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ABSTRACT

We report on the formation of epitaxial perovskite oxide superlattice structures by atomic layer
deposition (ALD), which are integrated monolithically on Si wafers using a template layer of
SrTi0O; deposited by hybrid molecular beam epitaxy. ALD film growth was carried out at 360 °C,
which is significantly lower than typical deposition temperatures for epitaxial perovskite thin
films. The high control over the stacking sequence of different constituents is demonstrated in a
series of (BaTi0O;),/(SrTi03), superlattices with various m/n cycle ratios. All superlattice
structures were coherently strained to the virtual substrate layer of SrTiO; on Si. Irrespective of
m/n superlattice sequence, SrTiO; sublayers retain slight compressive strain which is transmitted

to the BaTiO; layers.
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INTRODUCTION

For epitaxial individual perovskite oxides and hetero- or superlattice structures composed of
two or more ternary oxides, pulsed laser deposition (PLD),!-* molecular beam epitaxy (MBE)**©
and metal-organic chemical vapor deposition (MOCVD)’#® techniques are currently successfully
employed. The growth temperatures for the films utilizing these methods vary from 600°C (in
MBE)*¢ to 840°C (in PLD)'-3. A seamless integration into thin film fabrication technology of
existing semiconductor industry complementary metal-oxide-semiconductor (CMOS) platforms is
highly desirable. Although epitaxial films of exceptional quality can be fabricated using these
techniques, the high deposition temperatures render these approaches inherently incompatible
with, e.g., back-end-of-line processing. Thus, a significant reduction of the growth temperature is
paramount.

Atomic layer deposition (ALD) is a powerful technique with the capability of addressing this
and related challenges due to a unique combination of arbitrary scalability, conformal coating, and
low deposition temperatures.”!® A number of ALD process strategies have been developed to
produce functional perovskite oxides, e.g., BaTiO; and SrTiOs, with improved properties.!'! In
particular, a thin (3-5 nm thick) SrTiOj; seed layer was used to obtain the following main crystalline
SrTiOs film with subsequent annealing at a higher temperature or without it.'>!4 This approach
has resulted in enhanced electrical properties of SrTiO; films for dynamic random access memory
(DRAM) applications. Recent studies showed that thin crystalline ternary 4BO; perovskite oxides
can be successfully integrated epitaxially on semiconductor substrates (Si, Ge, or GaAs) using
ALD.! For a direct integration on a Si(001) substrate, a thin buffer layer of SrTiO; grown by the
hybrid molecular beam epitaxy (hMBE) technique is used. The use of MBE grown SrTiO; as a
viable template for incorporating other epitaxial oxide films onto Si is now ubiquitous.!¢-!? Until
now, a few functional perovskite oxides, such as BaTi0;,2° SrTiO5%!, BiFeO3%2, and LaAlO;?3 were
deposited epitaxially on SrTiOs-buffered Si(001) substrates using ALD. While BaTi05 and SrTi0O;
films were crystalline as-deposited, BiFeO;, and LaAlO; films were amorphous and required
postdeposition anneals to crystallize at 450 °C and 600°C, respectively.?>?3 The post-deposition
processing at relatively high temperatures forfeits the low deposition temperatures of ALD.
Therefore, identifying strategies to obtain crystalline films by ALD directly during the deposition

