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ABSTRACT: In order to integrate functional oxides with Complementary Metal
Oxide Semiconductor (CMOS) materials, templates to ensure their epitaxial growth
are needed. Although oxide nanosheets can be used to direct the thin ﬁlm growth of
transition metal oxides in a single out-of-plane orientation, the in-plane orientation
of individual nanosheets within a nanosheet-based ﬁlm is totally random. Here, we
show the ability to improve the in-plane orientation of Ca2Nb3O10 nanosheets, and
hence of SrRuO3 ﬁlms grown on them by controlling their external shape. The
parent-layered perovskite KCa2Nb3O10 particles were formed in square-like
platelets, thanks to the anisotropic growth in molten K2SO4 salt, as opposed to
the formation of irregular platelets in a solid-state reaction. The exfoliation of
HCa2Nb3O10, which is the protonated form of KCa2Nb3O10, was optimized to retain the square-like shape of Ca2Nb3O10 nanosheets.
Electron backscatter diﬀraction conﬁrmed the improved in-plane orientation among square-like Ca2Nb3O10 nanosheets with the
formation of larger SrRuO3 domains. As a result, SrRuO3 ﬁlms showed the lower resistivity and higher residual resistivity ratio, ρ300K/
ρ2K, on square-like Ca2Nb3O10 nanosheets than on irregularly shaped nanosheets of similar lateral nanosheet size.
KEYWORDS: nanosheets, oxides, silicon, pulsed laser deposition, Langmuir−Blodgett deposition
of-plane orientations.9,10 Particularly, three primary out-ofplane orientations (001), (011), and (111) of STO were
realized on CNO, Ti0.87O2, and MoO2 nanosheets on glass
substrates, respectively, thanks to the lattice matching between
the oriented STO ﬁlms and oxide nanosheets.11 The single
out-of-plane oriented TMOs on oxide nanosheets showed clear
improvements in their physical properties. The
PbZr0.52Ti0.48O3(001) ﬁlm on buﬀered CNO nanosheets
showed the best piezoelectric coeﬃcient of 490 pm/V
among piezoelectric ﬁlms.12 Moreover, the SrRuO3 (SRO)
(001)pc ﬁlm on CNO nanosheets achieved an out-of-plane
saturated moment of 1.1 μB/Ru, comparable to that of 1.25
μB/Ru on a single crystal STO(001) substrate.13 Although
such TMO ﬁlms can be grown in a single out-of-plane
orientation on oxide nanosheets, their in-plane orientation is
totally random because of the in-plane random orientation of
oxide nanosheets on arbitrary substrates. This may lead to a
degradation of electrical transport properties of TMO thin
ﬁlms due to the scattering of electrons at the grain boundaries
with diﬀerent crystal planes.

1. INTRODUCTION
Single crystal transition metal oxide (TMO) thin ﬁlms have
shown a wide range of physical phenomena, such as
multiferroicity, magnetism, metal−insulator transitions, and
so on.1,2 The monolithic integration of these thin ﬁlms on Si
(and CMOS platforms more generally) could provide new
features for practical applications.3 The introduction of buﬀer
layers, such as yttria-stabilized zirconia, YSZ(001) and
strontium titanate, STO(001), on Si(001) substrates by
physical vapor deposition has stimulated the epitaxial growth
of perovskite TMOs.4,5 Nevertheless, the restriction on lattice
constants, crystal symmetry, and the native amorphous SiO2 on
Si have limited the number of buﬀer layers for other TMOs.
Oxide nanosheets have drawn a considerable deal of
attention as buﬀer layers to free the restriction between Si or
amorphous substrates and TMOs.6 Langmuir−Blodgett (LB)
deposition can be employed to easily assemble a monolayer of
oxide nanosheets on any desired substrate at room temperature. Oxide nanosheets have lattice constants in a wide large
range of sizes, as well as various two-dimensional (2D) lattice
symmetries7 that can promote the epitaxial growth of TMOs,
because individual nanosheets can be considered as micronsized single crystal substrates. For example, using the layered
perovskite Ca2Nb3O10 (CNO) nanosheets, it was possible to
direct the growth of LaNiO3 and Pb(Zr,Ti)O3 ﬁlms in one
preferred out-of-plane (001) orientation on glass.8 Rutile VO2
and wurtzite ZnO thin ﬁlms were successfully grown on
NbWO6 and MnO2 nanosheets, respectively, with single out© 2020 American Chemical Society
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Scheme 1. Schematic Fabrication of Samples

