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ABSTRACT: With the influx of flexible electronics as well as the emergence or prediction of
unique phenomena in two-dimensional forms of materials, epitaxy at weakly coupled interfaces is
gaining momentum as a feasible technique to develop nanostructured and two-dimensional
materials. The weak substrate−film chemical interaction expected in this method of epitaxy has
been believed to be crucial in enabling not only the formation of sharp heterostructures but also the
mechanical exfoliation of the epilayer. In this report, we unravel an unconventional understanding of
epitaxy at weakly coupled interfaces, entailing ions of the van der Waals substrate being scavenged
by the growing film, resulting in the formation of a distinct and uniform unit-cell-thick interfacial layer. Using a layered Dion−
Jacobson perovskite as the substrate and VO2 as the growing epilayer, we show that VO2 scavenges ions from the substrate and forms
an epitaxial vanadate compound. Additionally, the crystal anisotropy of the substrate significantly modifies the energy landscape for
diffusion of ions and leads to the creation of a unit-cell-thick epitaxial Aurivillius phase at the interface, predicted to exhibit the
ferroelectric Rashba−Dresselhaus effect. The scavenging effect, interfaced with an anisotropic low-dimensional substrate, opens a
new window to develop two-dimensional flexible components for future electronics.

1. INTRODUCTION

Over the past several decades, oxide materials have been of
significant research interest, especially for use in the field of
electronics, owing to their extraordinary properties including
multiferroicity, superconductivity, and magnetoresistance.1

With the rapid miniaturization of electronics and the
observation or prediction of unique scientific phenomena in
nanoscale and atomic scale materials, there is also a drive to
develop nanostructures or two-dimensional forms of oxides.2−9

Additionally, with the advent of flexible electronics, further
expansion of the scope of low-dimensional oxides lies in their
growth on flexible, transferrable substrates making it easier for
them to be integrated into devices.9 Van der Waals (vdW)
epitaxy, which facilitates growth of single-crystalline films on
2D-layered substrates without stringent lattice matching
requirements is one technique being rigorously explored for
such purposes.10,11

Recently, vdW epitaxy of oxide thin films via pulsed-laser
deposition on flexible mica substrates has been reported.
Transparent films of VO2 exhibiting a metal−insulator
transition,12 films of Fe3O4 for flexible spintronics,13

CoFe2O4 films for magnetostriction,14,15 and flexible ferro-
electric PbZr0.2Ti0.8O3 films16 on mica have all been
successfully demonstrated. However, the obtained films are
generally much thicker than 2D materials, limiting their
applicability in exploring new physics and emerging
applications. Growing ultrathin or 2D single-crystalline oxide
films on vdW or the so-called quasi-vdW substrates (which
form interfaces having ionic as well as a significant vdW
character17) has been a challenge. This is in part because the
weak film-substrate interaction in vdW epitaxy systems favors

formation of islands and their subsequent coalescence as the
dominant growth mechanism.18 The other hurdle is from the
common symmetry mismatch between hexagonal vdW
substrates and cubic or pseudo cubic films. For example, it
can be seen that mica, with its pseudo hexagonal atomic
structure,19 is lattice mismatched with respect to most complex
oxides, including perovskites of tetragonal or orthorhombic
symmetry. Therefore, it is necessary to scout out vdW
materials with a cubic symmetry that can serve as appropriate
substrates for epitaxy of single-crystalline oxide nanostructures.
This served as the initial motivation behind our aim and is
illustrated in Figure 1a−d. Symmetry-matching conditions in a
hexagonal substrate-cubic film system are contrasted with
those in a cubic substrate-cubic film system in Figure 1a,c,
respectively. In this work, we use CsBiNb2O7 (CBNO), a
Dion−Jacobson layered perovskite with orthorhombic sym-
metry (in-plane lattice constants a = 5.49 Å and b = 5.42 Å) as
the quasi-vdW substrate20 and VO2, a strongly correlated oxide
well-known for its near-room-temperature metal−insulator
transition and having a tetragonal symmetry at growth
temperatures21,22 as a model oxide to grow ultrathin or 2D
films. Figure 1b,d highlights the pseudo-hexagonal symmetry of
mica,19 a commonly used vdW substrate and the orthorhombic
symmetry of CBNO, respectively. In keeping with the
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assumption hitherto, that (i) interfaces in vdW or quasi-vdW
epitaxy, unlike those in conventional epitaxy, are chemically
sharp without any intermixing of elements, and (ii) based on
the chemical and structural similarity between muscovite mica
and CBNO, the film-substrate interface was initially expected
to remain unaltered and abrupt.9 Interestingly, however,
growth results indicated otherwise. An attempt to grow VO2