process remains important.
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The direct formation of the crystalline complex (in particular, ternary) oxides using ALD has
proved challenging.!3-*2¢ Precursor structure (e.g., the sizes of the precursors) and the binary
subcycles arrangement are considered the main driving forces that enable to facilitate the direct
epitaxy by ALD.?>»?¢ Also, the technological factors that an promote the direct epitaxy are growth
rate, growth temperature, thermodynamic stability between the film and the substrate and epitaxial
stabilization by minimal lattice mismatch.?’ Although the presence of a SrTiO; template layer on
Si substrates can facilitate nucleation of a crystalline phase at low temperatures, it is insufficient
in some other cases. Here, the role of the interface strain has not been clarified yet. While
crystalline BaTiO5; and SrTiO; films can be deposited at temperatures as low as 225 °C for the
case of BaTiO3?° and 250 °C for the case of SrTiO32!, the crystallization of Ba,Sr;.,TiOs solid
solution with lattice parameters between the end members BaTiO5 and SrTiOs3, should be possible
without additional annealing. Instead, in situ low temperature crystallization of Ba,Sr;,TiO; is
challenging using ALD due to the layered character of growth, which prevents the formation of
solid solutions, and typically requires additional high-temperature ex situ annealing.”® While the
fact that BaO has a limited ALD growth rate on top of SrO plays a negative role in the deposition
of Ba,Sr;,TiO; films, the growth of a BaTiOs;/SrTiO; superlattice structure provides an
opportunity to overcome these roadblocks for low temperature ALD processing. The growth of
epitaxial BaTiO5/SrTiO; superlattices on SrTiO3/Si virtual substrates has not been demonstrated
so far, while numerous works have been done on BaTiO3/SrTiO; superlattice structures on
Pt/Si0,/S1,2°3% on TiN buffer layers on Si3! or directly on SrTiO; substrates 3234, However, in all
these cases, high-temperature deposition techniques such as PLD or MBE were used.

Here we demonstrate, for the first time, epitaxial (BaTiOs),,/(StTiOs3), superlattice structures
on (001)-oriented SrTiO;/Si substrates grown by ALD at a temperature of only 360 °C. This
growth temperature for BaTiO3/SrTiO;5 superlattices is 400°C lower than the typical deposition
temperatures utilized in PLD, MBE, and MOCVD, and well within the range for CMOS-
compatible processes. Our approach unambiguously demonstrates the possibility to obtain
epitaxial (BaTiOs),/(SrTi0Os), superlattice structures with various m/n cycle ratios on Si substrates
by using ALD on hMBE-grown SrTiO; buffer layers, at a substantially reduced growth

temperature.

I. EXPERIMENTAL SECTION
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The metamorphic 18-nm-thick (001)-oriented SrTiO; buffer layer was grown using hMBE
described in detail elsewhere.’>37 The growth of the SrTiOs layer was conducted in two steps.
First, a 10 monolayer thick template of SrTiOj; is deposited on an etched (001)-oriented Si substrate
at low temperatures (400-600 °C) by co-supplying elemental Sr and the organometallic Ti-
precursor, titanium tetra-isopropoxide (TTIP), from a conventional effusion cell and gas injector,
respectively. This initial deposition step was performed in the absence of additional oxygen. The
Ti in the TTIP molecule is tetrahedrally coordinated by oxygen, which facilitates the formation of
SrTiO; on the templated Si surface without forming an amorphous silicon dioxide layer at the
interface. After the initial layer formation, growth rates and temperatures were increased to about
50 nm/hr at 600-900 °C until a total SrTiO; layer thickness of 18 nm was reached.

Atomic layer depositions of the BaTiO3/SrTiO; superstructures were conducted in a Picosun
R200 Advanced Reactor. The reactor temperature was maintained at 360 °C, and the base pressure
was ~10 hPa. using Absolut Ba (Air Liquide, Ba(iPr;Cp),), Absolut Sr (Air Liquide, Sr(iPr;Cp),),
Ti-tetramethoxide (Alfa Aesar Ti(OMe),, TMO) as cation precursors and O3 as oxidizer were used.
High purity N, (Airgas, 99.9999 %) was used as carrier gas. The pulse and purge times were 1.6/6 s
for Ba(iPr;Cp), and Sr(iPr;Cp),, 0.1/3 s for TMO, and 0.4/3 s for O, respectively. The pulse
sequences for the BaTiO; and SrTiO; subcycles were 2x(Ba(iPr;Cp),/Sr(iPr;Cp), + O3): 3x(TMO
+ O;) providing a 1:1 cation ratio for each individual ternary perovskite film. While it was already
demonstrated that Sr(iPr;Cp), is stable at this deposition temperature, the self-decomposition of
Ba(iPr;Cp), and TMO has negligible contribution to the total growth rate, respectively, as was
shown in our previous papers.33-4%: A set of films with various cycle ratios m/n = 1/5, 3/5, 5/5, 5/3
and 5/1 was produced and characterized using X-ray diffraction (XRD), scanning electron
microscopy (SEM), high resolution transmission electron microscopy (HR-TEM) and scanning
transmission electron microscopy (STEM) and X-ray photoelectron spectroscopy (XPS).

