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Perovskite oxide superlattices are of particular interest due to novel phenomena
emerging at interfaces which are beyond the bulk properties of the constituent lay-
ers. However, building perovskite superlattices comprised of stoichiometric layers
with sharp interfaces has proven challenging. Here, the synthesis of a series of high
quality (SrTiO3)n/(CaTiO3)n superlattice structures grown on LSAT substrates is
demonstrated by employing hybrid molecular beam epitaxy, where Ti was supplied
using metal-organic titanium tetraisopropoxide (TTIP), and Sr and Ca were supplied
using conventional effusion cells. By careful adjustment of the cation fluxes of Sr and
Ca with respect to the TTIP flux, the growth windows of SrTiO3 and CaTiO3 were
overlapped, allowing us to grow the individual superlattice layers with self-regulated
stoichiometry. Stable and repeatable reflection high-energy electron diffraction oscil-
lations during the entire ∼2.5 h growth period indicated good source flux stability.
The structural quality of the superlattice films were determined by scanning transmis-
sion electron microscopy and synchrotron-based X-ray diffraction, revealing periodic,
phase pure, homogenous superlattice structures with abrupt interfaces. Utilization of
perovskite stoichiometric growth windows offers great potential for accessing and
realizing interface driven phenomena in versatile perovskite superlattice materials
with chemistries beyond titanates. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5061778

Perovskite superlattices offer great possibilities for next generation electronic devices where the
ability to disrupt the spin, orbit, charge, and lattice degrees of freedom across an interface between
two different perovskite materials can lead to emergent phenomena such as ferroelectricity,1–3 fer-
romagnetism,4 multiferroism,5 and superconductivity,6 even though these properties are absent or
much weaker in the constituent bulk materials. However, construction of perovskite superlattices can
be challenging and requires advanced synthesis techniques such as molecular beam epitaxy (MBE)
and pulsed laser deposition (PLD)2,7,8 in order to build up a superlattice structure in a layer-by-layer
fashion with atomic level precision. The main challenges for superlattice growth are (1) maintaining
stoichiometric ratios of the (A/B) and (A′/B′) cation fluxes of the layers, (2) controlling the layer
thicknesses, and (3) supplying stable source fluxes over long growth periods (>2 h) needed to build
thick superlattice samples. If these three requirements are not well controlled, the chemical and
structural quality of the superlattices is jeopardized, severely degrading or suppressing the intended
properties from emerging in superlattices.9,10

To overcome these challenges, current growth techniques employ a sequential shuttering method,
in which individual AO and BO2 layers are deposited to form n unit cells of ABO3, followed
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by individual layers of A′O and B′O2 to complete n unit cells of A′B′O3 with the aid of in situ
reflection high energy electron diffraction (RHEED) to monitor growth conditions and calibrate the
layer thicknesses.11,12 Consequently, controlling these growth parameters typically requires extensive
and time consuming pre-growth calibration procedures.13 Furthermore, the growth is compounded by
the fact that the supply of low vapor pressure transition metal elements in MBE (i.e., titanium) tends to
result in large flux drifts over time,14 making it difficult to ensure uniform and homogenous superlattice
structure throughout an entire film. Recently, it has been shown that the incorporation of metal-organic
precursors to supply low-vapor pressure metals (B-site cations) opens up self-regulating stoichiomet-
ric growth windows in perovskite oxide systems,15 such as (Sr, Ca, Ba, Gd)TiO3 using titanium
tetraisopropoxide (TTIP),16–20 (Sr, Ca, La)VO3 using vanadium oxytriisopropoxide (VTIP),21–24 as
well as (Sr, Ba)SnO3 using hexadimethyltin or tindioxide.25,26 Using this growth approach, electron
mobilities of >50 000 cm2/Vs have been measured in La-doped SrTiO3 films,27 and in BaxSr1−xTiO3

films, device quality factors of Q = 1/tan(δ) > 1000 have even been achieved,28 demonstrating the
superior control over defects and stoichiometry which is enabled by stoichiometric growth windows.