substrates by slowly withdrawing the substrates from the solution.
The mechanism of the oil−water interfacial self-assembly process can
be found elsewhere.14
The exfoliation of HCNO powders in TBAOH with a molar ratio
HCNO/TBAOH of 1:2 was carried out in two diﬀerent ways. The
ﬁrst one was that both types of HCNO powders (0.1 g) were stirred
in a TBAOH solution (25 mL) for 1 h to obtain a CNO nanosheet
solution. The other way was that the HCNO powder (0.5 g),
originated from molten salt synthesis, was slowly poured into a
TBAOH solution (125 mL), and the CNO nanosheet solution was
ready after 1 h. Using the obtained CNO nanosheet solutions,
monolayers of CNO nanosheets were deposited on Si substrates using
the LB method.15
2.2. Pulsed Laser Deposition of SRO/STO Films on CNO
Nanosheets. PLD was performed in a vacuum system equipped with
a (krypton ﬂuoride) KrF excimer laser of 248 nm (COMPexPro from
Coherent Inc.). PLD conditions for SRO and STO growth can be
found elsewhere.13 The thickness of SRO and STO layers, that was
determined by ﬁtting X-ray reﬂectivity using X’Pert Reﬂectivity
software, were 25 and around 20 nm, respectively (see Figure S1).
2.3. Analysis and Characterization. Powder and thin ﬁlm X-ray
diﬀraction (XRD) data were measured using PANalytical X’Pert Pro
with Cu Kα radiation. Monolayers of CNO nanosheets on Si were
investigated by atomic force microscopy (AFM), Bruker Dimension
ICON, operating in tapping mode. Using an edge detection tool in
the Gwyddion software,16 the lateral size of CNO nanosheets was
determined via the detected area of an individual nanosheet with the
assumption that nanosheets are square in shape. The average coverage
area of CNO nanosheets on Si substrates was 95−97%, which was
calculated from AFM data at three diﬀerent locations. SEM (Jeol
JSM-6490) was used to acquire the information of synthesized
particles. EBSD was carried out by Merlin ﬁeld emission microscopy
(Zeiss 1550) equipped with an angle-selective backscatter detector.
The transport measurements were performed in the four-probe van
der Pauw conﬁguration using a Quantum Design Physical Properties
Measurement System.

To address the latter issue, the shape of layered perovskitederived CNO nanosheets was controlled to accomplish selfalignment leading to an in-plane orientation when deposited
on a substrate. Scheme 1 illustrates the fabrication of the
samples in this study. The parent compound KCa2Nb3O10
(KCNO) particles formed square-like platelets in molten
K2SO4 salt, whereas they formed irregularly shaped platelets in
a solid-state reaction. The square-like shape of CNO
nanosheets, inherent from their parent compound, could be
retained during the exfoliation. Monolayers of CNO nanosheets with both square-like and irregular shapes were
deposited on Si by the LB method. Utilizing pulsed laser
deposition (PLD), SRO/STO ﬁlms were deposited to
determine the in-plane orientation of CNO nanosheets.
Electron backscatter diﬀraction (EBSD) showed SRO grains
with the same in-plane orientation spread over many squarelike CNO nanosheets, whereas they were only as large as one
irregular nanosheet. The SRO ﬁlm had lower resistivity and
higher residual resistivity ratio, ρ300K/ρ2K, on square-like CNO
nanosheets than on irregularly shaped ones of similar lateral
nanosheet size. The shape control of nanosheets facilitates the
integration of TMO thin ﬁlms on Si, holding out prospects for
the implications of CMOS computing with spin and
polarization.