XRD scans were performed on a Rigaku Smartlab using Cu-K,; radiation. The film
composition was measured using a Zeiss Supra 50 VP Scanning Electron Microscope equipped
with an energy-dispersive detector (Oxford Instruments) on Si-wafers. A reciprocal space map
(RSM) was collected on a Bruker D8 Discovery diffractometer using a Cu-K, source and a Ge
(220) double bounce monochromator. The scan was collected using a 1D detector (LYNXEYE)
in 1D mode with a width of 2.7°.
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Cross-sections of the thin film samples for high resolution transmission electron microscopy
(HR-TEM) and scanning transmission electron microscopy (STEM) were prepared in a Helios
Nanolab 600i (FEI, USA) Scanning Electron Microscope (SEM)/Focused lon Beam (FIB) dual
beam system equipped with gas injectors for W and Pt deposition and an Omniprobe
micromanipulator (Omniprobe, USA). After depositing a 2 um thick protective Pt layer, milling
using a 30 keV Ga* ion beam resulted in a cross-section area of 5 x 5 pm?, which was subsequently
polished with 5 keV and 2 keV Ga™ ion beams, respectively. These cross sections were investigated
utilizing a Titan 80-300 operated at 300 kV, which is equipped with a high-angle annular dark-
field (HAADF) detector (Fischione, USA), a spherical aberration (Cs) probe corrector and a post-
column Gatan image filter (GIF). Digital Micrograph (Gatan, USA) and Tecnai Imaging and
Analysis (FEI, USA) software were used for the image processing.

XPS measurements were conducted using a Physical Electronics VersaProbe 5000 under a
base-pressure of ~10° Pa. An Al-K, source provided incident photons with an energy of 1486.6
eV at 10 kW mm=. The XPS spectra were collected with the pass energy of 23 eV. An electron
neutralizer was used to neutralize the surface. Linear energy correction was applied in reference
to the carbon spectra. The energy of the Cls peak of non-oxidized carbon was set at 284.8 eV. The
detector was placed at the shallow angle of 5° relative to the plane of film surface. In order to
measure a depth profile of the film, fast XPS-measurements were performed between Ar" ion
sputtering steps. The Ar" ion sputtering process was conducted at an acceleration voltage of 1 kV
and an ion current of 1 pA per 2 x 2 mm? area at 45° in order to provide controllable and
stoichiometric sputtering. The total duration of all sputtering steps was 12 sec. XPS spectra for
Ba3d, Sr3d, Cls, Ols, and Si2p bands were collected as the most intensive lines for the Ba, Sr, C,
O, and Si respectively. All quantification and spectrum fittings were performed with Casa XPS

software using a Shirley-type background.

II. RESULTS AND DISCUSSION

In the first step of developing an ALD-process for the growth of BaTiO3/SrTiO; superlattices
(SL), the ternary oxides, BaTiO3 and SrTiOs, were deposited individually under similar growth
conditions. Initially, the pulse ratios were adjusted with the smallest possible repeat numbers of
(Ba/Sr)-0 and Ti-O to provide stoichiometric cation ratios and thorough intermixing of the cations,

which should facilitate the crystallization of ternary perovskite structures at low temperatures. The
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growth rates for both constituents were measured individually, providing an average growth per
ternary cycle (GPC) of 0.58 nm for BaTiO; and 0.46 nm for SrTiOs, respectively (see Experimental
section for details). Subsequently, the sub-cycles for BaTiO; and SrTiO; were combined in
different ratios for each constituent and repeated until a film thickness of ~40 nm was reached. We
use the notation (m/n) x p, where m and n denote the number of consecutive BaTiO; and SrTiO3-

cycles (not the number of unit cells) and p is the number of total repeats.

