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ABSTRACT

The BaBiO; perovskite oxide is an interesting material system because of its superconductivity when p-doped and the predicted topological
insulating nature when n-doped. Single crystalline BaBiO; films are grown by molecular beam epitaxy with high quality utilizing the adsorp-
tion-controlled regime, where volatile Bi is supplied in excess in the presence of oxygen radicals. BaBiOj; films are integrated on Si(001) sub-
strates through growth on a SrTiO5(001) buffer layer. Despite the 11.77% lattice mismatch, by systematically varying growth parameters,
such as plasma conditions, substrate temperature, and metallic fluxes, a growth window for the BaBiO; is well-established. Within the
optimum growth window, films are stoichiometric and of high crystalline quality based on the different physical characterization techniques.
The development of robust layers is facilitated by accessing the self-regulating regime, where only the stoichiometric quantity of Bi sticks
during the epitaxy.

© 2022 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/10.1063/5.0101227

I. INTRODUCTION

Topological insulators have insulating bulk alongside robust
conductive surface states, expressed by Dirac-dispersion in the bulk
bandgap. Bi-containing compounds possess a strong spin-orbit
coupling (SOC) for 6s and 6p electrons of bismuth, which are fun-
damental interactions for the manifestation of topological insulat-
ing properties. Bi; ,Sby, Bi,Ses, and Bi,Te; already were discovered
as 3D topological insulators driving technological advances in spin-
tronics, quantum technology, and thermoelectrics.”” Therefore,
exploration of new material families with non-trivial topology has
become a main research focus for theoretical and experimental
physicists. Recently, density-functional theory (DFT) studies, with
Bi’s SOC considered, show induced topologically protected surface

Since their emergence as high-T, superconducting oxides,
Bi-based perovskites BaPb,Bi, ,O;" and Ba, ,M,BiO; (with M=K
or Rb™") attracted wide research interest. Three-dimensional crys-
tals, such as BaPby 3Biy ;03 and Ba,¢K,4BiO; (BKBO), are super-
conducting with a critical temperature of 13 and 29.8K,
respectively. The low density of charge at the Fermi level of the
structurally undistorted perovskites raised ambiguity related to
their superconducting behavior, contradicting well-established
understanding for superconductivity in metals,” especially due to
the absence of magnetic ordering.” The mechanism for peculiar
superconductivity was later attributed to the parent BBO uncon-
ventional insulating nature. BKBO/BBO/BKBO with high quality
barriers can be used in superconductor-insulator-superconductor
based devices and superconducting circuits.” Additionally, the

states with a band inversion between Bi-6s states and Bi-6p in elec-
tron doped BaBiO; (BBO).” If experimentally realized, BBO will be
the compound with a TI bandgap of 0.7 eV, the largest along all
known with natural stability against surface oxidation.

superconducting hole doped BBO and the TI electron doped BBO
is predicted to be a host solid state system for the proximity effect
based exotic Majorana bound states."” The two doped layers are
brought in close contact as a device concept for developing a
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topological qubit. All this requires high control over dopant profiles
and interface quality during the epitaxy of the heterostructure.

Crystalline materials provide a wide playground for solid state
explorations especially when short range interactions take place in
the heterostructure. Molecular beam epitaxy (MBE) allows for high
controllability on the crystalline quality and phase purity. MBE has
been routinely used as a low energetic deposition technique to
grow epitaxial thin-films. Yet, the stoichiometry control of the
compound deposited can still be challenging. One approach to
access the self-regulating regime is to grow layers utilizing
hybrid-MBE, where a volatile component is introduced to the
growth surface as a metal-organic precursor as demonstrated for
the successful growth of stoichiometric SrVO;, SrTiO5 (STO), and
BaTiO; layers with high crystalline quality.'' ™"

Thin-films of BBO have been previously grown by different
techniques, such as pulsed laser deposition (PLD),'*"* sputtering
methods,'® and MBE.""™"” Available commercial oxide substrates are
STO with lattice constant agro=3.905A and MgO with
apgo=4.212 A BBO with a pseudo-cubic lattice constant of
appo =4.365A has been epitaxially deposited on both substrates
despite the lattice mismatch f of 11.77% and 3.63%, respectively.
Typically, film’s out-of-plane orientation follows that of the underlying
substrate’s lattice. However, the previous study shows pre-dominantly
(110)-BBO when grown by MBE on an STO(001) substrate, while a
2nm BaO buffer layer helps in stabilizing BBO(001) films instead.”® A
(110)-oriented BBO film was also observed for films grown on an
MgO substrate by MBE despite the smaller lattice mismatch.”'
Attempts to grow BBO directly on Si substrates by PLD resulted in
non-epitaxial but textured thin-films.”” In this paper, we report on the
growth of single crystalline BBO thin-films by MBE on an Si substrate,
utilizing the technique developed by McKee et al.”> A commensurate
STO(001) buffer layer is grown epitaxially on Si(001) to help in inves-
tigating the mechanism of bismuthate epitaxy. The grown layers will
be used later on as a platform to investigate the transport and other
intrinsic material characteristics.