2. EXPERIMENTAL SECTION
2.1. Preparation of CNO Nanosheets. Anhydrous potassium
carbonate K2CO3 (Fluka), potassium sulfate K2SO4 (Sigma-Aldrich),
calcium carbonate CaCO3 (Sigma-Aldrich), and niobium(V) oxide
Nb2O5 (Sigma-Aldrich) had a purity of 99.0% or higher and were
used as received. Nitric acid HNO3 (65%, ACROS Organics) and
tetra-n-butylammonium hydroxide (TBAOH) (40 wt. % H2O, Alfa
Aesar) were used as received. Demineralized water was used
throughout the experiments.
A stoichiometric mixture of K2CO3, CaCO3, and Nb2O5 was used
in both solid-state and molten salt syntheses. The same temperature
program was used: heating to 1150 °C at 3 °C/min, holding for 24 h,
and then cooling down to room temperature at 5 °C/min. The only
diﬀerence between solid-state and the molten salt syntheses was the
addition of K2SO4 salt into the reactant mixture with a molar ratio of
9 (K2SO4):1 (KCNO). The resulting KCNO powder in K2SO4 salt
was washed in hot water to remove K2SO4 and then dried at 80 °C.
Both types of KCNO powders were protonated in 5 M of HNO3
solution (250 mL) while stirring. The acid solution was replaced daily
for three days. Subsequently, the powders were ﬁltered and washed
with 1 L of water and then air-dried overnight at room temperature to
obtain HCa2Nb3O10 (HCNO) powders.
The KCNO obtained in molten K2SO4 salt and its protonated
HCNO particles were deposited on Si substrates to observe their
morphology and shape using scanning electron microscopy (SEM).
The particles (0.2 g) were dispersed in water (20 mL), and dodecane
(10 mL) was added to form an oil−water interface, then Si substrates
were dipped into the water. The particles ﬂoated at the oil−water
interface by slowly adding ethanol (0.4 mL) and deposited on Si

3. RESULTS AND DISCUSSION
The Dion−Jacobson KCNO is a layered perovskite consisting
of triple layers of inﬁnite vertex-shared NbO6 octahedra. It
crystalized in the orthorhombic unit cell (a = 3.8802 Å, b =
7.714 Å, c = 29.508 Å) with space group Cmcm.17 Figure 1
shows XRD patterns of KCNO powders obtained from a solidstate reaction, denoted as ss-KCNO, and in molten K2SO4 salt,
denoted as ms-KCNO. All peaks of the resulting KCNO
powders could be assigned to the reﬂections of the
orthorhombic crystal structure. Here, it is worth noting that
ms-KCNO seems to have a preferred orientation in
comparison with ss-KCNO because of the relatively high
intensity in the basal plane (00L) reﬂections. The choice of
K2SO4 salt in the synthesis of ms-KCNO was based on the
common K cation to KCNO, which prevents metal−cation
competition in the product compound and its ease of removal
after the synthesis.
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molten salt. The growth of KCNO in molten K2SO4 was
anisotropic with the preferential growth parallel to the basal
plane of a KCNO crystal structure. The anisotropic crystal
growth in this fashion was also observed in other layered
crystal structures.20−25 Interestingly, the external edges in the
basal plane were perfectly straight and parallel/perpendicular
to each other, thanks to the thermodynamic equilibrium shape
of KCNO, so the crystal a and b axes would be coincident with
the external straight edges of ms-KCNO platelets. Although
there is a slight diﬀerence between a and b/2 values of a
KCNO crystal structure due to the distortion in the crystal
symmetry along a and b axes, in the molten K2SO4 salt, the
energy required for the growth along a and b axes is probably
very similar and therefore resulting in the square-like platelets
of ms-KCNO. In other cases, for example, the Dion−Jacobson
RbLaNb2O7 particles that crystalizes in the orthorhombic unit
cell (a = 22.329 Å, b = 5.6980 Å, c = 5.6950 Å) with the same
space group as KCNO formed irregular platelets with high
aspect ratio between the thickness and the lateral size even
though they were grown in molten RbCl.25 The square-like
platelets of ms-KCNO will play a key role in the in-plane selfalignment of their exfoliated nanosheet.
The protonation process is necessary for the exfoliation of
KCNO into CNO nanosheets. The protonated HCNO form
of ms-KCNO, denoted as ms-HCNO, was still maintained in
the square-like platelets (see Figure 2d). The protonated form
of ss-KCNO is denoted as ss-HCNO. Figure 3 shows the AFM
data of CNO nanosheets deposited on Si substrates by the LB
method. In Figure 3a, the CNO nanosheets had an irregular
shape that are denoted as ir-CNO nanosheets, simply because
they were exfoliated from the ss-HCNO powder. Generally,
the CNO nanosheet solution was prepared by stirring the
mixture of HCNO powder and tetra-n-butylammonium
hydroxide (TBAOH) solution. Because the thickness of each
CNO nanosheet is only 1.2 nm and fragile, they would be
sensitive to any mechanical force during the exfoliation
process. As can be seen in Figure 3b, only a few square-like
CNO nanosheets remained while most CNO nanosheets were
broken into irregular shapes even though the ms-HCNO

Figure 1. XRD patterns of (a) ss-KCNO and (b) ms-KCNO
powders.