In this letter, we demonstrate a strategy to combine multiple stoichiometric growth windows
of different perovskite systems for the construction of high quality oxide superlattices. A detailed
methodology is outlined for building a series of n = 2, 5, 8, and 10 (SrTiO3)n/(CaTiO3)n superlat-
tices grown on (001) (LaAlO3)0.3(Sr2TaAlO6)0.35 (LSAT) substrates by shifting the growth windows
of SrTiO3 and CaTiO3 relative to one another to ensure a complete overlap of the growth win-
dows. The superlattices were grown in a layer-by-layer fashion where the periodicity (n) was
controlled by monitoring in situ RHEED intensity oscillations throughout the entire growth period of
>2.5 h. The structural quality of the superlattices was determined using scanning transmission elec-
tron microscopy (STEM) and synchrotron-based X-ray diffraction (XRD) analysis, revealing uniform
layer thicknesses and sharp interfaces throughout the entire structures and without unintentional inclu-
sions of parasitic defect phases. These results demonstrate the superior stoichiometric control and
high level of structural quality that can be achieved in superlattice structures by overlapping growth
windows of different perovskite oxide systems.

The samples in this work were grown on (001) LSAT substrates inside an MBE chamber at a
substrate temperature of T substrate = 900 ◦C and an oxygen pressure of pO2 = 1 × 10−7 Torr. The pure
SrTiO3 and CaTiO3 films were grown to approximately 20 nm in thickness, and the superlattice films
were approximately 100 nm thick. Experimental details for the Sr, Ca, and TTIP flux calibrations are
described elsewhere.29,30 In situ RHEED intensity oscillations were recorded from the 01 diffraction
streak along the 〈110〉 azimuth during each film growth. In-house XRD scans were used to identify
growth windows for SrTiO3 and CaTiO3 and were taken on a Phillips X’Pert Panalytical Pro X-ray
diffractometer using CuKα1 radiation. Synchrotron-based XRD measurements were conducted at
station 33-ID-D of Advanced Photon Source, Argonne National Laboratory using an X-ray energy
of 16 KeV, wavelength of λ = 0.775 Å, and a beam size of 50 µm (vertical) × 80 µm (horizontal),
on a Dectric PILATUS 100K pixel array area detector. Scanning transmission electron microscopy
(STEM) annular dark field (ADF) imaging was performed on an FEI Titan3 operated at 200 kV with
inner and outer collection semi angles of 32 mrad and 188 mrad, respectively.

As a first step, two series of SrTiO3 and CaTiO3 films were grown by using nominally equal
Sr and Ca fluxes of 2.5 × 1013 atoms/cm2/s, and systematically adjusting the TTIP flux for each
successively grown film. The growth windows of SrTiO3 and CaTiO3 are shown in Fig. 1(a) and are
identified by the constant out-of-plane c-axis lattice parameter as determined by XRD 2θ-ω scans
shown in Fig. S1 of the supplementary material. For equal A-site fluxes of ΦSr = ΦCa = 2.5 × 1013

atoms/cm2/s, the growth windows did not overlap. This growth window offset would unnecessarily
complicate the growth scheme by requiring to change the TTIP fluxes (pTTIP). Therefore, the A-site
fluxes were adjusted to overlap the growth windows instead. Increasing the Sr flux by ∼20% and
decreasing the Ca flux by ∼20% shifted the SrTiO3 growth window up by 6 × 10−8 Torr of TTIP
flux, while the CaTiO3 growth window shifted toward lower TTIP flux by 6 × 10−8 Torr. The
respective fluxes of ΦSr = 3.0 × 1013 atoms/cm2/s and ΦCa = 2.0 × 1013 atoms/cm2/s resulted in
an optimal overlap of both growth windows at pTTIP = 33.2 × 10−8 Torr. Direct comparison of
the growth window ranges for SrTiO3 and CaTiO3 revealed that the CaTiO3 growth window was
about four times larger. Both growth windows are known to widen with increasing temperature;16,31
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FIG. 1. (a) Out-of-plane c-axis lattice parameter and (b) growth rate for films of SrTiO3 (left axis) and CaTiO3 (right axis)
grown at fluxes of ΦSr = (2.5, 3.0) × 1013 atoms/cm2/s and ΦCa = (2.5, 2.0) × 1013 atoms/cm2/s as a function of TTIP beam
equivalent pressures (pTTIP). The respective growth windows are indicated by shaded areas. A growth window overlap range
was achieved for ΦSr = 3.0 × 1013 atoms/cm2/s and ΦCa = 2.0 × 1013 atoms/cm2/s for pTTIP ranging from 32 × 10−8 to
36 × 10−8 Torr.

