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ABSTRACT

Among oxides, bismuthates have been gaining much interest due to their unique features. In addition to their superconducting properties,
they show potential for applications as topological insulators and as possible spin-to-charge converters. After being first investigated in their
bulk form in the 1980s, bismuthates have been successfully grown as thin films. However, most efforts have focused on BaBiOs3, with SrBiO;3
receiving only little attention. Here, we report the growth of epitaxial films of SrBiO3 on both TiO,-terminated SrTiO3; and NdO-terminated
NdScOj3 substrates by pulsed laser deposition. SrBiOj3 has a pseudocubic lattice constant of ~4.25 A and grows relaxed on NdScOs. Counter-
intuitively, it grows with a slight tensile strain on SrTiOs; despite a large lattice mismatch, which should induce compressive strain. High-
resolution transmission electron microscopy reveals that this occurs as a consequence of structural domain matching, with blocks of 10
SrBiO3 unit planes matching blocks of 11 SrTiO3 unit planes. This work provides a framework for the synthesis of high quality perovskite
bismuthates films and for the understanding of their interface interactions with homostructural substrates.

© 2023 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/10.1063/5.0138222

I. INTRODUCTION

Since the early 1980s, most electronic devices have relied on the
use of complementary metal-oxide semiconductor (CMOS) tran-
sistors. However, it has been recently suggested that more energy-
efficient transistors could be designed based on a ferromagnetic
material whose magnetization would be switched by a multiferroic
through magnetoelectric coupling and read by a spin-orbit material
through spin-charge conversion." An alternative to this so-called
MESO (magnetoelectric spin-orbit) device, which would not require
magnetization switching, relies on controlling the spin-to-charge
conversion by the inverse Rashba-Edelstein effect present in a ferro-
electric material. Such a control has been recently demonstrated at
low temperature using oxide-based two-dimensional electron gases’
and at room temperature with a ferroelectric Rashba semiconductor
(FERSC’), GeTe.*

In this context, FERSCs are emerging as a very promising
family of materials for future spin-based low-power applications.
However, these materials are very scarce, and the sole confirmed
candidate so far is GeTe. If their bandgap is small as in GeTe, FER-
SCs tend to show leakage when subjected to an electric field applied
to switch their polarization. This is motivating the search for FER-
SCs in other materials families and, in particular, within perovskite
oxides.””® For instance, it has been recently proposed that when
strained, perovskite SrBiO3; (SBO) would be a FERSC.” This is due
to a large spin-orbit coupling (SOC) induced by Bi d-orbitals con-
comitant with the existence of a strain-induced phase transition
to a ferroelectric phase. Sufficiently strained SBO would then be
a FERSC with an electrically switchable Rashba coefficient of ar
= 1.68 eV A (much higher than in perovskite oxide 2DEGs" ).
In addition, SBO has been suggested as a possible candidate build-
ing block in perovskite heterostructures in which spatially separated
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two-dimensional hole and electron gases would appear,'' further
motivating its exploration in the thin film form.

SBO crystallizes in the monoclinic system, with the space group
P21/n(a=5948 A, b=6.0951 A, c = 8.4854 A, and B = 90.063°). Its
pseudocubic lattice parameter is a. ~ 4.25 A. The related compound
BaBiO; (BBO) was extensively studied in the 1970s as a type II super-
conductor with critical temperature T, = 30 K'> when hole doped,
which prompted interest in other members of the bismuthate fam-
ily. SBO and related compounds were investigated in the late 1990s
for properties similar to those observed in doped BBO.!* K-doped
SBO is a type II superconductor with T, = 12 K.'* Undoped BBO
has recently regained interest as a potential topological insulator'”
and as a buffer layer for the growth of oxides with a large lat-
tice constant.'® Epitaxial growth of BBO thin films by molecular
beam epitaxy and pulsed laser deposition (PLD)"* >’ was reported.
However, very few growth studies concerning SBO were published.
Here, we report the growth of epitaxial SBO by PLD and the first
attempts to induce a high level of compressive strain in an epitaxial
bismuthate thin film.