Il. EXPERIMENTAL

BBO/STO/Si(001) heterostructures are grown using a Riber 49
MBE reactor at a base pressure of 1 x 107° Torr. Strontium,
barium, and bismuth are evaporated by dual-filament thermal effu-
sion cells, while titanium is evaporated by an electron beam and
controlled by a feedback loop with a mass spectrometer to keep a
constant Ti flux during STO growth.”* In situ quartz crystal micro-
balance (QCM) is utilized to calibrate independently the adequate
flux of each metallic beam. The flux ratio is varied from 1:1 to 5.7:1
to investigate the sticking coefficient behavior of both barium and
bismuth. Molecular oxygen is introduced to the growth chamber
through a remote radio-frequency (RF) plasma source controlled
by a mass-flow controller to inject either molecular or atomic
oxygen gas. Monitoring the wafer surface temperature during
epitaxy is carried out by a calibrated optical pyrometer. Prior to the
growth, the Si wafer is dipped into a 2% HF solution for 90's to
remove the native SiO, and other organic contaminants.

Growth mode and film morphology are monitored by the real-
time in situ reflection high-energy electron diffraction (RHEED)
utilizing an e-gun operating at 20kV. The growth of complex

ARTICLE scitation.org/journalljap

oxides on silicon is facilitated by the ability to grow an epitaxial STO
(001) single crystalline buffer layer with a 45° lattice rotation
({100)sT0(001)||{110)si(001)) With the aid of a fully commensurate half
monolayer of Sr to avoid the thermodynamic instability between
STO and Si*’ before introducing oxygen. The lattice rotation will
ensure the commensurate growth of the STO(001) template on the
Si(001) surface with a reduced effective lattice mismatch of only
1.7%.” The same recipe for the 15-nm-thick STO/Si pseudo-
substrates was used throughout the BBO growth experiments to
reduce quality fluctuations among the different virtual substrates.”>”’

Structural perfection and phase purity of the films are investi-
gated with high-resolution x-ray diffraction (HR-XRD, PANalytical’s
Material Research tool). ®-26 XRD logarithmic plots are collected
between 18° < ® < 35.2° using Cu K radiation line (A ~ 0.154 nm).
Out-of-plane lattice parameters are calculated based on the peak
positions of both BBO and STO layers in the symmetric scans
according to Bragg’s law. Full width at half-maximum (FWHM) of
the STO buffer layers’ rocking curves (RCs) is calculated to be below
0.4° for all substrates denoting their robustness as good templates for
BBO growth. The characterization of BBO surface roughness is
carried out in a Bruker dimension edge atomic force microscope
(AFM) operating in a tapping mode. For composition analysis,
Rutherford backscattering spectroscopy (RBS) is utilized to measure
the Bi/(Bi + Ba) stoichiometry of the BBO epitaxial layers.

lll. RESULTS

Figure 1(a) presents the symmetric out-of-plane wide range
®-20 XRD scans for the heterostructures grown with different O,
plasma power conditions. The XRD spectra of different films are
normalized relative to the Si(004) Bragg diffraction peak at
®=34.56°. Diffraction peaks centered around ®=23.15° corre-
spond to the STO(002) reflection, denoting stable and high crystal-
line quality of the virtual substrate with a cubic lattice constant of
3.917 A. The BBO(002) peak is centered around ®=20.62°, corre-
sponding to an out-of-plane lattice parameter of 4.376 A for the
pseudo-cubic structure. BBO(002) XRD diffraction peaks are only
observed for a plasma power of 450 W and higher. It is important
to notice that the typical breathing and tilt distortions for BBO are
not significant enough for XRD to resolve them; therefore, a
pseudo-cubic lattice parameter is assigned to the grown thin-films.
In Fig. 1(b), the chemical composition of the thin-films as studied
by RBS is shown. Film grown at a high plasma power of 600 W
becomes stoichiometric with Bi/Bi + Ba=0.5, along higher crystal-
linity as reflected in the intense Bragg diffraction peak. However,
lower intensity of the BBO diffraction peak upon using 450 W
depicts that the degree of crystallinity seems to be directly corre-
lated to the Bi concentration in the perovskite thin-film. As seen
for XRD scans done on films grown at plasma conditions of 0, 150,
and 300 W, the effect is even more pronounced with the complete
extinction of the BBO diffraction peak in the films where the com-
position is more than 25% off-stoichiometry.