on CBNO resulted in the growth of CsVO3 nanowires instead.
After confirming the composition of the wires and studying
their photoluminescence properties, structural analysis of the
wire−substrate assembly revealed the presence of a distinct,
uniform, and layered interface. This pointed to the presence of
the film−substrate interaction in our quasi-vdW epitaxy system
as illustrated in Figure 1e,f, which shows both the growing film

and top layers of the substrate being impacted due to the film−
substrate interaction. Here, we report our experimental
observations of this phenomenon and their analysis by first-
principles methods to determine the possible mechanism.

2. METHODS

2.1. Materials. Cesium carbonate powder (Cs2CO3,
>99%), cesium chloride powder (CsCl, >99%), bismuth (III)
oxide powder (Bi2O3, >99%), niobium (V) oxide powder
(Nb2O5, >99%), and vanadium (IV) oxide powder (VO2,
>99%) were purchased from Sigma-Aldrich.

2.2. Molten Salt-Assisted Growth of CBNO. CBNO
flakes, as shown in the inset of Figure 2a, were first synthesized
by molten salt-assisted synthesis at 1173 K. Cs2CO3, Bi2O3,

Figure 1. Van der Waals epitaxy in 3D/2D interface. (a) Schematic illustration of vdW epitaxy of a cubic film on a substrate with hexagonal atomic
structure. (b) Atomic structure of cleaved surface of mica; a partial set of atoms has been represented for simplicity. (c) Schematic illustration of
vdW epitaxy of a cubic film on a substrate with cubic atomic structure. (d) Top layer of CsBiNb2O7 (CBNO) (Projection onto c-axis), a partial set
of atoms has been represented for simplicity. (e) Schematic illustration of possible film-substrate interaction in a vdW epitaxy system. (f) Side-view
of (e) showing impact of film-substrate interaction on the growing film as well as the top layer of the vdW substrate. Insets show oblique views to
highlight the vdW gap between substrate interlayers and across the film−substrate interface.

Figure 2. Photoluminescence in epitaxial CsVO3 nanowires. (a) Optical image of epitaxial CsVO3 nanowires. Inset shows a 3 mm×3 mm CBNO
substrate. (b) Photoluminescence (PL) exhibited by the CsVO3 nanowires. Inset shows epitaxial VO2 nanowires on c-plane sapphire grown by the
same recipe. (c) Raman analysis of the grown nanowires showing clear CsVO3 peaks (highlighted in green) in addition to CBNO peaks (yellow).
(d) Typical overall PL spectrum from the CsVO3 nanowires and Gaussian fitting to resolve individual emissions. (e) Temperature-dependent study
of intensity of Em1 from 168 to 678 K. (f) Proposed electronic structure of the CsVO3 nanowires where B1 and B2 are a defect related trap states.
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and Nb2O5 precursor powders in a molar ratio of 3:2:4 were
finely ground along with CsCl salt and packed in an alumina
crucible. The weight ratio of CsCl solvent to all the precursors
was 10:1. The crucible was placed in a horizontal furnace in
open air, and the temperature was ramped in steps to 1173 K
within 4 h, held for 4 h, and cooled slowly at a rate of 2 K/min.
CsBiNb2O7 square crystals with a typical lateral size of ∼2 mm
and a thickness of ∼0.2 mm were formed in the crucible and
were thoroughly cleaned. Then, single crystals were exfoliated
with scotch tape and transferred onto c-plane sapphire.
2.3. Chemical Vapor Deposition Using VO2 Precursor.

Chemical vapor deposition (CVD) was done in a tube furnace
at 873 K using VO2 as a precursor and CBNO flakes or c-plane
sapphire as the substrate. The precursor and substrate were
placed in a quartz tube with an outer diameter of 1 in. and
loaded into a single-zone horizontal tube furnace. Typically,
the precursor and substrate were placed in close proximity to
one another and about 10 cm upstream of the zone center. The
furnace was pumped to a base pressure of ∼1 Torr after which
30 sccm Ar was flowed in to establish a pressure of 5 Torr. The
zone center was then ramped to 873 K within 20 min and
dwelled at 873 K for 3−4 h. After the end of the heating cycle,
Ar flow was maintained while the furnace naturally cooled to
room temperature.
2.4. Characterization. 2.4.1. Imaging. The resulting wires

were studied using optical microscopy (Ti-S Nikon inverted
microscope) and scanning electron microscopy (SEM) (Zeiss
Supra 55 system).
2.4.2. Composition. Raman spectroscopy (Renishaw 2000