The ss-KCNO and ms-KCNO particles were investigated by
SEM. As shown in Figure 2, ss-KCNO particles formed
irregular platelets with lateral dimensions of 1−5 μm, whereas
ms-KCNO crystallized in square-like platelets with lateral
dimensions of 1−6 μm. According to the literature,18,19 four
main processes happen during the molten salt synthesis: (i)
transformation of precursors into principal oxides, (ii)
dissolution of principle oxides, (iii) nucleation, and (iv)
growth of the desired product. In the case of ms-KCNO,
K2CO3 was transformed into K2O during the heating process.
Although the solubility of K2O, CaO, and Nb2O5 precursors in
the molten K2SO4 salt has not been reported, it was assumed
that all precursor particles were completely dissolved in the
molten salt, because in the ﬁnal product, ms-KCNO, there
were only square-like platelets, which were not nucleated and
grown from irregular-shaped precursor particles. Homogeneous nucleation of KCNO most likely happened in the

Figure 2. Shape of KCNO and HCNO particles by SEM. In order to clearly observe the shape of (a) ss-KCNO, (b) ss-HCNO, (c) ms-KCNO, and
(d) ms-HCNO particles, their powders were deposited on Si substrates using the oil−water interfacial self-assembly process, which is described in
the Experimental Section. Scale bar is 5 μm.
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nanosheets in general and ir-CNO nanosheets in speciﬁc, such
LB self-assembly could not lead to self-aligned in-plane
orientated nanosheets. The surface density (coverage) of
nanosheets on a substrate can be controlled by the LB process,
and nanosheets can rotate freely at the water−air interface
during the LB process. However, there are no long-range forces
among nanosheets that can align the crystal axes of individual
nanosheets relative to each other. Our approach to control the
shape of CNO nanosheets introduces a correlation between
the external shape and the internal crystal axes, leading the selfalignment of in-plane orientation among nanosheets. As
summarized in Table 1, the sq-CNO nanosheets formed larger
domains, in which the nanosheets have the same in-plane
orientation with a misalignment of ± 4o.
Table 1. Continuous Domains Consist of sq-CNO
Nanosheets That Have Similar φa

Figure 3. Morphology and shape of CNO nanosheets by AFM. (a)
CNO nanosheets had an irregular shape from the exfoliation from ssHCNO. Likewise, (b) most CNO nanosheets had an irregular shape,
whereas only a few CNO retained square-like shape, because the
exfoliation of ss-HCNO was carried out while stirring. (c) Most CNO
nanosheets retained the square-like shape of ss-HCNO by minimizing
the mechanical force during the exfoliation. Scale bar is 10 μm.

powder was used. In order to retain the square-like shape of
CNO nanosheets, the ms-HCNO powder was slowly poured
into the TBAOH solution without stirring or shaking. Thanks
to the rapidly easy exfoliation driven by the acid−base
reaction,26 exfoliation could happen with minimum mechanical
force, therefore the square-like CNO nanosheets, denoted as
sq-CNO nanosheets could be mostly retained (Figure 3c). The
same exfoliation process applied to obtain sq-CNO nanosheets
was used for the ss-HCNO powder. Irregularly shaped CNO
nanosheets were observed (see Figure S2), demonstrating that
the shape of KCNO and HCNO particles plays a key role in
determining the shape of exfoliated CNO nanosheets. It is
worth noting that the lateral size of ir-CNO nanosheets is 4.3
± 1.5 μm, whereas that of sq-CNO nanosheets is 4.5 ± 0.9 μm.
The crystal structure of HCNO was reported to have a
tetragonal structure with the lattice constants of the layered
perovskite CNO, a = b = 3.851 Å.27 In addition, the sq-CNO
nanosheets would have the crystal a and b axes coincident with
their external straight edges that was inherent from ms-KCNO
particles. Therefore, as long as one of the external straight
edges of individual sq-CNO nanosheets aligns perpendicularly
or parallel to that of other nanosheets, their in-plane crystal a
and b axes will be self-aligned. As far as we know, it is not
possible to improve the in-plane orientation by tuning the LB
self-assembly process. The LB process can assemble a densepacked monolayer of nanosheets at the water−air interface and
transfer it onto a substrate (see Figure S3). Individual
nanosheets are laid next to each other in a dense-packed
monolayer. If there would be no correlation between the
external shape and the internal crystal axes of two-dimensional

domain 1

φ (o)

domain 2

φ (o)

domain 3

φ (o)

