crystallization procedure 2 2 545 15 10 SPR,1 ¼ SOX,3
2 2 Heating stops when streaks

appear in the RHEED
pattern (see text for more
information)

10 SPR,2
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since it was the sample that showed the best properties, as it will
be shown aerwards. In the second one, the sample was heated
with the same temperature ramp until slight signs of crystalli-
zation were seen in the in situ RHEED patterns. If 545 �C were
reached and no crystallization signs were observed, the sample
would stay at that temperature for 15 minutes, and then it would
be cooled down, effectively mimicking the original crystallization
procedure. The rst crystallization of sample SPR,2 was performed
at 545 �C for 15 minutes, but in the subsequent crystallizations,
progressively lower temperatures were necessary for the RHEED
images to show some crystallization signs (500, 435, 315, and
below 250 �C, respectively). The growth parameters of all these
samples and experiments are summarized in Table 1.
2.3 Experimental conditions

The substrates were rst ultrasonically cleaned in acetone for
10 min, thoroughly rinsed with ethanol, and blow-dried with
a N2 gun. Subsequently, they were mounted into a hollow Ta
sample holder, which allowed direct heating of the substrate
with the IR laser from the back, and aer being inserted on the
PLD chamber, they were prebaked at 630 �C for >12 h.

The removal of the native SiO2 layer was carried out by ash
annealings of the substrate (�1200 �C, 1 min, maximum pres-
sure of 3 � 10�8 mbar), with in situ RHEED monitoring of the
[001] azimuth. Aer the second ash annealing, the deposition
of the 1/2 ML Sr buffer layer was carried out using an elemental
Sr target (purity 99.9%, MaTeck, Germany), which was previ-
ously preablated in vacuum before every deposition. The buffer
layer material and coverage were chosen because it has been
Table 2 Pressures, substrate temperature, and laser parameters used
for the Sr and STO depositions

Parameter Sr deposition STO deposition

Substrate temperature (�C) 700 25
Deposition pressure (mbar) 1–2 � 10�8 5 � 10�2 (Ar)
Spot size (mm2) 0.14 0.58
Fluence (J cm�2) 1 1.5
Repetition rate (Hz) 0.25 1

This journal is © The Royal Society of Chemistry 2017
proven to be the most suitable buffer layer in terms of achieved
crystallinity.24,25 The coverage was determined by in situ RHEED,
monitoring the pattern change seen when the surface recon-
struction of the Si(100) surface changes from (2 � 1) + (1 � 2) to
a (2 � 3) reconstruction at a coverage of 1/6 ML.8,26 Aerwards,
the samples were cooled down, and STO was grown using the
stages already described in the previous subsection. The pres-
sures and temperatures used in each step of the Sr and STO
growth are summarized in Table 2.
3 Results
3.1 Interface

XPS (Si 2p region) and XRR were used to explore changes in the
structure and sharpness of the interface. The XPS Si 2p spectra
(Fig. 1) show two main spectral features. The rst one, located
around 98.9 eV, and which shows a peak doublet (Si 2p3/2 and Si
2p1/2), corresponds to the bulk substrate signal. The other
feature, located roughly at 101.9 eV, shows a wider peak, and
corresponds to additional phases formed at the interface, such
Fig. 1 XPS spectra of the Si 2p region for all the samples studied. Take-
off angle of all the spectra: 20�.

RSC Adv., 2017, 7, 24709–24717 | 24711
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Fig. 2 (a) XPS, Si 2p region spectra fittings for samples SPR,1 and SPR,2. (b–d) Normalized (with respect to the bulk substrate signal) intensity of the
Si2+ and Si3+ contributions for all samples.
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as strontium silicates or sub-stoichiometric silicon oxides.27 At
a rst glance, all spectra show the same basic features, except
for sample SPR,2 which show a less intense silicate phase peak
that, upon careful inspection, seems shied to the le (�101
eV). Fig. 2a shows ttings for samples SPR,1 and SPR,2 as an
example, since all spectra are satisfactorily tted using the same
basic features; and they reveal that the silicate “peak” is actually
composed by two contributions: one at 101.3 eV, and another at
102.4 eV. These contributions are assigned to Si2+ and Si3+

states, respectively.28 Fig. 2b to d show the normalized (with
respect to the bulk substrate signal) Si2+ and Si3+ peak intensi-
ties for all the samples studied. It is clear from the data that the
changes in the crystallization and oxidation coverages do not
inuence the intensities of these contributions. However, the
intensity of both peaks, and specially that of Si3+ decreases in
sample SPR,2 (Fig. 2d). The decrease in the intensity of these
Fig. 3 XRR spectra for all the samples studied in this work.