Raman spectrometer under a 540 nm laser), Raman mapping
(Witec Alpha 300R confocal Raman imaging system), and
energy-dispersive spectra (EDS) of the wires (Zeiss Supra 55
system) revealed the composition of the wires to be CsVO3.
2.4.3. Photoluminescence. Photoluminescence (PL) prop-

erties of the CsVO3 wires were studied using a customized
system consisting of a Picoquant 405 nm pulsed diode laser, a
Nikon Eclipse Ti-S inverted optical microscope, a Thorlabs 4
megapixel monochrome scientific CCD camera, and a
Princeton Instruments SP-2358 spectrograph. The laser was
focused onto a point on a nanowire, and signal was collected
immediately. To collect temperature-dependent PL spectra, an
INSTEC HCS302 temperature stage was used. Samples were
glued to the stage with silver paste, and PL spectra were
collected by loading the stage onto the optical microscope. A
temperature range of 168−678 K was scanned in intervals of
15 K. Laser intensity was ∼2 mW. The obtained PL spectra
were fitted with two Gaussian peaks corresponding to Em1 and
Em2.
2.4.4. Structure. Structural analysis of the CsVO3 wires was

carried out using cross-sectional high-resolution transmission
electron microscopy (HR-TEM) and selected-area electron
diffraction (SAED) on a FEI F20 TEM operated at 200 kV. A
Helios G4 UX focused ion beam (FIB) system was used to cut
a lengthwise cross-section of the nanowire. The interface
observed between the wire and substrate in TEM micrographs
was further analyzed by collecting high-angle annular dark-field
aberration-corrected scanning transmission electron micros-
copy (HAADF-STEM) images using a 300 kV FEI Titan
Themis system.
2.4.5. First-Principles Calculations. The mechanism for the

formation of this Bi5Nb3O15 interfacial layer was probed by
first-principles calculations to determine the diffusion barrier of
Cs in CBNO along different directions. The calculations were

based on density functional theory with a PBEsol functional23

using the VASP package.24 The optimized lattice constants of
CBNO were a = 5.468 Å, b = 5.393 Å, and c = 11.424 Å. To
obtain the barriers, the nudged elastic band (NEB) method25

was used with three intermediate images.

3. RESULTS AND DISCUSSION

CVD using VO2 as a precursor and CBNO as a substrate
resulted in the growth of in-plane epitaxial nanowires along
two perpendicular directions, i.e., either the a or b axis of
CBNO, easily determined by a comparison with the edges of
the CBNO substrate (Figure 2a,b). The temperature for CVD,
i.e., 873 K, was determined keeping in mind the thermal
stability of CBNO substrates and the VO2 precursor. It was
observed that CBNO substrates were not stable at growth
temperatures in excess of ∼923 K. On the other hand, high
thermal stability of VO2 (mp: 1815 K)26,27 necessitated a
temperature of ∼873 K or more for growth. The pressure in
the tube furnace was maintained at the lowest value (1 Torr)
achievable in our set up to ensure uniformity of growth. The
same recipe was followed to grow VO2 on c-plane sapphire
that resulted in the growth of epitaxial nanowires along three
equivalent directions28 as shown in the inset of Figure 2b.
However, nanowires on the two different substrates differed in
the sense that those on CBNO exhibited a broad PL peak as
shown in Figure 2b. Further, analysis of the nanowires on
CBNO by Raman spectroscopy indicated the absence of clear
VO2 peaks and instead revealed several CsVO3 peaks in
addition to CBNO peaks as highlighted in green and yellow in
Figure 2c.29,30 On the other hand, nanowires grown on c-plane
sapphire exhibited strong VO2 peaks (shown in the Supporting
Information, Figure S1d). CsVO3 is a well-known rare-earth-
free luminescent material being explored for use in white-light
LEDs and exhibits broad-band luminescence similar to our
observation presented in Figure 2d.31 The broad PL peak can
be separated into two Gaussian peaks, with central wavelengths
at 504 and 564 nm and hereafter referred to as Em1 and Em2,
respectively (see the Supporting Information Note 1 for
further details about the electronic structure and luminescence
in CsVO3). To further understand the origin of luminescence,
PL of the CsVO3 nanowires was probed by a temperature-
dependent study of PL intensity. The CBNO−CsVO3
assembly was subjected to temperatures ranging from 168 to
678 K, and PL spectra were collected at intervals of 15 K. The
integrated PL intensities of Em1 and Em2 were then calculated
and plotted against temperature. Results for Em1 are as shown
in Figure 2e, and those for Em2 are shown in the Supporting
Information, Figure S1f. The electronic structure of the grown
CsVO3 nanowires was modelled to fit the results obtained.
It can be seen that at high temperatures, the PL intensity

