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atomically smooth, step-and-terrace (111)-oriented SrTiO3 with uniform cation layers at the
surface, i.e single termination. The surface control enables subsequent layer-by-layer epitaxial
growth of perovskite thin films of Lao7Sro3MnOs, LaFeOs, and BaTiOs. Reflection high-
energy electron diffraction and electron energy loss spectroscopy revealed that a single
chemically intermixed (A,A’)BOs perovskite layer formed at the interface. As the terminating
layer of (111) SrTiOs is polar, a surface reconstruction consisting of TiOx surface layers is
expected, and the intermixing at the interface can be understood as A’-cations from the film
material compensating an A-cation deficient substrate surface during initial growth. This
finding has important consequences for engineered interfaces between perovskite thin films

and polar substrate facets.



The development of atomically well-defined substrate surfaces is a major driving force
behind controlled epitaxial growth and recent advances in complex oxide thin film synthesis.!
As complex oxides exhibit strong structure-property coupling, epitaxy can be used to control
the functionality of the film, utilizing strain or crystalline orientation. Different orientations of
a substrate will result in interfaces where symmetry, surface polarity, and octahedral coupling
differ, possibly affecting the electronic states of the epitaxial film at the interface. To exploit
such effects, substrates of stoichiometric crystals with atomically flat surfaces of single
termination and without major reconstructions are required.”> SrTiOs (STO) and different
rare-earth scandates have been widely used as substrate materials for perovskite thin film
growth due to the good lattice match with materials of interest and chemical stability. The
surfaces of these materials have been extensively studied since the 1990s, and high-quality
(001)-oriented substrates are commercially available.*® However, for (111)-oriented STO,
well-defined single-terminated stoichiometric surfaces have been more difficult to obtain due

to the polarity of the terminating surface.>’

A schematic of the (111)-oriented STO surface is depicted in side and plane views in
figures 1a and b, respectively, where Ti is colored yellow, Sr blue and O turquoise. The (111)-
surface has a hexagonal symmetry, where the low-index in-plane crystallographic directions
[101] and [112] are indicated in figure 1b. Along the [111]-direction STO consist of
alternating layers of SrOs* and Ti*', which are each stacked in a “ABCABC...” manner as
marked for the Ti*' layers in figure 1a and b. The distance between two equally terminated
planes is di11 = alN3 =2.25A (figure 1a), where a represents the cubic lattice constant of STO
(a = 3.905 A). Ideally, single terminated STO(111) would solely have SrOs* or Ti*" as the
uppermost layer, in the schematic a Ti-terminated layer is shown. Hence, STO(111) has layers

of nominal charge +4/-4, whilst STO in the (001) orientation consists of layers of SrO and



TiO2 and is thus non-polar. Since the surface energy of an ideal polar surface diverges,® polar
surfaces tend to facet or form stabilizing reconstructions. This makes film growth on a
STO(111) substrate more challenging than on non-polar STO(001), with a tendency to form a
disordered interface. *!' We have earlier shown that by reducing the deposition temperature,
it is possible to delay the onset of surface roughening, allowing for smooth surfaces in a
certain thickness range.'” Still, several reports point towards new phases and different

reconstructions at the interface between a substrate and a (111)-oriented film.” 3

Substrates having uniform single terminations are necessary for obtaining structurally stable
interfaces with a film material.'* For (001)-oriented STO, a uniform TiO: termination can be
achieved by selective wet etching in buffered hydrogen fluoride, which preferentially removes
SrO from the surface.* For (111)-oriented STO there are several reported surface preparation
methods pointing towards the possibility of having a stable single termination. For instance,
annealing in a reducing atmosphere has been reported to give single terminated surfaces.!®
However, high-temperature treatment in a reducing atmosphere can result in oxygen
deficiency, resulting in metallic conductivity and even ferromagnetic behavior.'® Annealing in
Oz-atmosphere and chemically etching with HCI:HNOs give a step-and-terrace surface
structure with steps corresponding to 1/2 monolayer, indicating that the terminating layer
alternates between the SrOs and Ti layers on adjacent terraces.!” Several authors have
reported single monolayer step-and-terrace structure for STO(111) by combining buffered
hydrogen fluoride etching with high-temperature annealing in Oz atmosphere.'®!? As SrOs™
reacts with water to form Sr(OH)2, while Ti** is not water-soluble, an almost identical result
was reported by using deionized water as the etching reactant,'® 2 however the use of

buffered hydrogen fluoride results in a more complete removal of Sr-related compounds.'®