The XRD patterns of 3 films after deposition at 360 °C are shown in Fig. 1. Remarkably, all
patterns reveal high intensity SL(00/) peaks from the films in the vicinity of the (00/)-reflections
from the hMBE-grown 18 nm thick SrTiO; buffer layer after the deposition, indicating crystalline
and highly oriented ALD films for all selected deposition sequences. A closer inspection of the
XRD patterns unravels satellite peaks of the first order, SL(-1) and SL(1), arising from the artificial
superlattice structure of alternating BaTiO3 and SrTiO; layers. While these satellite peaks are not
as prominent and continuous as for BaTiO;/SrTiO; superlattices with precisely controlled repeat
unit thicknesses and abrupt interfaces, they clearly indicate the presence of Ba-rich and Sr-rich
alternating layers within the films and can be indexed to the superlattice repeat unit thickness (see
Fig. 1b and Table 1).4! We further notice that main SL(00/) peaks of the (BaTiO3),,/(SrTiO3),
superlattice structure shift to the lower 20 angle, while becoming narrower and higher in intensity

as the content of BaTiO; increases in the film.

Calculating the c-lattice parameter from the 20 positions of the main diffraction peaks SL(00/)
for each (BaTiOs),/(SrTiO3), superlattice structure results in a range from 3.97 A to 4.01 A
increasing with the fraction of BaTiO; (Table 1 and Fig. S2). Note that the cubic lattice parameters
of the ternary end members are: @ = 3.905 A for SrTiO; and apc = 4.01 A for BaTiO;. The values
for the average c-lattice parameters of the superlattice structures should represent the average
thickness for both constituents and are slightly larger than the expected average value calculated
from the end members. This difference is attributed to the presence of the compressive strain

imparted by the hMBE grown SrTiO; layer onto the ALD-grown BaTiO;-layers.
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Table 1. Series of 3 superlattices ((BaTiO3),/(SrTiO3),) Xp with varying (m/n) Xp cycle numbers,

c-lattice parameter calculated for the main peak, superlattice repeat unit thickness, and total

film thickness.

(m/n)xp c-lattice Superlattice Total film
parameter, A thickness, A thickness, A
(3/5)%x10 397 39.8 406
(5/5)x8 3.99 47.9 388
(5/3)x10 4.01 40.0 375

The segregation into Ba-rich and Sr-rich layers in a periodic sequence is further corroborated
by an XPS depth profile using Ar-ion sputtering (Fig. 2). Here, a clear oscillation of the Ba/Sr ratio
is observed, while the Ti- and O-content exhibit only minor modulations throughout the

superlattice structure. The 6 maxima/minima in the Ba/Sr-ratio are consistent with the deposition

sequence for a (BaTiOs)s/(SrTiO3)s % 6 superlattice. The total sputtering rate was ~ 3 nm/min.
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Figure 2. XPS depth profile for a (BaTi0;)s/(SrTiO3)s superlattice with a total number of 6 repeat units
and a film thickness of 32 nm.