24712 | RSC Adv., 2017, 7, 24709–24717
peaks is a clear indication that this sample has a sharper
interface, and since the rest of the samples were recrystallized
for longer periods of time and higher temperatures, it can be
inferred that the interface sharpness improves when the
thermal budget of the overall process is decreased. The different
decrease ratio of these peaks suggests a different origin for
these two contributions. The Si2+ peak intensity changes less
with the thermal budget reduction, so it seems related to the
deposition process itself (STO or Sr buffer layer). On the other
hand, the more noticeable changes in the Si3+ peak intensity
suggests that this contribution is more related to the crystalli-
zation process itself.

The XRR spectra can be seen in Fig. 3, along with the model
used for the ttings. This model assumes, aside from STO and
interface layers, an additional Si layer with less density than the
substrate, in order to simulate possible ion implantation due to
the energetic nature of the PLD deposition.3 For the interface
layer, strontium silicates (SrSiO3 and Sr2SiO4) and silicon oxides
were tested: the best results were obtained using a strontium
silicate, with no denite improvements found when one of
them was used over the other. A model without this interface
Table 3 XRR fitting results for the silicate layer

Interface layer

Sample Thickness (nm) Density (g cm�3)

SREC,1 1.2 � 0.2 4.0 � 0.3
SREC,2 1.5 � 0.1 3.9 � 0.2
SREC,3 1.6 � 0.2 4.1 � 0.3
SOX,1 1.3 � 0.1 3.8 � 0.2
SOX,2 1.3 � 0.2 4.0 � 0.3
SOX,3 1.2 � 0.1 3.8 � 0.4
SPR,1 1.2 � 0.1 3.8 � 0.4
SPR,2 0.9 � 0.1 4.0 � 0.5

This journal is © The Royal Society of Chemistry 2017
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layer was also tested, but the ttings quality decreased notice-
ably. The results of these ttings for the interface layer can be
seen in Table 3. For all samples, the density of the strontium
silicate ranges from 3.8 to 4.1 g cm�3, which are close to the
nominal density of both SrSiO3 and Sr2SiO4 (3.65 and 3.84 g
cm�3, respectively29). The thickness ranges from 1.2 to 1.6 nm,
except for sample SPR,2 which shows a thickness of around
0.9 nm. These values all agree with what has been observed by
XPS, and conrm that the interface sharpness is improved once
the thermal budget of the experiment is minimized.
Fig. 5 FWHM of the (00) streak and streaks appearance temperature
for (a) SREC and (b) SOX samples.
3.2 SrTiO3 layer

The surface crystallinity of the STO layer was examined with in
situ RHEED. Previous results by our group showed that, using
similar conditions, STO grows on 1/2 ML Sr/Si(100) surfaces
with in-plane [110] and out-of-plane (100) orientations, which
agrees with previous results on similar MBE growths of STO on
Si using a Sr buffer layer.30,31 Fig. 4 shows the RHEED patterns
obtained aer the nal crystallization for the SREC and SOX
samples. Results from sample SPR,2 are not presented, since the
crystallization is stopped once the slightest hint of streaks is
observed, which makes the RHEED data from that sample not
directly comparable with the rest. Samples SREC and SOX show
streaks in both azimuths, which means that the growth has
a high degree of epitaxy, and that the orientations of these
samples are congruent with the consulted literature and with
our previous results. The [110] azimuth shows some streak
modulation, which is consistent with previous results for
epitaxial MBE growths of STO on Si27 but indicates that the
growth on this direction is not as smooth as in the [100]
azimuth.

In order to extract more information from these patterns,
line proles were taken for the [100] azimuth, and the proper-
ties of the [00] streak were assessed via Gaussian ttings. The
results for the FWHM of this streak for each crystallization
Fig. 4 RHEED profiles for the SREC and SOX samples, after the final cryst

This journal is © The Royal Society of Chemistry 2017
coverage of samples SREC and SOX are shown on Fig. 5, along
with the temperature when the streaks start to be slightly visible
in the RHEED patterns. These two sets of data serve as a quali-
tative comparison between samples, so the optimal parameters
can be selected. Results from the second crystallization
onwards are shown because the rst one did not show any
streaks in the RHEED pattern. All samples show a decrease in
the temperature with the coverage, which is a common property
of ultra-thin overgrowths that is caused by a combination of
critical thickness, stress and interface energy effects. The
graphs in Fig. 5a show that the best results are obtained when
the crystallization is performed every 2 ML. This is specially
noticeable at low coverages (2–6 ML), where the differences in
the FWHM can be of up to 5 pixels; while for the nal coverages
allization. The respective coverages can be found in Table 1.