Here we present a study of how the polar surface of STO(111) influences the initial thin
film growth. We discuss the effect of substrate preparation on thin film synthesis, and how
possible reconstructions affect the stoichiometry of the thin film/substrate interface, important

for interface engineering of (111)-oriented thin films.

Experimental:

Two different treatments of the (111)-oriented STO substrates (Shinkosha, 10 x 10 mm?)
are compared in this study, where deionized-water and buffered hydrofluoric acid are used as
etching agents. Both etching chemicals have been reported to produce atomically smooth
surfaces with a single terminating layer.'® For both methods the substrates were cleaned prior
to etching in acetone and ethanol for five minutes under ultrasonic agitation. Annealing was
done under oxygen flow after the etching process with a ramp rate of SK/min. The first
treatment method (DI) consists of immersing the substrates in 80 mL of deionized water at
70°C under high-temperature ultrasonic agitation for 30 min before annealing at 1200°C for 2
hours. In the second treatment method (BHF), the substrates were immersed in deionized
water at 70°C and held under ultrasonic agitation for 5min, before dipped in buffered
hydrofluoric acid for 45s and rinsed in deionized water, ending with an annealing at 1050°C
for 1 hour. The buffered hydrofluoric acid solution was NH4F:HF 7:1, with a pH of 4.7. The
annealing times and temperatures were chosen after optimization based on atomic force
microscopy (AFM) investigations.

Ultrathin films of Lao.7Sro3sMnOs (LSMO), LaFeOs (LFO), and BaTiOs (BTO) were
deposited by pulsed laser deposition at 520-580°C in 0.35 mbar (0.01 mbar for BTO) of
oxygen ambient with a KrF excimer laser (248 nm) at a fluence of ~2 Jcm™ and a repetition
rate of 1 Hz. The substrate to target distance was 45 mm. After deposition the films were

cooled to room temperature in 100 mbar of oxygen at a rate of 15 K/min. Reflection high



energy electron diffraction (RHEED) was used to monitor the growth in-situ. AFM (Veeco
Nanoscope V) was used to study the surface topography. Friction force microscopy (FFM)
with a cantilever spring constant of 0.9N/m was used to study the termination of the
substrates. Coaxial impact-collision ion scattering spectroscopy (CAICISS) was used to
investigate the chemical composition of the substrate surface. Scanning transmission electron
microscopy (STEM) data were obtained on a double-corrected Jeol ARM200CF microscope
equipped with a Gatan Quantum ER for electron energy loss spectroscopy (EELS). Cross
section TEM lamellas were prepared by a FEI Helios Nanolab Dual-Beam Focused Ion Beam
(FIB) using standard lift-out technique. All STEM- high angle annular dark field (HAADF)
data were acquired at collection semi-angles of 73-311 mrad, and for all EELS data an energy
dispersion of 0.5 eV/channel and a collection semi-angle of 66 mrad were used. All EELS

analysis was performed using HyperSpy. *!