High angle angular dark field (HAADF) STEM images of an exemplary (BaTiO3)s/(SrTiO3)s
superlattice structure with a total of 8 repeats are shown in Fig. 3. A cross-sectional image (Fig. 3,
left) shows the entire layered structure over a large length scale with § repeat units of alternating
bright (BaTiO;) and dark (SrTiO;) layers on the virtual (001)-oriented SrTiOs/Si-substrate. A
closer inspection at higher magnification (Fig. 3, right) unravels fully crystalline layers. However,
the interfaces between the BaTiO; and SrTiO; layers are not atomically sharp, but exhibit a wave-
like appearance. The interface modulation is on average 1-2-unit cells and stretched laterally over
8—10-unit cells. Unlike superlattice structures grown by high temperature methods, which typically
exhibit atomically sharp interfaces due to a unit cell by unit cell growth mode, the ALD-grown
superlattice structures show this unique feature. The waviness most likely arises from the growth
method, which is not providing the exact amount of atoms per pulse to enable a layer-by-layer
growth, but supplies a stoichiometric amount of cations within each subcycle. Evidence for this
fundamental difference is provided by the average thickness of 0.58 nm/BaTiOs3- and 0.46

nm/SrTi03-subcycle, which do not correspond to the unit cell thicknesses.
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HAADF STEM images of the (BaTi0;)3/(SrTiO3)s and (BaTi0;)s/(SrTiOs); superlattices with
a total of 10 repeats are shown in Fig. 4. For each superlattice, a fully crystalline film with
alternating BaTiO; and SrTiO; sublayers was observed. Interestingly the (BaTiOs3),/(SrTiO3),
superlattices with m/n=1/5 and 5/1, although exhibiting initial epitaxy, were only partially
crystallized. Amorphous areas form after first 4 repeats in the (BaTiO;),/(StTi103)s superlattice and
even sooner, practically during the first repeat, in the (BaTiO;)s/(StrTiOs); superlattice.
Corresponding HAADF STEM images of (BaTiO;),/(SrTiOs)s and (BaTiO3)s/(SrTiO;),
superlattice structures with a total number of 10 repeats are shown in Fig. S3. This result may
indicate that a too thin BaTiOj; or SrTiOj; sublayer cannot produce a stable nucleus of a new phase
for sequential growth and therefore interrupts the growth front by forming an amorphous layer.
Another possible explanation is that the crystalline layer does not form due to low-temperature
kinetic limitations on the path of formation of a semi-coherent interface with the sublayer.?’
Several other factors and mechanisms can contribute to this behavior, such as a slight off-

stoichiometry of one of the constituents!>*? or preferred nucleation on defect sites.!>24

Figure 3. High angle angular dark field scanning transmission electron microscopy images of a

(BaTi0s)s/(SrTi0Os)s superlattice with a total number of 8 repeats.

Selected area electron diffraction (SAED) with representative indexed reflections for a
(BaTi03)s/(SrTi03)s superlattice is presented in Fig. 5 and shows a prominent splitting of (00/)
reflections of the superlattice (SL) structure from the h(MBE-SrTiO; buffer layer peaks due to the
difference in the out-of-plane parameters. By contrast, the in-plane (0k0) reflections do not show

any splitting and confirm the epitaxial integration of the SrTiO; buffer layer with the superlattice

9
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structure, which by itself consists of epitaxially integrated layers. SAED images taken from the
(BaTiOs)3/(SrTiO3)s and (BaTiO;)s/(SrTiOs); superlattices with partial indexation of the SAED
image for a (BaTiO;)s/(SrTiOs); superlattice are shown in Figs. S4 and S5. An enlarged view of
the higher order 00-4 reflections displayed in the top-right corner of Fig. 5 demonstrates the most
prominent splitting of 00-4 reflections of superlattice structure and SrTiO; buffer layer. The
intensity diagram of this area further unravels additional satellite peaks from the superlattice
structure SL(-1). The blue arrow in the enlarged view corresponds to the position axis in the

intensity diagram.

\ybrid-MBE SrTiO; hybrid-MBE SrTiO,

5nm

Figure 4. HAADF STEM images of a) (BaTi0;);/(SrTiO3)s and b) (BaTi03)s/(SrTiOs); superlattices

having a total number of 10 repeats.