however, the same growth temperatures and substrates were used here, indicating that the growth
kinetics are not only determined by the metal-organic precursor alone but also affected by the type
of A-site element. Figure 1(b) shows the growth rates determined from the film thickness extracted
from X-ray diffraction thickness fringes and the growth time. The reduction in the Ca flux resulted
in a reduction in the growth rate by approximately 18%, while the SrTiO3 growth rate increased
by ∼15%. The difference between the growth rates for nominally the same change of flux rate as
measured by the quartz crystal microbalance are due to slight differences of the Sr and Ca tooling
factors.

Having located the overlapping growth window conditions of SrTiO3 and CaTiO3, a series
of n = 2, 5, 8, and 10 (SrTiO3)n/(CaTiO3)n superlattices were grown on (001)LSAT substrates to
an approximate total superlattice thickness of 100 nm. The pTTIP beam equivalent flux pressure
was kept constant at 33.2 × 10−8 Torr for Sr and Ca fluxes of ΦSr = 3.0 × 1013 atoms/cm2/s and
ΦCa = 2.0 × 1013 atoms/cm2/s, respectively. The periodicity (n) of the individual SrTiO3 and CaTiO3

layers was monitored and controlled using time dependent RHEED oscillations, which are enabled
by the layer-by-layer growth mode of both SrTiO3 and CaTiO3. The maximum intensity in the
RHEED oscillation corresponded to completion of individual SrTiO3 and CaTiO3 unit cells.32,33

Figure 2(a) shows a schematic of the growth scheme used to construct the superlattices. First, the
deposition of n number of SrTiO3 unit cells was carried out by co-depositing Sr, TTIP, and oxygen.
After the nth RHEED oscillation maximum was observed, both shutters in front of the Sr effusion
cell and the TTIP gas injector were closed, and the growth was interrupted for approximately 20 s
until the RHEED intensity stabilized. Subsequently, n number of CaTiO3 unit cells was deposited
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FIG. 2. (a) Schematic of the superlattice growth scheme where Sr, Ca, and TTIP sources are sequentially shuttered to deposit
n number of unit cells as determined by RHEED oscillations to build an n = 2 superlattice structure shown on the bottom. (b)
RHEED oscillations for the n = 2, 5, 8, and 10 (SrTiO3)n/(CaTiO3)n superlattices throughout the entire growth period, and (c)
at the beginning (left panel) and end (right panel) of the superlattice growth. The SrTiO3 and CaTiO3 blocks are highlighted
in green and blue, while the growth interrupt is white.

by co-depositing Ca, TTIP, and oxygen, and both shutters in front of the Ca effusion cell and the
TTIP gas injector were closed after the nth RHEED oscillation maximum was observed, followed
by another growth pause of approximately 20 s. This growth sequence was then repeated in order
to build the 100 nm superlattice structure. Figure 2(b) shows the RHEED oscillations observed
during the entire >2.5 h growth period for the n = 2, 5, 8, and 10 superlattices. The RHEED inten-
sity oscillations were very stable during the entire growth, indicating that the Sr, Ca, and TTIP
fluxes inside of the MBE chamber were sufficiently stable and growth conditions did not drift out
of the individual growth windows. The RHEED oscillation profiles at the beginning and end of
growth are shown in Fig. 2(c) and were qualitatively similar, revealing that the superlattice structures
were homogenous throughout the entire film thickness. Note that for the n = 2 and n = 5 superlat-
tices, an initial buffer layer of SrTiO3 was first deposited and was grown out until clear oscillations
started to appear, enabling the first CaTiO3 layer to be grown on a well terminated SrTiO3 seed
layer.