Results:

An AFM image of an as-received substrate is shown in figure 2a, revealing a relatively flat
surface with a root mean square roughness of 0.36 nm. The surface is disordered with
structures of multiples of half dii1, indicating mixed termination. Figure 2b and c¢ show
substrate morphologies after annealing, which were pretreated with the BHF and DI methods,
respectively. In both cases, ordered surfaces were obtained with a clear step-and-terrace
structure. In figure 2d AFM line scan profiles are shown for both BHF and DI treated
substrates, revealing that both methods result locally in step-heights of 0.23nm and flat
terraces of 100-150 nm width, in agreement with the substrate miscut angle of 0.1°. The
measured step height correspond to STO dii1, indicating that all terraces are terminated by

identical atomic layers in accordance with the findings of Chang et al.'®



A morphological difference is observed between substrates prepared with BHF and DI
methods. The substrates pretreated with BHF (figure 2b) reveal steps and terraces that are
straight. However substrates pretreated with DI, as in figure 2c, have faceted step edges
forming triangular sections. The step edges make a zig-zag pattern, where the direction of the
edge changes by 60° or 120°. Based on the crystal orientation of the substrate, the step edges
tend to follow the crystallographic axes, as indicated in figures 2b and 2c. For the BHF
substrates the step edges are parallel to one of the three < 112 > in-plane directions in
accordance with the miscut direction. This is also the case for the DI substrates, except that
the step edges in this case make the zig-zag pattern along all three < 112 > in-plane
directions. We note that for STO(001) such faceted step edges have earlier been reported for
Sr-rich terminations.! The morphologies of LSMO films of approximately 10nm grown on as-
received, BHF and DI substrates are compared in figure 2e-g. The morphologies of the films

replicate the substrate surfaces accurately, which means that the substrate surface is stable at



the deposition temperature (500-600 °C) and acts as a mold for the film as long as the film

grow layer by layer.'?
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To further investigate the termination and chemical composition of the substrates, friction
force microscopy (FFM) was used. In figure 3 we show the contact-mode topography and
friction contrast for BHF (a, b) and DI (c, d) prepared substrate surfaces. For BHF substrates
no significant friction contrast is observed, indicating no macroscopic chemical composition
contrast on the surface. For the DI case, there is friction contrast visible, with two distinct
levels compatible with areas of different cations. Comparing topography and friction data, it
is a clear that the faceted terraces are split into triangles of different friction contrast. Based
on comparison with FFM measurements of SrTiOs (001) surfaces, the dark contrast are
inferred to be Sr-rich areas and the bright contrast Ti-rich areas.?> AFM analysis also reveals
that Sr-rich regions are rougher than the Ti-rich terraces, and that they lie approximately 1/2

and 3/2 di11 above the Ti-rich terraces.



One possible way for the substrate to stabilize the polar surface is by forming non-
stoichiometric surface reconstructions.® >* Different substrate pretreatments have shown a
variety of surface reconstructions on (111)-oriented STO, 228 where the polarity is screened
by surface TiOx layers. Angle-resolved CAICISS measurements were performed on DI and
BHF treated substrates to test the chemical composition of the substrates. The time-of-flight
surface composition analysis revealed increased presence of Sr on both DI and BHF prepared
substrates as compared to as-received (see supporting information), suggesting the occurrence
of Sr segregation during annealing. We note that the longer annealing time and higher
annealing temperature for the DI (2 h, 1200°C) compared to the BHF (1 h, 1050°C) may lead
to segregation of Sr,”* and the reason for the difference in FFM. To test if the Sr signal
corresponds to segregated atomic Sr on the surface, we rinsed the DI substrate with DI-water
70°C for 2 min in ultrasonic bath, followed by 5 min on a hot plate of 100°C to evaporate all
the remaining liquids. The results shown in figure 3e and f reveal that the faceted step-and-
terrace structure is still present, however the FFM data now gave a homogeneous contrast. We
interpret this as atomic Sr being removed from Sr-rich areas, resulting in a single termination

state.