1
2
3
4
5
6
7
8
9
10
11

3.7
1.4
−1.4
−1.2
0
0
1.3
−1.2
−1.5
−4.8
−4.6

12
13
14
15
16
17
18
19
20
21
22
23

−12.1
−8.1
−12.3
−10.2
−9.2
−8.9
−7.4
−14
−9.2
−13
−9
−10.1

24
25
26
27
28
domain 4
29
30
31
32
domain 5
33
34
35
36

84.9
85
86.1
82.6
83.8
0
0
0
0
73.7
77.6
78.7
78

φ is deﬁned as the angle between one of the Straight edges of sqCNO nanosheets and horizontal axis of the AFM image in Figure 3c.

a

SRO/STO ﬁlms were deposited on CNO nanosheets in
order to verify their in-plane orientation, because the
nanosheets are too thin for EBSD characterization. The
conducting SRO layer was chosen to avoid the charging eﬀect
and to provide a good signal-to-noise ratio for characterization.
It was shown that although the direct growth of SRO on CNO
nanosheets resulted in the ﬁlm oriented mainly (001)pc, where
pc stands for pseudocubic, in the out-of-plane direction, it had a
minor (011)pc orientation due to the relatively large lattice
mismatch between SRO and a CNO nanosheet.28 A buﬀered
STO layer on CNO reduced that lattice mismatch to obtain
single out-of-plane oriented SRO(001)pc.13 In Figure 4, XRD
patterns of SRO/STO ﬁlms on ir-CNO and sq-CNO
nanosheets show both ﬁlms were oriented in a single out-ofplane direction.
Both the out-of-plane and in-plane orientations of SRO ﬁlms
at the micrometer scale were investigated by EBSD (Figure 5).
The out-of-plane orientation of SRO ﬁlms were consistent at
both micrometer and millimeter scales, as seen in EBSD
(Figure 5a,b) and XRD, respectively. Because SRO and STO
ﬁlms were grown epitaxially on CNO nanosheets, the grain
boundaries and the in-plane orientation of ﬁlms would be the
same as those of the underlying CNO nanosheets. As can be
seen in Figure 5c,e, each SRO grain was grown epitaxially on
each ir-CNO nanosheet. Moreover, the in-plane orientation of
SRO grains was randomly distributed. Owing to the fact that
9490

https://dx.doi.org/10.1021/acsanm.0c02137
ACS Appl. Nano Mater. 2020, 3, 9487−9493

ACS Applied Nano Materials

www.acsanm.org

Article

area with the in-plane orientation of SRO(101)pc in Figure 5f
that consisted of 27 nanosheets. It is worth mentioning that
SRO grain boundaries were present, and their density was
similar on both types of CNO nanosheets due to the similar
lateral size of these CNO nanosheets. We manually counted
the number of SRO grains, which is identical to the number of
CNO nanosheets that formed continuous SRO domains with
the same in-plane orientation based on Figure 5c−f. Table 2
Table 2. Continuous Domains Consisting of Individual SRO
Grains, i.e., the Number of sq-CNO Nanosheets with the
Same In-Plane Orientationa
domain

number oﬁr-CNO
nanosheets

1
2
3
4
5
6

3
3
2
2
2
2

Figure 4. XRD patterns of SRO/STO grown on (a) ir-CNO and (b)
sq-CNO nanosheets on Si(111) substrates.