X-ray reciprocal space mapping (RSM) around the 103 LSAT substrate peak was performed
on all superlattice samples and is exemplarily shown for the n = 8 superlattice film in Fig. 3(a).
The in-plane alignment of the off-axis satellite reflections of the superlattice with respect to the
LSAT substrate peak explicitly demonstrates the fully strained state of the superlattice. The wide
range 00L specular crystal truncation rods of all four superlattice samples are shown in Fig. 3(b)
and are plotted in reciprocal lattice units (r.l.u.) of the LSAT substrate. All of the expected satellite
reflections were observed for each superlattice structure, even up to the highest (i.e., nth) order
satellite peak, suggesting that the superlattices contained atomically sharp interfaces throughout the
entire film structure. The satellite peak widths did not increase with increasing order as would be
expected for random deviations from the superlattice periodicity, i.e., a random SrO to CaO ratio of
the interface layer. Rather the key feature from the XRD measurements is the occurrence of satellite
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FIG. 3. (a) Reciprocal space map of the n = 8 (SrTiO3)8/(CaTiO3)8 superlattice about the 103 LSAT substrate peak. (b) X-ray
diffraction 00L scan of the n = 2, 5, 8, and 10 superlattices in reciprocal lattice units (r.l.u.) of the LSAT substrate. The 001
(L = 1.0) and 002 (L = 2.0) LSAT substrate peaks are indicated by asterisks (∗). The satellite peaks range from 10-1n and
20-2−n, with the nth order satellite peaks in the shaded red area at L = 1.5. Vertical black arrows are used to guide the eye
for locating the satellite peak positions. (c) nth order peak splitting with horizontal red arrows showing the position of the
1n peak, which is likely to occur at approximately L = 1.5 (dashed red line). (d) 00L scan about the 002 LSAT substrate
peak and the 20 satellite peak (dashed blue line). Thickness fringes highlighted on the left give an approximately thickness of
100 nm.

peak splitting, which is more pronounced and easier to observe for the nth order satellite peaks. This
effect has been identified as a nonrandom incommensurability of the superlattice structure along the
c-direction, has been observed and interpreted previously in GaAs/AlAs superlattices,34 and has been
found in oxide based YBa2Cu3O7−x/PrBa2Cu3O7 superlattices.35 The origin of this peak splitting
arises from the deposition of a non-integer number of atomic layers in a reproducible manner, and
consequently the interface layer has a periodically changing SrO to CaO ratio. This type of interface
roughness does not give rise to increasing peak widths with increasing satellite order, but the peak
splits whereby the peak separation is proportional to the non-integral fraction of the superlattice
periodicity.34,35