RSC Adv., 2017, 7, 24709–24717 | 24713
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Table 4 XRR fitting results for the STO layer

STO layer

Sample Thickness (nm) Density (g cm�3)

SREC,1 3.1 � 0.2 5.1 � 0.3
SREC,2 3.3 � 0.3 5.1 � 0.4
SREC,3 3.4 � 0.1 4.9 � 0.4
SOX,1 3.1 � 0.1 5.1 � 0.1
SOX,2 3.1 � 0.2 5.1 � 0.3
SOX,3 3.1 � 0.3 5.1 � 0.5
SPR,1 3.1 � 0.3 5.1 � 0.5
SPR,2 3.1 � 0.3 3.6 � 0.5
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of each sample (10–12 ML), the differences between the FWHM
of the samples become lower (maximum of 2 pixels). The
differences seen in the SOX samples (Fig. 5b) are less important
than what can be seen in the SREC samples, but they show
denite improvements when the sample is oxidized every 2 ML.
This means that the coverage per crystallization is a more
signicant parameter in this growth than the coverage per
oxidation. It is important to notice also that SOX,3 was the only
sample that yielded slight signs of crystallization for a 2 ML
coverage, which conrms the higher quality of this sample with
respect to the others.

The morphological properties and thickness of the STO
samples were explored with AFM and XRR. AFM images for
samples SREC,1 and SOX,3 are shown in Fig. 6a as an example,
since all samples show a similar planar morphology. Some small
particles can be seen in some samples, with heights ranging from
3 to 4 nm, andwidths from 50 to 110 nm: they could be attributed
to small particulates from the STO deposition, or even contam-
ination (the AFM images are performed ex situ on air). No signs of
the original steps of the Si(001) substrate32 are seen in them,
which can be attributed to the resolution of the AFMmicroscope
used. The RMS values found for SREC and SOX samples (Fig. 6b)
range from 0.2 to 0.45 nm, and no trend can be observed with the
variation in the crystallization or oxidation coverage. It can be
therefore concluded that the variation of these parameters have
no impact on the morphology of the samples. The XRR tting
results (the ttings were already shown in Fig. 3) for the STO layer
are shown in Table 4. The thickness of the samples are consis-
tently around 3.1 nm, except for samples SREC,2 and SREC,,3 where
12 ML were deposited instead of 10. The densities are satisfac-
torily close to the nominal density of STO (5.11 g cm�3), except in
the case of sample SPR,2 where the ttings yield a value of 3.66 �
0.08 g cm�3. This smaller value is an indication that the second
crystallization procedure, while it minimizes the interface reac-
tions and increases its sharpness, does not supply enough energy
to the STO layer to fully densify.
Fig. 6 (a) AFM images for samples SREC,1 and SOX,3 (b) RMS values for SR

24714 | RSC Adv., 2017, 7, 24709–24717
The composition of the samples was assessed using XPS.
Fig. 7 shows the XPS spectra for the Sr 3d, Ti 2p and O 1s
regions, all taken at a 20� take-off angle. All the spectra show the
expected STO contributions in these three regions (O 1s:
529.5 eV; Ti 2p3/2: 458.3 eV; Sr 3d5/2: 132.9 eV (ref. 33)). The O 1s
region also shows an extra contribution at �531 eV, and a small
shoulder at 533 eV: both of these contributions can be assigned
to atmospheric contamination during the sample transport
from the PLD to the XPS chamber.34 Fittings were performed in
all spectra in order to assess these contributions: Fig. 8a shows
them for sample SREC,1. Aside from the previously discussed
STO peaks, an extra contribution appears in the Sr 3d (133.6 eV),
which is attributed to surface SrCO3.35 The formation of SrCO3

at the surface is caused by the on-air sample transportation
from the PLD chamber to the XPS equipment, and it's attributed
to the reaction of the topmost Sr atoms of the STO surface with
CO2. The composition of the STO layers was calculated using
the STO contribution peaks, and the atomic sensitivity factors
supplied by the spectrometer manufacturer were corrected by
measuring a stoichiometric STO substrate cleaned in UHV
conditions. Fig. 8b shows the results for all samples studied. All
of them show atomic fractions close to the stoichiometric STO
EC and SOX samples.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 XPS spectra of the O 1s, Sr 3d and Ti 2p regions of all the samples, taken at a take-off angle of 20�.