In thin film epitaxy, the ad-atom mobility and possible growth mode depend on the
chemical environment of the underlying layer.! Hence the growth of the first unit cell of a thin
film on top of the substrate may indirectly identify the chemical environment of the substrate.
Using substrates prepared by the BHF method and recording the intensity oscillations of the
RHEED diffraction spots we investigate the growth of the first unit cells of a thin film. In
figure 4a RHEED oscillations for different film materials are plotted. The maximum of each
oscillation is taken as a complete layer, consistent with the longest intensity recovery time for
each pulse indicating no phase shift.”” For clarity the signals have been normalized to the
growth period (number of laser pulses per RHEED oscillation) of each film material. As can
be seen in figure 4a, the growth period remains constant throughout the growth of the film
except for the first complete layer. It is clear that for all three materials investigated here, the

first RHEED oscillation is shorter than the growth period for the subsequent layers. In figure

10



4b statistics for the first oscillation normalized to the growth period is shown, and the first
layer has typically a growth period of 30 — 90% as compared to the subsequent layers. Hence,
the amount of pulses needed to synthesize the first layer varies from film to film, but is
observed to always be shorter than the growth period of the subsequent layers independent of
film material or deposition parameters. Moreover, the growth period for the first layer is not
consistent with half a period, which would indicate a change of termination, as observed for
SrRuO3 growth.’*3! In figure 4c a RHEED intensity plot for an LSMO/LFO/STO(111)
epilayer is shown. It is clear that for the first LFO layer the corresponding RHEED oscillation
has a shorter period (26s) as compared to the subsequent layers (33s). However, for the top
LSMO film the first RHEED oscillation has the same period as for the subsequent layers,
measured at 15s for this particular sample. Hence we interpret that the shorter growth period

at the substrate/thin film interface is an effect due to the substrate surface.
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To further investigate the chemical interface between substrate and thin film, STEM and
EELS investigations were performed across the substrate-film interface. The STEM data in
figure 5a indicate that the film is epitaxial, fully strained and of high crystalline quality. Cross
section composition analysis of the interface regions was obtained from EELS measurements
across the LSMO/STO(111) and LFO/STO(111) interfaces, and is shown in figures 5b and 5c
respectively. Figure 5d shows the LSMO/LFO(111) interface in the epilayer for comparison.
For clarity the EELS intensities have been normalized to 100% at each side (see
supplementary information for non-normalized data). As can be seen, neither interface is
compositionally abrupt towards the STO substrate. The signal for the substrate A-cation, Sr,
decreases before the B-cation signal, Ti. Correspondingly, the A-cation signal from the thin
films, La, increases before the B-cation signals, Fe/Mn respectively. The distance between the
change in A and B-cation signals is determined to be 0.25 - 0.3 nm, corresponding to the
distance between two subsequent A-cation layers in the (111)-orientation. The spatial
resolution of the EELS signal is determined to be 0.15 nm by the width of fitted Gaussian
curves for the atomically resolved EELS map. Hence, the EELS measurements reveal that the
layer at the interface between film and substrate is a mixture of cations, with B-cations from
the substrate and A-cations from the film. Interestingly, interfaces between subsequent
epitaxial interfaces grown on (111)-oriented substrates do not have this distance between A

and B-cation signals (figure 5d), hence this interface is more chemically abrupt.
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Taken together, the EELS measurements reveal that the BHF substrate surfaces are Ti-rich,
consistent with a surface reconstruction consisting of 1-2 TiOx layers to screen the polarity.
Figure 6a shows a model of a Sr-deficient STO(111) surface with Ti-termination, where
transparent blue circles at Sr positions depict Sr-vacancies in the top two Sr-layers. The non-
stoichiometric surface affects the stoichiometry of the initially grown materials on the
substrate and in figure 6b we display a model interface between a LFO thin film and the Sr-
deficient STO(111) surface. As can be seen, La now fills the position of the Sr-vacancies,
effectively making a one di1 thick distinct (La,Sr)TiOs perovskite layer, as confirmed by
EELS (figure 5 b and c). The presence of an intermixed layer is in agreement with the
RHEED data for the different systems investigated. The shorter period for the first RHEED
oscillation indicate that less material is needed to fill the first layer. We note that the exact Sr
surface composition will decide the period of the first oscillation, which therefore can vary
from substrate to substrate. The model only takes into account crystalline atoms; hence, we do
not include the potentially observed atomic surface Sr at the STO surface. We note that in this
model the first B-cation layer in the film is stoichiometric with respect to the A/B ratio. This

model is in accordance with reports on surface reconstructions in (111), where density