ir-CNO nanosheets have irregular shapes, the crystal a and b
axes were not correlated to the external shape, resulting in the
totally random in-plane orientation of ir-CNO nanosheets
during LB deposition on the Si substrate. Meanwhile, on sqCNO nanosheets, individual SRO grains, which have one of
their straight edges of their grain boundaries pointing in the
same direction in Figure 5d, would have the same in-plane
orientation in Figure 5f. As mentioned in the previous
paragraph, this was because the external straight edges of sqCNO nanosheets would be coincident with their crystal a and
b axes. Furthermore, SRO grains could form a continuous
domain with the same in-plane orientation, because their
underlying sq-CNO nanosheets had straight edges aligned with
each other continuously. For example, there was a large green

domain

number ofsq-CNO
nanosheets

1
2
3
4
5
6
7
8
9

27
15
9
8
5
4
4
4
4

Data extracted from ﬁgure 5c−f. Data only show the domains
consisting of more than three SRO grains on sq-CNO nanosheets or
more than one SRO grains on ir-CNO nanosheets.

a

shows only continuous SRO domains with more than three
SRO grains on sq-CNO nanosheets or more than one SRO
grain on ir-CNO nanosheets. In addition, we observed that the
total number of ir-CNO nanosheets was 176 in Figure 5c,
while that of sq-CNO was 183 in Figure 5d. As can be seen in
Table 2, the in-plane orientation among sq-CNO nanosheets
was improved compared to the ir-CNO nanosheets. It is worth
mentioning that the data in Figure 3c and Figure 5b,d,f were

Figure 5. Orientation mapping of SRO grown on two types of CNO nanosheets by EBSD. The out-of-plane orientation of SRO ﬁlms only directed
in (001)pc on both (a) ir-CNO and (b) sq-CNO nanosheets. Band contrast EBSD (c,d) maps displaying the shape of SRO grain boundaries was
inherently the shape of ir-CNO and sq-CNO nanosheets, respectively. Each SRO grain was as large as the size of CNO nanosheet (nanosheet
grains). (e) shows the in-plane orientation of individual SRO grains on ir-CNO nanosheets distributed randomly, while (f) shows the SRO grains
on sq-CNO nanosheets with the same in-plane orientation forming domains larger than the size of an individual CNO nanosheet. Scale bar is 25
μm.
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collected on one sample but at diﬀerent locations, because we
were not able to locate the same locations in consecutive
measurements. The in-plane orientation obtained by EBSD
and the data in Table 2 are consistent with the analyzed data in
Table 1. Therefore, we demonstrated that by controlling the
shape of CNO nanosheets, it is possible to align the in-plane
orientation of CNO nanosheets and the deposited SRO ﬁlms,
thanks to the correlation between the external shape and the
internal crystal axes of sq-CNO nanosheets and their selfalignment during LB deposition. It is worth mentioning that
shape control of CNO nanosheets does not eliminate grain
boundaries in as-grown SRO ﬁlms. The complete selfalignment of CNO nanosheets could not be achieved because
the nonuniform sizes and any leftover broken CNO nanosheets form gaps between nanosheets, and hence the longrange self-alignment was lost.
SRO is a good electron conductor that has been used as an
electrode in various applications in perovskite heterostructures.29 Here, the electrical properties were investigated to
evaluate the inﬂuence of the in-plane orientation of ir-CNO
and sq-CNO nanosheets. As can be seen in Figure 6, the Curie

Article

salt. It is obvious that CNO nanosheets have an irregular shape
if they are exfoliated from irregularly shaped platelet particles.
However, in order to retain the square-like shape of CNO
nanosheets, the mechanical force was minimized during the
exfoliation process. During LB deposition, the square-like
CNO nanosheets self-aligned along their external straight
edges. Because these external edges were coincident with the
crystal a and b axes of CNO nanosheets, the resulting in-plane
orientation is the same among neighboring square-like CNO
nanosheets, as long as one of their straight edges is parallel or
perpendicular to the others. It was conﬁrmed by EBSD that
epitaxial SRO grains on square-like CNO nanosheets formed
larger domains, in which each domain consisted of many
nanosheets instead of a single nanosheet. The improvement in
the in-plane orientation of CNO nanosheets led to an
improvement of the electrical properties of the SRO ﬁlm in
terms of resistivity and residual resistivity ratio, ρ300K/ρ2K. The
improved in-plane orientation is an important step paving the
way for monolithic integration of functional oxides with
CMOS materials.
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N.; Lumbeeck, G.; Schüßler-Langeheine, C.; Popescu, H.; Fortuna, F.;
Smit, S.; Verbeek, X. H.; Araizi-Kanoutas, G.; Mishra, S.; Vaskivskyi,
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