To determine the optimal growth conditions for BBO, the
substrate temperature window is also mapped out at 600 W. As
illustrated in Figs. 2(a) and 2(b), in the high temperature regime
(>650 °C), films are more than 25% off-stoichiometry, hence hardly
resulting in a diffraction peak from BBO(002). On the other hand,
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FIG. 1. BBO thin-flms grown at different O, plasma conditions between 0 and 600 W with a step of 150 W, while the substrate temperature is fixed at 600 °C: (a) wide range

®-26 scans of Si substrate, STO buffer layer, and BBO diffraction peaks and (b) stoichiometry evolution with plasma conditions of the thin-films as measured by RBS.

for temperatures ranging from 450 to 650 °C, diffraction peaks of
BBO(002) are clearly observed. However, variation among quality
of films can be noticed based on the individual FWHM of w-scans
around the BBO(002) diffraction peaks, which reflects the layer’s
mosaic spread in the out-of-plane direction, as shown in Fig. 2(c).

It can be observed that both crystalline perfection and film quality
are relatively much enhanced at 600 °C (FWHM = 0.55°), indicating
that quality of the layer is only limited by the crystal quality of the
underlying STO buffer (with FWHM =0.34°, in this case). Films
grown at 550 °C contain two different out-of-plane crystallographic
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FIG. 2. BBO thin-films grown at different substrate temperatures (Ts) with plasma conditions of 600 W: (a) wide range w26 scans of the heterostructures, (b) stoichiometry
of the thin-films measured by RBS, and (c) FWHM of the grown thin-films with the (d) RC for the highest quality film, highlighting the quality of the film grown at 600 °C.
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orientations, with an additional peak centered around w=30.03°
besides the typical (002) peak for BBO, which is further discussed
in Sec. IV.

IV. DISCUSSION

RBS data of Fig. SI in the supplementary material depict the
insensitivity of Ba content in the films to either plasma conditions
or substrate temperature. This suggests a sticking coefficient of
unity for Ba, as was previously reported by Hellman et al'’.
Meaning that once Ba is oxidized and incorporated into the film, it
does not desorb, even not at the high temperature regime (>650 °C).
Contrary to Ba, the Bi (group V element) incorporation at an ele-
vated temperature seems to be particularly challenging for thin-film
growth by MBE, mainly due to the volatility of Bi.”**" Bi content
is highly dependent on plasma oxidation power. Epitaxy of stoi-
chiometric BBO only takes place when enough energetic oxygen
radicals are provided at the growth surface. Two possible mecha-
nisms are proposed (1) to ensure complete oxidation of Bi by ener-
getic radicals and (2) the cracking of Bi dimers,”" which are
evaporated from the Knudsen cell, hence helping in the direct
incorporation of Bi atoms into energetically favorable sites. Plasma
provides the necessary conditions for the chemical reaction at the

ARTICLE scitation.org/journalljap

growing oxide surface by generating highly reactive oxygen species,
which can be directly incorporated into the lattice.”” Activated
oxygen helps in the breakdown of other species reaching the
surface into more mobile adatoms, more readily oxidized and
incorporated,” especially that Bi in the oxidized form has lower
vapor pressure than its elemental form.” Plasma oxygen plays the
same role ozone does for PbTiO; by driving the stability line of
solid phase formation of the oxide lower and readily incorporate
the volatile element in the film.” Therefore, using plasma oxygen
is a key parameter for growing BBO by supporting the nucleation
and growth of the film. The lower intensity of the BBO(002) dif-
fraction peak and the film quality at low temperatures (450 °C) in
Fig. 2(a) are not precisely linked to the content of Bi in the film.
Since Bi vapor pressure is relatively within the same range at 600 °C
and a lower growth temperature,35 it could be a matter of the activa-
tion energy needed for the crystal formation and adatoms mobility,
which vary exponentially with the growth temperature. Furthermore,
the additional diffraction peak arising at 550 °C centered around
®=30.03° is assigned to the presence of a different film orientation
BBO(110). Understanding about the driving force behind the forma-
tion of this orientation is still missing.