decreased with increasing temperature, a phenomenon termed
as “thermal quenching” of PL and commonly displayed by
luminescent semiconducting or ionic materials due to increase
in the probability of nonradiative thermal recombination with
increasing thermal fluctuations. However, at low temperatures
the PL intensity increased with increasing temperature. This is
termed as “negative thermal quenching” of PL and is indicative
of the presence of trap states within the band gap from which
electrons can be thermally excited to a high-energy state before
recombining and resulting in PL. Assuming there is one
channel of nonradiative recombination with an energy barrier
Enr and one mid-gap state at an energy Er below the excited
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energy state of electrons, the intensity of PL as a function of
temperature can be expressed as32

( )
( )

I T
I

( )
(0) 1 Cexp

1 Dexp

E
k T

E
k T

r

B

nr

B

=
+ −

+ −
(1)

Here, I(0) is the PL intensity at 0 K, kB is the Boltzmann
constant and, C and D are the relative contributions from the
negative and positive thermal quenching effects, respectively.
Experimental data was fit based on eq 1 as shown in Figure 2e,
and the following parameters were obtained for peak Em1: I(0)
= 100 arbitrary units (a.u.), C = 115621, Er = 145 meV, D =
661456, and Enr = 527 meV. Based on the above analysis of
peaks Em1 and Em2 and the theoretical electronic structure of
AVO3 (A = Cs, Rb, K) compounds,33 the electronic structure
of the grown CsVO3 nanowires can be represented as shown in
Figure 2f. The mid-gap defect states B1 and B2 trap electrons,
which can be excited to 3T2 level and result in increased PL
intensity as the temperature increases. Once the temperature is
large enough to overcome the energy barrier for nonradiative
recombination, Enr, PL intensity drops with further increase in
temperature.
Results of structural analysis of the nanowires carried out via

lengthwise cross-sectional HR-TEM are presented in Figure 3.
It can be seen from Figure 3a that the cross-section consisted
of three distinct regions - (001) planes of the layered CBNO
substrate, a uniform-layered interface, and crystalline CsVO3.
The interface was determined to be ∼1 unit-cell-thick
Bi5Nb3O15 (BNO) (further described in the following
discussion). The top left and bottom right insets show
SAED patterns collected from CsVO3 and CBNO, respectively.
Figure 3b shows a schematic drawing of the three distinct
regions in Figure 3a and highlights the observed planes.
Further analysis of CsVO3 revealed the presence of regions
with different but inter-related orientations. Two typical cases
are presented here (see Figures S3 and S4 in the Supporting
Information for additional images and analysis). Figure 3c and
its right inset show the interface between two regions with
different orientations viewed at high and low magnification,
respectively. The orientation and epitaxial relations of both the
regions were determined by fast Fourier transform (FFT) (see
the Supporting Information, Figure S2) as [1̅01] CsVO3 ||
[001] BNO and (020) CsVO3 || (100) BNO (left) and [3̅11]
CsVO3 || [001] BNO and (1̅3̅0) CsVO3 || (100) BNO (right).
Inverse FFT (left inset) revealed the presence of dislocations at
the interface. A spacing of ∼22 atomic planes between
successive dislocations corresponded well with the expected
lattice mismatch of ∼6% between (040) and (1̅3̅0) CsVO3
planes (d040 = 3.05 Å and d1̅3̅0=3.24 Å). Figure 3d shows the
corresponding CsVO3 unit cells in their expected orientation
and highlights the planes (040) and (1̅3̅0) matching across the
interface. The other typically seen relation between regions of
different orientation was that of twinning, as shown in Figure
3e at high magnification and in its right inset at a lower
magnification while the left inset shows an inverse FFT around
the interface. Epitaxial relations of the two regions with respect
to BNO were determined as [1̅01] CsVO3 || [001] BNO and
(111) CsVO3 || (100) BNO for the left region and [1̅01]
CsVO3 || [001] BNO and (11̅1) CsVO3 || (001) BNO for the
right region. Figure 3f shows the corresponding unit cells and