10
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Figure 5. Electron diffraction image taken on a (BaTiO3)s/(SrTiO3)s superlattice structure from the area
shown in the inset in the top-left corner. The small orange box highlights the area of higher order 00-4
reflections, which shows the most prominent splitting of superlattice (SL) and SrTiO; buffer layer. The
inset (large orange box in the top-right corner) is an enlarged view of this area. The blue arrow in the

enlarged view corresponds to the position axis of the intensity diagram displayed in the bottom-

right corner.

The a- and c-lattice parameters calculated from the SAED and STEM images for each
(BaTi0s),,/(StTi0;), superlattice are summarized in Table 2. Since electron diffraction patterns
show reflections from the superlattice structure (e.g., SL(00-4) and satellite SL(-1) peaks in Fig.
5), and not from BaTiO; and SrTiO; individual layers, only average a- and c-lattice parameters of
the films can be obtained from SAED images. We notice a good agreement between average c-
parameters obtained from SAED and those obtained from XRD data (see Table 1) for a series of
three (BaTiOs),/(SrTiO;), superlattices. Meanwhile, from STEM images in-plane a-lattice
parameter and out-of-plane c-lattice parameter for individual BaTiO; and SrTiOj; layers can be
directly measured. Here, the figure in parenthesis provides the so-called standard uncertainty or
estimated standard deviation, which is frequently used to provide crystallographic information. In

case of 3.90(2) A lattice parameter, it means 3.90 + 0.02 A.

11
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Table 2. In-plane a-lattice parameter and out-of-plane c-lattice parameter obtained from SAED
and STEM images for a series of three (BaTiO;),/(SrTiO;), superlattices.

SAED STEM
m/n average film a-lattice parameter, A*
parameters c-lattice parameter, A"
a-latt}ce parameter, A BaTiO, SITiO
c-lattice parameter, A
3/5 3.90(3) 3.89(3) 3.90(2)
3.97(3) 4.06(3) 3.93(2)
5/5 3.9003) 3.90(2) 3.90(2)
3.99(3) 4.07(5) 3.90(3)
5/3 3.90(3) 3.89(2) 3.90(2)
3.99(3) 4.02(3) 3.91(3)

* Standard uncertainties are given in parentheses.

Phi-scans of SrTiO5(103), BaTiO5(103) and Si(404) planes are presented in Fig. 6. Reflections
from SrTi03(103) and BaTiO;(103) are aligned to each other and appear as series of four distinct
peaks with comparable intensities and spaced by 90°. The Phi-scan of Si(404) plane has its own
series of four equal-spaced reflections, which are shifted 45° relative to the series of SrTiO3 (103)
and BaTiO; (103) peaks. This data indicates that all layers in the superlattice structure are in
macroscopic epitaxial registration with the Si substrate and to each other. The RSM results for the
(BaTiOs)s/(SrTiO3)s superlattice (Fig. S6) for the (103) peak around the SrTiO5-buffered substrate
layer indicate that the superstructure is fully strained to the crystallization layer, corroborating the
SAED analysis. This epitaxial registry to the substrate is very difficult to attain with the commonly
used two-step deposition and post-annealing process for ALD-grown complex oxides due to the
possible room for the homogeneous nucleation and grain growth in the amorphous film, which
may lead to break of epitaxy in comparison to heterogeneous nucleation and growth as is the case

of film growth with in-sifu crystallization.
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Figure 6. Phi-scans of SrTiO5(103), BaTiO5(103) and Si(404) planes of (BaTiO;)s/(SrTiOs)s/Si

superstructure.