Fig. 8 (a) Sample fittings for the O 1s, Ti 2p and Sr 3d spectra of sample SREC,1. (b) O, Sr and Ti atomic fractions for all the samples studied.
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composition (60% O, 20% Sr and 20% Ti). Samples SREC,1 and
SOX,3 show less differences in the Sr/Ti ratio than the rest, which
correlates nicely with the improved surface crystallinity prop-
erties seen in Fig. 4. Meanwhile, SPR samples show almost no
differences in their composition, which means that the crys-
tallization procedure has an important effect in the density of
the layer, but not on its composition.

All of these results indicate that the best combination for the
growth of the highest quality STO samples is the deposition of 2
ML of amorphous STO, oxidation of these 2 ML, and crystalli-
zation of this oxidized 2 ML at a temperature of 545 �C for
15 min. They also show that decreasing the thermal budget
This journal is © The Royal Society of Chemistry 2017
leads to an interface sharpness improvement, but that
decreasing it too much causes the STO layer to not be fully
densied. These results can be explained as a result of the
necessary balance between the minimization of the thermal
budget, critical crystallization thickness, and sufficient coverage
of the buffer layer. As it was clear from the XPS results of the
interface, the thermal budget has to be minimized as much as
possible in order to increase the interface sharpness, but the
decrease in the density of sample SPR,2 means that a minimum
amount of time and temperature needs to be applied to the
sample in order to fully densify the STO layer. The results shown
in this work suggests that a UHV heating of 545 �C for 15 min
RSC Adv., 2017, 7, 24709–24717 | 24715
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fullls these two conditions satisfactorily. Meanwhile, the
combination of 2 ML for the crystallization and oxidation stages
can also be explained in the same terms. More coverage needs
more energy to recrystallize, so this amount should be mini-
mized as much as possible; but a certain amount of material
should be deposited so the coverage is above the critical
thickness. The results show that 2 ML is the best amount of
amorphous STO in order to achieve this balance on the crys-
tallization phase. Meanwhile, the amount of material before the
oxidation stage must be as high as this coverage before the
crystallization phase allows, so a full coverage of the Sr buffer
layer is ensured, and possible reactions of bare buffer layer parts
are minimized.
4 Conclusions

The impact of three key parameters (coverage per crystalliza-
tion, coverage per oxidation and crystallization procedure) on
the multi-staged growth of epitaxial ultra-thin STO layers on
Si(001) by PLD has been explored using an array of in and ex situ
techniques. The main results and conclusions can be summa-
rized as follows:

(1) The minimization of the thermal budget during the
crystallization phase increases the interface sharpness,
although a certain energy has to be supplied to the system in
order to ensure an adequate density of the STO layer.

(2) A coverage of 2 ML before every crystallization phase
yields the best results in terms of crystallization starting
temperature, surface crystalline quality and stoichiometry.

(3) The optimal coverage at the oxidation phase must be the
highest that the crystallization phase coverage allows (2 ML).

These results are explained in terms of the necessary balance
between critical thickness and crystallization energy minimiza-
tion, and the need to ensure enough STO coverage of the buffer
layer so any possible reactions during the oxidation phase are
discarded. Overall, they showcase that PLD is a powerful and
more versatile technique than MBE, and that proper optimiza-
tion of all growth parameters lead to ultra-thin oxide samples
with properties comparable to those obtained by using MBE. In
addition, these results represent an important step towards the
goal of creating high-quality STO templates with PLD, improving
the general knowledge about the physics behind oxide/silicon
interfaces grown by this technique, and allowing us to further
explore novel ways for the integration of complex oxides on
silicon technologies.
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Engineering and Optoelectronics, Jožef Stefan Institute,
24716 | RSC Adv., 2017, 7, 24709–24717
Ljubljana, Slovenia) for their invaluable help and assistance in
the sample growth and XPS measurements, respectively.
References

1 R. A. McKee, F. J. Walker andM. F. Chisholm, Phys. Rev. Lett.,
1998, 81, 3014–3017.

2 Z. Yu, J. Ramdani, J. A. Curless, C. D. Overgaard, J. M. Finder,
R. Droopad, K. W. Eisenbeiser, J. A. Hallmark, W. J. Ooms
and V. S. Kaushik, J. Vac. Sci. Technol., B: Microelectron.
Nanometer Struct.–Process., Meas., Phenom., 2000, 18, 2139–
2145.
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