To further study the growth regime, one metallic flux is fixed
and the other is varied, while the reaction kinetics are closely
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FIG. 3. RBS stoichiometry for BaBiO5 films grown at 600 °C and 600 W plasma power (a) grown at different Ba fluxes of (1.4, 1.7, and 2.16 A/s) while keeping the Bi flux
constant at 8 A/s, hence the Ba/Bi flux ratio of 0.175, 0.2125, and 0.27, respectively, (b) at different Bi fluxes of (1.7, 6.3, 8, and 9.7 A/s) while keeping the Ba flux constant
at 1.7 Als, hence the Bi/Ba flux ratio of 1, 3.7, 4.7, and 5.7, respectively. (c) FWHM of layers with different compositions and (d) out-of-plane lattice parameters extracted

for films grown within and around the growth window.
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investigated. Agreeing with the previous XPS study,’® Bi incorpora-
tion is found to be inversely proportional to the amount of incor-
porated Ba according to Fig. 3(a). The film is becoming Ba-rich by
increasing the flux of barium incident on the surface while
keeping bismuth flux fixed. In Fig. 3(c), films deviating from ideal
stoichiometry are of lower crystalline quality reflected from their
FWHM higher values. To access full controllability over the self-
regulated growth facilitated by the volatile Bi, the growth rate
must be carefully chosen by controlling Ba flux; that is why a
barium flux of 1.7 A/s is chosen. As illustrated in Fig. 3(b),
beyond a certain flux of Bi incident on the substrate, the growth is
barely Bi flux dependent, which is an ultimate signature for
adsorption-controlled growth,”” where only the proper amount of
BiO is incorporated for the BaBiO; crystal synthesis. This is
similar to other complex oxides grown by hybrid-MBE and GaAs
crystal growth where just the necessary amount of As atoms stick
to respect the IIl:V stoichiometry.”” A certain overpressure of Bi
flux is still required besides the high oxidation capability of the
provided plasma. This allows for the growth of stoichiometric
films within a growth window with no dependence of the flux
ratio. The extracted lattice parameters within this growth window
are almost constant and independent of the flux ratio; however,

C) (b)

ARTICLE scitation.org/journalljap

there is a deviation from the ideal pseudo-cubic lattice parameter
of BBO of up to —1.05% outside the growth window observed, as
shown in Fig. 3(d).

The RHEED pattern recorded along (110) azimuth is shown
in Fig. 4(b) for stoichiometric BBO grown at 600 °C. The streaky
pattern denotes layer-by-layer growth and smooth surface. Faint
intensity streaks can also be noticed in between the main streaks,
which corresponds to a sixfold surface reconstruction along (110).
In Fig. 4(a), the superimposed diffraction pattern of additional
spots on the typical streaks suggests that (110) faceting occurs in
addition to the smooth (001) surface, consistent with the additional
XRD diffraction peak showing up at m=30.03° for the film grown
at 550 °C. Based on these observations, RHEED can be utilized as
in situ characterization of the growth window of BBO. For surface
morphology, the AFM image in Fig. 4(f) of ~22nm thick BBO
shows low surface roughness with the RMS-value below 2.5 A,
hence the absence of secondary phases within the BBO layer.
Smoothness of films within the growth window is a proof of a
layer-by-layer growth mechanism. Contrary to the thin-film grown
at 550 °C where 3D islands with an average height of 20 nm are
grown out of the smooth surface [shown in Fig. 4(d), which is
attributed to the additional film orientation].

FIG. 4. RHEED patterns for films grown with the same flux ratio and the O, plasma power of 600 W at different T: (a) 550, (b) 600, and (c) 650 °C. AFM images for
thin-films grown at 600 W with T of (d) 550, (e) 600, and (f) 650 °C. AFM z-height scale bars in nm and pm are shown on the right for each image.
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V. CONCLUSIONS

In this study, we shed light on the MBE growth mechanism of
bismuthate perovskite. BBO growth conditions are well investigated
by analyzing the film crystal perfection, epitaxial quality, and mor-
phology using RHEED, XRD, AFM, and RBS. The growth window
is mapped in terms of substrate temperature, plasma conditions,
and flux ratio based on the quality and lattice parameters of the
MBE grown layers. Carefully choosing the plasma conditions is a
crucial step toward realizing high quality BBO thin-films. The
absence of multi-phases within the film and its smoothness is a
proof of accessing a self-regulated growth regime, which is cross-
checked by XRD crystalline quality and film composition.
Crystalline BBO films are grown on an STO(001)/Si virtual sub-
strate for the first time with high quality, which is only limited by
the quality of the underlying substrate. Like other compounds con-
taining a group-V element, BBO perovskite synthesis follows the
adsorption-controlled regime within which high quality stoichio-
metric layers can be developed allowed using oxygen radicals via
conventional-MBE.

SUPPLEMENTARY MATERIAL

See the supplementary material that includes data showing the
direct effect of plasma oxygen and substrate temperature on the
incorporation of bismuth and barium separately based on RBS
data.
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