highlights their mirror symmetry across the (1 10 1) twinning
plane.
As seen from HR-TEM, the CsVO3 nanowires exhibit

regions with different orientations and are not single crystalline
in nature. This can be a result of island-type growth typically
seen in vdW epitaxy18 followed by oriented attachment of the
islands or nanocrystals to form nanowires often seen in
solution growth of nanostructures.34 Individual islands or
clusters can form in initial stages of growth due to weak
interlayer bonding in vdW substrates. Similar to grains
observed in graphene grown from SiC, the orientation of
such individual nanocrystals can vary due to lattice matching
considerations and simultaneous reconstruction of the
substrate surface as a result of the scavenging effect of VO2

35

(more details are discussed later). Further, aggregation of the
independent, nearby nanocrystals is favored for minimization
of surface energy and a drive to eliminate high-energy facets
can lead to oriented aggregation into unique morphologies
such as rods and wires as opposed to random aggregation.34

Such oriented attachment is characterized by defects such as
dislocations, stacking faults, and twins, which were observed in
the CsVO3 nanowires via HR-TEM. The interface seen in
Figure 3a was further analyzed by HAADF-STEM and a

Figure 3. Structural analysis of epitaxial CsVO3 nanowires. (a)
Typical HR-TEM cross-section of CsVO3 nanowire−CBNO substrate
assembly revealing a distinct interface. Insets show SAED patterns of
CsVO3 (top left) and CBNO (bottom right). (b) Schematic
representation of unit cell orientation of CsVO3 as seen in (a). (c)
Interdomain interface in CsVO3 characterized by dislocations and
analyzed by inverse fast Fourier transform (left inset). Right inset
shows a low-magnification image of the interface. (d) CsVO3 unit
cells corresponding to regions in (c) and their planes matching across
the interface. (e) Interdomain interface characterized by twinning.
Insets show twinned lattice planes across the interface constructed by
inverse fast Fourier transform (left) and a low-magnification image of
the interface (right). (f) Schematic representation of twinned CsVO3
unit cells corresponding to (e).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c00578
J. Phys. Chem. C XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c00578/suppl_file/jp0c00578_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c00578/suppl_file/jp0c00578_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c00578?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c00578?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c00578?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c00578?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c00578?ref=pdf


uniform, layered interface was observed as shown in Figure 4a.
The structure of CBNO substrate consists of Bi atoms
(brightest) bounded by Nb atoms on either side. The Nb-
Bi-Nb planes are interconnected by Cs ions, forming the
layered structure of CBNO as shown in Figure 4a and
highlighted in Figure 4b. The interface on the other hand
shows a distinctly different structure consisting of alternating
(Bi2O2)

2+ layers and NbO6 octahedra stacks, both structural
elements characteristic of Aurivillius perovskite phases
Bi2Am−1BmO3m+1. The exact structure of the interface can be
matched to ∼1 unit-cell-thick Bi5Nb3O15 [a = 21.01 Å, b =
5.47 Å, c = 5.46 Å], a mixed layer Aurivillius phase comprising
Bi2NbO6 and Bi3Nb2O9 layers stacked alternately, and studied
for its ferroelectric, photocatalytic, and optoelectronic proper-
ties.36−38 The growth of epitaxial CsVO3 and formation of a
unit-cell-thick Bi5Nb3O15 interface may be understood by
looking at the growth of epitaxial graphene by thermal
decomposition of a bulk SiC substrate. Subjecting SiC crystals
to temperatures in excess of 2453 K in an UHV environment
or 1923 K in an Ar environment leads to evaporation of Si,
leaving behind a complex C-rich interfacial layer, which then
acts as a buffer or template layer for the growth of layers of
graphene in the form of grains or domains.35,39−41