13



functional theory and experiments show that surface TiOx layers compensate for the

polarity.32-33
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In conclusion, we have shown that the polar (111)-oriented STO surface can be pretreated
to form single terminated, atomically smooth surfaces with both deionized water and buffered
hydrogen fluoride, which promotes structurally abrupt interfaces and layer-by-layer film
growth. However, the chemical interface between film and substrate is not abrupt, and one
layer of chemical A-cation intermixing is found. We note that the effect is due to the
substrate, and robust to the type perovskite thin film deposited. If the exact level of Sr surface
vacancies can be controlled, the one interatomic thick (A,A’)BOs interface layer could be

utilized to establish particular interface properties.

Supporting information

See supporting information for more information on CAICISS analysis and non-
normalized EELS data.
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Figure captions

Figure 1: Schematic of an ideal cubic STO (111) Ti*' terminated surface, with Ti in yellow,
Sr in blue and O in turquoise. The Ti*" layers are indicated by dashed lines, and labeled A,B,C
according to the “ABCABC...” stacking. a) Cross-section view. The distance between two
equivalent lattice planes is di11 = a/N3 = 2.25 A, where « is the cubic lattice constant of
StTiOs (a = 3.905 A) b) top view. Arrows indicate the low-index in-plane crystallographic

directions [101] and [112].

Figure 2: AFM images (tapping mode) of STO(111) surfaces with different pretreatments a)
As-received, b) BHF, ¢) DI d) Line profiles between points A and B extracted from b) and c).
AFM images (tapping mode) of LSMO thin films (10nm thick) grown on e) As-received, f)

BHF g) DI treated substrates. All images areas are 3 x 3um?.

Figure 3: Contact mode AFM and FFM of STO(111) with different pretreatments: a,b) BHF
method, c,d) DI method, and e,f) The DI sample after an additional water rinse. The AFM and

FFM images were acquired simultaneously, the image area is 3 x 3pm?.

Figure 4: a) RHEED intensity profiles for initial growth of LSMO, LFO and BTO films on
top of SrTiO3(111) pretreated by BHF. The profiles are normalized to growth period. The first
oscillation of all three examples has a shorter period than the rest. b) Statistics of the period
for the RHEED intensity profiles for initial growth of LSMO and LFO. The growth period is
plotted against log(RHEED oscillations) for clarity ¢) RHEED intensity profile for a complete
bilayer; LSMO/LFO/STO(111). The first oscillation for the second layer has the same growth

period as the rest of the oscillations.
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Figure 5: STEM-EELS characterization of film interfaces. a) STEM-HAADF image of
LSMO/STO(111) interface and EELS chemical line scans of b) LSMO/STO(111), ¢)
LFO/STO(111), and d) LSMO/LFO(111) interfaces. The EELS line scans has been

normalized to 100% at each side of the interface.

Figure 6: Model of (111)-oriented STO/film interface a) Substrate surface with Sr-deficient
top layers and b) interface with LFO, where La-atoms has filled in the Sr-vacancies, yielding
a (La,Sr)TiOs layer at the interface. Atoms are colored accordingly; Ti atoms are yellow, Sr

blue, Sr vacancies transparent blue, La gray, Fe orange. Oxygens are shown as octahedral.
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Substrate surface preparation of polar SrTiO3(111) reveals smooth step-and-terrace surfaces
with single termination. Subsequent film growth reveals that the interface consist of a single
chemically intermixed (A,A’)BOs3 perovskite layer, which we interpret to be A’-cations
from the film filling in A-vacancies at the surface. A surface reconstruction of the
substrate consisting of TiOx layers is consistent with such a picture.
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