Interestingly, independent of the m/n ratio, the c-lattice parameter of the BaTiO; sublayer is
larger than the g-lattice parameter, while both c- and a-lattice parameters of SrTiO; remain
practically unchanged. These results reveal that the SrTiO; sublayer is almost unstrained, while
BaTiOj; is under compressive in-plane stress. Within the estimation error, the tetragonality of
BaTiOj; is ¢/a=1.044 and practically identical for (BaTiO;)s/(SrTiOs)s and (BaTiOs)s/(StrTiO3);
superlattices, while it is a bit smaller, i.e., ¢/a=1.033, for the (BaTiO3);/(SrTi0O;)s structure. Based
on these results, the orientation of polarization in the BaTiO; layers and the strained state of the
(BaTi0s3),/(SrTiOs), superlattice are represented in Fig. 7. The out-of-plane polarization
orientation caused by in-plane compressive strain in the BaTiO; sublayers and practically
unstrained state of the SrTiO; sublayers are consistent with theoretical studies** and
experimental measurements of polarization and domain structure conducted for epitaxial
(BaTi03),,/(SrTi03), superlattices obtained by MBE>#%47, PLD*, and magnetron sputtering*’
techniques. Given the BaTiOs is a classical ferroelectric, the tetragonality and an increase of
polarization along c-axis is expected in the BaTiO; sublayer. It is also predictable that SrTiO;
being a paraelectric in bulk may remain cubic and unstrained in the SrTiO; sublayer. When the

thickness of the individual constituent layers in the (BaTiOs),,/(SrTi03), superlattice is only a few
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unit cells (m=n=1-3), the BaTiO; and SrTiOj; sublayers are electrostatically coupled, and so SrTiO;
layers become polarized.** At higher thickness (m=n=5-6), the polarization remain confined within
BaTiO; sublayers. As m/n increases, the remanent polarization increases due to the increase of c-
lattice parameter of the BaTiO; layer.”® Although the first-principles calculations reveal a
tetragonality in the SrTiO; sublayer with ¢/a = 1.008 for the (BaTiO3)¢/(SrTiO;3)s superlattice, the

deviation of this ¢/a from ¢/a = 1 is too small to be accurately resolved by HR-TEM.#

4 -strain veesss 1 -polarization
SrTio; | |
. :
BaTiO; —» 41 i -—
SITiOs | |
, 4
BaTiO; —+> 4} i «—

(001) SrTiO;

Figure 7. A schematic representation of a strained (BaTiOs),,/(SrTiO3), superlattice grown by ALD. The
out-of-plane polarization orientation and in-plane compressive strain in the BaTiO; layers are indicated by

green and black arrows, respectively.

III. CONCLUSIONS

Epitaxial = 40-nm-thick (BaTi0Os),,/(StrTiOs3), superlattice structures with cycle ratios m/n =
1/3,3/5,5/5,5/3 and 5/1 were grown on (001)-oriented STO/Si substrates by ALD at a temperature
of 360 °C, which is only roughly half as high as the growth temperatures conventionally used for
BaTiO5/SrTiO;5 superlattices grown by PLD, MBE, or MOCVD. While (BaTiO;)3/(SrTiO3)s,
(BaTiOs)s/(SrTiO3)s and (BaTiOs5)s/(StrTiO3); superlattices are almost fully crystalline,
(BaTiOs)1/(SrTiO3)s and (BaTiO3)s/(SrTiO3);, while exhibiting initial epitaxy, are only partially
crystallized after 3-5 repeat supercycles. The HAADF STEM images show that interfaces between
the BaTiO; and SrTiOj; are not atomically smooth. The XRD phi-scan and RSM data reveal that
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all films are coherently strained to the substrate. From STEM data, the out-of-plane c-lattice
parameter and in-plane a-lattice parameter for individual BaTiO; and SrTiO; sublayers have been
obtained. Independent of the m/n ratio, c-lattice parameters are larger than the g-lattice parameter
of the BaTiO; sublayer, while both c- and a-lattice parameters of SrTiO; remain practically
unchanged within the estimation error. Therefore, SrTiO5 sublayers are almost unstrained, while

BaTiOj; sublayers are under compressive in-plane strain.

SUPPLEMENTARY MATERIAL
Data on superlattice length and c lattice parameter, additional HAADF and SAED data, and RSM
data.
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