Il. EXPERIMENTAL

SBO thin films were grown on TiO,-terminated SrTiO3 (001)
(STO) and NdScOs (110) (NSO) substrates using pulsed laser depo-
sition (PLD) and characterized by in situ reflection high-energy
electron diffraction (RHEED) and x-ray photoelectron spectroscopy
(XPS) with a monochromatized Al K, (1486.6 eV) x-ray source.
Additional ex situ characterization was performed with an x-ray
diffraction (XRD) setup. STO substrates were prepared by a wet
etching step in a buffered hydrogen fluoride (BHF) solution, fol-
lowed by a 1.5 h annealing step at 950 °C in a tube furnace with a
flow of pure oxygen gas.’! NSO substrates were prepared by a 4
hours annealing step at 1000 °C, also in a flow of oxygen, followed
by two subsequent etching steps in buffered HF and sodium hydrox-
ide.”” A stoichiometric target of Sr-Bi-O (Toshima, purity 99.99%)
was used for the PLD growth with a KrF laser (Coherent, 25 ns) at a
fluence of 1.9 J/cm? and a spot size of 0.589 mm?. The substrate tem-
perature was kept at 525 °C, and the O, background pressure was
set to 107 mbar. The distance between the target and the substrate
was kept constant at 50 mm. A repetition rate of 1 Hz and a total of
1500 pulses were used for the 70 nm thick SBO layers for growth on
STO. 200 pulses were used when definitive growth parameters for
SBO were established as it yielded thick enough films for the pur-
pose of studying strain relaxation. The samples were post-annealed

DyScO, GdSco,
TbScO, NdScO, K, :Sr,,BiO,
sTio, ‘ DySLIO3 LaScO, LaLuO, ‘ SrBiO, BaBiO,
; 1l : l * | + \11 % >
3.9 4.0 41 4.2 4.3

Unit cell (angstrom)

FIG. 1. Schematic of the unit cells of different perovskites of interest to study
SrBiO3. The hatched area corresponds to KySrq_,BiO3 for x in [0,0.6]. Potential
substrates are labeled in black, and parent compounds of interest are in red.

scitation.org/journal/apm

in situ at the growth temperature under an O, background pressure
of 100 mbar, slowly cooled down to 300 °C, kept at this tempera-
ture for 20 min to maximize the oxygen loading in the crystal, and
finally cooled down to room temperature. Lattice parameters of dif-
ferent substrates and of SBO and its parent compounds are given
in Fig. 1.

Ill. RESULTS

The growth of SBO was first optimized by depositing thick
and relaxed (75-100 nm) SBO thin films on STO. The film growth
was monitored by in situ RHEED, and the structure of the films
was studied using x-ray diffraction. We investigated the influence
of the growth temperature, the growth oxygen pressure, the laser
spot size, the post-anneal procedure, and the presence of a cap-
ping layer. In situ RHEED measurements, which are represented in
Fig. 2, indicate a two-dimensional growth with a flat, long-range
ordered surface. From these data, we can deduce an in plane lat-
tice parameter of 4.3 A for SBO, which is slightly bigger than the
bulk value, but consistent with XRD measurements performed on
the films presented in this study (see later). In order to perform
ex situ measurements, we found that a capping layer was required
as SBO appeared to quickly degrade when directly exposed to air.
We investigated two capping layers: amorphous aluminum oxide
and ultra-thin STO. The growth of a single layer of STO as a cap
yielded higher quality films. We then established a phase diagram
as a function of temperature and pressure for the growth of SBO
on STO [Fig. 3(a)]. Changing the pressure and temperature influ-
ences the nature of the crystal grown, with two predominant crystal
structures depending on the sticking of bismuth; see Fig. 3(b). If
the bismuth does not stick, the main phase grown is (111)-oriented
rock salt strontium oxide with a lattice parameter of ~3.65 A.”* If
the bismuth does stick, the main phase grown is a (001)-oriented

(b)