Various degrees of peak splitting were observed for the n = 2, 5, 8, and 10 superlattices, as shown
in Fig. 3(c). From the peak split positions shown in Fig. 3(c), the difference between the targeted
n and the actually measured non-integer periodicity, n + ∆n, was able to be determined. For n = 2,
∆n = +0.05 ± 0.01; for n = 5, ∆n = −0.04 ± 0.01; for n = 8, ∆n = +0.25 ± 0.01; and for n = 10,
∆n = −0.17 ± 0.01. Therefore, the degree of nth order peak splitting for the n = 5 superlattice was
only −4%. Furthermore, for the n = 5 superlattice sample, the 15 peak is located at a value of L< 1.5
reciprocal lattice units, indicating that the superlattice film thickness has a slightly larger out of
plane lattice parameter than expected (L ∼ 1.5). This degree of interface roughness from nonrandom
incommensurability of the superlattice structure is close to the lower bound that can be possibly
quantified due to the Rayleigh limit where the peak splitting cannot be resolved anymore. From the
absence of satellite peak broadening and sizeable non-integer roughness, it can be ascertained that
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the interface roughness is less than 1 unit cell layer (∆n < 1) and constant throughout the entire film
thickness. The degree of nth order peak splitting in the superlattice samples can be reduced through
better optimization of synchronizing the triggering of opening and closing of source shuttering events
during growth with in situ RHEED oscillation monitoring. This could potentially yield a reproducible
way of minimizing nth order peak splitting values and thus further reduce the interface randomness.
Kiessig thickness fringes were also observed in the XRD curves as shown in Fig. 3(d), indicating
atomically smooth superlattice/surface and superlattice/substrate interfaces, where the thickness of
each superlattice was confirmed to be approximately 100 nm. The separation between the 002 LSAT
substrate peak and the 20 satellite peaks can be seen in Fig. 3(d), which is expected since the substrate
unit cell and the superlattice unit cells are not exactly equal. The 20 satellite peaks of all of the super-
lattice samples have nominally the same L value, which indicate that stoichiometry was preserved
in all of the samples, whereas non-stoichiometric defects would cause the 20 peaks to shift toward
lower L values.

Annular dark field (ADF) STEM images taken along the [100] zone axis for the n = 2, 5, and
10 superlattices are shown in Fig. 4. No structural defects were seen in any of the STEM images.
The superlattices show some interface regions where the targeted n changed by ±1; however, n does
not vary by more than 1 throughout the images. In that regard, the interfaces are indeed atomically
abrupt. To better quantify the term of “atomic scale abruptness,” magnified areas are shown on the
right of each image in Fig. 4, along with intensity line profiles taken along the A-site columns of
the perovskite structure. From the line profiles, a higher intensity was found for SrTiO3 layers due
to the larger atomic number of Sr. The peak intensity was constant throughout the thickness of the
individual CaTiO3 and SrTiO3 layers and sharply changed across the interfaces, suggesting that there
was little degree of Sr and Ca intermixing at the interfaces. In comparing the A-site profile intensity
across the interfaces of the n = 2, 5, and 10 superlattices, the n = 5 sample shows more constant
Sr and Ca peaks within the first column near the interface, whereas the n = 2 and n = 10 samples
showed slightly weaker Sr and stronger Ca column intensities, indicating a stronger degree of Sr and
Ca intermixing.

In summary, we have demonstrated a new strategy of overlapping growth windows for SrTiO3 and
CaTiO3 to synthesize high-quality oxide superlattice structures. The ability to utilize self-regulated
kinetics during growth allows well controlled stoichiometry of the individual layers, enabling the
study of intrinsic interface phenomenon in complex oxide systems without potential ambiguity from
extrinsic defects. Recent theoretical investigations suggest that ferroelectricity can be induced in SLs
combined from any two non-polar ABO3 perovskite materials which both have orthorhombic tilting

FIG. 4. STEM ADF images for (a) n = 2, (b) n = 5, and (c) n = 10 (SrTiO3)n/(CaTiO3)n superlattices. The brightest dots
correspond to Sr atoms, and the scale bar corresponds to 3 nm. The initial SrTiO3 buffer layer in (a) and (b) are labeled above
the LSAT substrate. Magnified images are shown to the right, along with intensity profile line scans showing the intensity of
the Sr (green) and Ca (blue) atomic columns.
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patterns of the BO6 octahedra,36 giving rise to many different combinations of potentially useful
perovskite superlattice systems to be studied. With the abundant commercial availability of metal
organic precursors to supply transition metal-cations such as Hf, Zr, Nb, or Ta, many other growth
window combinations can be potentially developed, allowing exploration of interface phenomena in
a wide variety of oxide superlattices.

See supplementary material for the XRD of SrTiO3 and CaTiO3 growth windows.
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