Similarly, for the vdW material CBNO, temperatures around
873 K and the scavenging effect of VO2 during chemical vapor
deposition can lead to the loss of the loosely bound Cs ions
and result in the formation of a Bi and Nb rich buffer or
interface layer (BNO). As this process requires that Cs atoms
diffuse out of CBNO, we calculated the diffusion barriers for
Cs in CBNO by first principles methods along two possible
paths, one path being vertical or out-of-plane diffusion across
two Nb−O perovskite layers mediated by a Bi vacancy in the
Bi layer and the other being lateral or in-plane diffusion
mediated by a Cs vacancy. The results are presented in Figure
4d−f, and it can be seen that the out-of-plane diffusion barrier
(∼6.4 eV/unit cell) is significantly larger than the in-plane
diffusion barrier (∼0.75 eV/unit cell). This energy barrier
anisotropy may be the underlying reason for the formation of a
uniform, unit-cell-thick Bi5Nb3O15 interfacial layer: the large

energy barrier along c-direction prevents the out-of-plane Cs
loss and the long diffusion length along the in-plane direction
also limits the Cs loss. As such, the scavenging effect of VO2,
i.e., the transformation of CBNO into BNO by Cs loss is
curtailed and only a unit-cell-thick layer of interfacial BNO is
formed. This is in contrast to graphene synthesis by Si loss
from SiC where multilayer graphene or graphite formation is
commonly observed and may be due to the isotropic structure
of SiC.
The polar space group Pnc2 of Bi5Nb3O15, together with the

strong spin−orbit coupling effect introduced by heavy element
Bi would lead to an interesting phenomenon, the Rashba−
Dresselhaus effect. This effect has been traditionally explored
in semiconducting materials lacking inversion symmetry
(either intrinsically or introduced by geometrical modifica-
tion).42,43 Recently, to explore its application in spintronics,
researchers have proposed the use of ferroelectricity to tune
the spin polarization in a nonvolatile manner, opening a new
window for low-power electronics, and computing.44,45 Among
all candidates, ferroelectric oxides with strong spin−orbit
coupling have been theoretically formulated to be promising.46

Our synthesized Bi5Nb3O15 satisfies such requirements and its
low-dimensional morphology may further reduce the elec-
tron−phonon coupling and in turn prolong the lifetime of spin
polarization. Figure 4g shows the proposed spin-polarized band
structure due to the relativistic electron effect in this Rashba−
Dresselhaus system. The spin polarization is formulated by a
[110]-Dresselhaus model.47 Based on this model, the band
d i s p e r s i o n w i l l f o l l o w a f o r m u l a t i o n o f

k k kH ( )
m2 z

2
y
2

R y x
2

α σ̂ = + +ℏ
* (σx: Pauli matrix). Efforts to

experimentally realize the spin-polarized band structure via the
circular photogalvanic effect (CPGE)48 are currently under-
way.

4. CONCLUSIONS
In summary, we attempted vdW epitaxy of VO2 on CsBiNb2O7
(CBNO), a Dion−Jacobson oxide perovskite, which in turn
resulted in the growth of CsVO3 nanowires and the
development of a ∼1 unit-cell-thick Bi5Nb3O15 (BNO)

Figure 4. Unit-cell-thick Bi5Nb3O15. (a) Wide-area STEM cross-section of CsVO3 nanowire-CBNO substrate interface revealing a sharp, uniform,
and layered interface. (b) Higher magnification view of the interface along with overlaid atomic structures of CBNO and Bi5Nb3O15 (BNO). (c)
Atomic structure of CBNO transforming into BNO via loss of Cs ions. (d) Out-of-plane and in-plane diffusion barrier for Cs ions. (e) Bi vacancy
supercell for out-of-plane Cs diffusion. (f) Cs vacancy supercell for in-plane Cs diffusion and (g) Potential E-k dispersion with spin texture induced
by the Rashba-Dresselhaus effect in Bi5Nb3O15. The energy degeneracy of electrons with spin along [001] and [010] was lifted by the spin orbit
field. See main text for more details.
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mixed-layer Aurivillius substrate−wire interface possibly due to
the scavenging effect of VO2 aided by the anisotropic structure
of CBNO. Hence, it may be said that significant chemical
film−substrate interaction is possible in vdW epitaxy systems.
Weak interlayer bonding can make vdW substrates susceptible
to scavenging of ions by precursor materials, which can impact
not only the film-substrate interface but also the growing film
itself. Additionally, weak vdW bonding at the film−substrate
interface can enable growth by oriented attachment, a growth
mechanism otherwise only common in solutions, and
characterized by regions of different orientation exhibiting
interfacial dislocations or twinning. A thorough understanding
of the above-mentioned phenomena in vdW epitaxy systems is
important not only from a scientific point of view but also for
effectively using them as a means to develop low-dimensional
materials, such as the unit-cell-thick Bi5Nb3O15 formed in our
system with a promising ferroelectric field-controlled Rashba-
Dresselhaus effect for future spintronics.
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