* Line profile
Fit peaks
Cumulative Fit Peak| 210

* Line profile
Fit peaks
— Cumulative Fit Peak
o

Intensity

40 80 120 160 o 4 8 120 160
Distance (pixels) Distance (pixels)

o

FIG. 2. RHEED signal acquired (a) on the substrate before starting the growth and
(b) after cooling the sample down. The plot profile of the intensity along the yellow
lines are in presented in (c) and (d) for STO and SBO, respectively.
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FIG. 3. (a) SBO phase diagram established for the growth of SBO. (b) XRD spectra acquired in different zones shown in (a). It is worth noting that the oxygen growth
pressure is the most critical parameter to optimize when trying to grow bismuthates.

perovskite with an ~4.25 A lattice parameter, corresponding to pure the case of NSO. Indeed, the NSO/SBO lattice mismatch is of 4.9%,
SBO. As visible from Fig. 3(a), the oxygen pressure window in which whereas in the case of STO/SBO, it is more than 8%.
single-phase SBO can be grown is relatively narrow. Therefore, the In addition to this difference in morphology, the in-plane lat-
oxygen partial pressure is the most critical parameter to optimize tice parameter of SBO also varies when changing the substrate. From
when trying to reproduce these growth experiments.

The chemical composition and electronic structure of the films

were studied using in situ XPS. Figures 4(a) and 4(b) show the Sr 3d o Measured

and Bi 4f core-level spectra for a 75 nm thick SBO film. The data (a) roop Sr 3d5/2 fitted
confirm the presence of Sr 2+ and Bi nominally 4+, as expected. [ Sr3d3/2 fitted
After subtraction of a Shirley background, the peaks were fitted I Envelope fitted

with Gaussian-Lorentzian peaks with a 30% Gaussian character. The
FWHM of the peaks of a given element was enforced to be the same,
and the ratio of the areas was enforced to be 0.75 for the case of Bi
4f and 0.66 for the case of Sr 3d. In addition, film stoichiometry of
the surface can be estimated from the area of the XPS peaks, which
results in a Sr:Bi:O ratio of 21:26:52 +5%. These values are indicative
of stoichiometric SBO within a reasonable margin of uncertainty for
XPS quantification attempts based on tabulated relative sensitivity a2 @ 1 1w 1% 1w
factors and in agreement with the XPS results previously reported

on bismuthates.'***

By using the conditions established above, we attempted to 000 T o Measured
induce epitaxial strain in SBO films by reducing their thickness and (b) 0l Bi 417/2 fitted
growing them on STO and NSO. [ Bi4f5/2 fitted

The crystal structure of the perovskite SBO thin-films was stud- Envelope fitted
ied by x-ray diffraction. Figure 5(a) shows the XRD spectra acquired 1
between 15° and 105°, and an inset represents the (002) peak of
SBO grown on SrTiO; and NdScOs, respectively. The XRD spec-
tra are characteristic of a (001) oriented single-phase perovskite thin
film. From the position of the (002) peak, we infer an out of plane
lattice parameter of 4.26 A for both films, which is in accordance
with previous results for SBO films.'**’ oor

The atomic force microscopy (AFM) topography images repre-
sented in Figs. 5(a)-5(c) show that the morphology of the surface
is greatly affected by the nature of the substrate. SBO grown on
NSO is of higher quality, as proven by the presence of atomic steps
on the AFM images. We attribute the difference in morphology to
the smaller lattice mismatch between the film and the substrate in

Counts (arb.units.)

Binding energy (eV)

3000 -

2500 -

2000

1500

1000

Counts (arb.units.)

0
155 160 165

Binding energy (eV)

FIG. 4. Surface stoichiometry characterized by XPS: (a) and (b) core-level
spectroscopy of Sr 3d and Bi 41, respectively.
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FIG. 5. Effect of the substrate on the growth of SBO thin films: (a) and (b) AFM of the surface of the films grown on STO and NSO, respectively. (c) Symmetric XRD spectra

of the films grown on STO and NSO. (d) and (e) Reciprocal space map of the (103)
perovskite single-phase.

TABLE I. Lattice parameters of SrBiO5 grown on different substrates.

peak of SBO grown on STO and NSO, respectively. The spectra are characteristic of a

Substrate Expected compressive strain (%) SBO 1 lattice parameter (A) SBO // lattice parameter (A) Measured strain
SrTiO3 8.8 4.26 431 +1.2% (tensile)
NdScOs3 6.0 431 431 0% (none)

reciprocal space maps, we observe that SBO grown on STO seems
to be subjected to tensile strain, while SBO thin films grown on
NSO are relaxed (Table I). This may at first seem counter-intuitive
as the lattice constant of SBO is larger than that of STO, but this
echoes existing findings for BBO.'® Indeed, when grown on STO,
BBO accommodates the large mismatch with the substrate by natu-
rally forming two buffer layers of rock salt BaO at the interface with
the substrate.'® BBO then grows in such a way that 9 bismuthate u.c.
is matching with 10 STO w.c.'**"* This domain matching causes the
bismuthate lattice to quickly relax through the formation of peri-
odic dislocations. In this configuration, BBO grows with a 4.33 A
lattice parameter. This is slightly smaller than the relaxed lattice
parameter of BBO'? but allows for a 9 to 10 u.c. domain matching.
BBO grown on STO thus naturally grows with an almost relaxed lat-
tice parameter even though one could have expected a high level of
compressive strain.

In a similar manner, we can infer that in the case of SBO, strain
is also regulated by the formation of periodically ordered dislocation
sites. However, instead of resulting in a relaxed lattice, it induces ten-
sile strain in the SBO film close to the interface to create matching
blocks of multiple unit cells of STO and SBO. From the lattice para-
meter values deduced from x-ray reciprocal space maps, we expect
a dislocation every 9-10 STO u.c., coinciding with 10-11 SBO u.c.,
which would result in an in-plane lattice parameter of ~4.3 A for
SBO.

@ Bi in'Relaxed SrBi03 layers

FIG. 6. HAADF imaging of the interface of a thin film of SBO grown on STO.
Periodic dislocation sites can be observed at the interface between STO and SBO,
every 10 u.c. of SBO, coinciding with 11 STO u.c. The scale bar is 2 nm.
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To verify this hypothesis, we imaged the interface of SBO thin
films grown on STO by high-angle annular dark field scanning
transmission electron microscopy (HAADE-STEM). This analysis
is represented in Fig. 6. When examining the interface of SBO thin
films grown on STO, we observe indeed the formation of a periodic
pattern of 10 u.c. of SBO matching with 11 u.c. of STO. To achieve
such a matching pattern, SBO has to expand in-plane and mismatch
dislocations have to form periodically. This confirms and explains
the tensile nature of the strain induced in SBO layers close to the
interface with STO.

The nature of the strain relaxation around the dislocation and
how it varies with different substrates will still need to be investigated
to determine whether SBO grown by PLD can be ferroelectric. This
is subject to further study and beyond the focus of the present article.

IV. CONCLUSION

In conclusion, high-quality SBO films were successfully pre-
pared on TiO,-terminated STO substrates and MO-terminated rare-
earth scandates. The films were found to degrade quickly when
exposed to air, but a thin STO or Al oxide capping layer is enough
to protect them. Single phase films could only be stabilized in a
narrow window of growth pressure and temperature. We clearly
observed a strong effect of the lattice mismatch on the crystal qual-
ity and the type of growth. Lattice-matched substrates led to a more
ordered crystal structure and smoother morphology although the
film material in both cases would exhibit strain relaxation. The relax-
ation occurs via the formation of a very thin interfacial layer, similar
to what has been observed in other bismuthates. The successful fab-
rication of high-quality SBO single-phase films opens the possibility
of investigating the strain effects at the interfaces with different sub-
strates and might be suitable for the study of 2D spatially separated
hole and electron 2D gases and for spintronic applications using the
Edelstein effect.
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