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Within the family of two-dimensional dielectrics, rhombohedral boron nitride (rBN) is
considerably promising owing to having not only the superior properties of hexagonal
boron nitride! *—including low permittivity and dissipation, strong electrical insulation,

good chemical stability, high thermal conductivity and atomic flatness without
dangling bonds—but also useful optical nonlinearity and interfacial ferroelectricity
originating from the broken in-plane and out-of-plane centrosymmetry> >, However,

the preparation of large-sized single-crystal rBN layers remains a challenge

242 owing

to therequisite unprecedented growth controls to coordinate the lattice orientation
of each layer and the sliding vector of every interface. Here we report a facile
methodology using bevel-edge epitaxy to prepare centimetre-sized single-crystal
rBN layers with exactinterlayer ABC stacking on a vicinal nickel surface. We realized
successful accurate fabrication over a single-crystal nickel substrate with bunched
step edges of the terrace facet (100) at the bevel facet (110), which simultaneously
guided the consistent boron-nitrogen bond orientationin each BN layer and the
rhombohedral stacking of BN layers via nucleation near each bevel facet. The pure
rhombohedral phase of the as-grown BN layers was verified, and consequently showed
robust, homogeneous and switchable ferroelectricity with a high Curie temperature.
Our work provides an effective route for accurate stacking-controlled growth of
single-crystal two-dimensional layers and presents a foundation for applicable
multifunctional devices based on stacked two-dimensional materials.

Among the existing methods, successful control of the growth of
boron nitride (BN) layers typically focuses on the lattice orientation
ofthe monolayer and the thickness of the multilayer? ¢, For instance,
wafer-sized single-crystal monolayer films have been grown through
seamless stitching of self-collimated BN domains on liquid gold* or
unidirectionally aligned BN domains on a surface-symmetry-broken
substrate with parallel atomic steps®**>. Thick layers of hexagonal
boron nitride (hBN) can be prepared on metal substrates with high
solubility and catalytic activity of specific precursors® or oninsulating
substrates at very high growth temperatures®. Recently, the prepara-
tion of asingle-crystal hBN trilayer film was realized on nickel (Ni) foil
with parallel atomic steps, achieving a substrate that combines high
catalyticactivity with broken surface symmetry*. However, the growth
of large-sized single-crystal rhombohedral boron nitride (rBN) films

with an appropriate thickness has remained unattainable until now.
The main challenge of fabrication is that the rBN phase is metastable
and the hBN phase is stable®®. Owing to the different electronegativi-
ties of the boron (B) and nitrogen (N) atoms in the BN lattice, the B
(N) atom in a layer prefers to directly align with the N (B) sites of the
adjacentlayers. Such aconfiguration endows the hBN phase withinher-
ent stability and consequently the prevailing predominance in most
conventional growth®*°,

Inprinciple, the growth of rBN layers has two prerequisites: (1) break-
ing the energetically preferential couplings between interlayer B and
N atoms at every interface to realize a single direction of B-N bonds
in each layer; and (2) guiding accurate lattice sliding with a constant
integer multiple of halfthe B-N bond length along the armchair direc-
tion of each layer to ensure interlayer ABC stacking of the pure rBN
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Fig.1|Design ofbevel-edge-guided growth of single-crystal rBN layers.
a,Scheme of the designed bevel edge to simultaneously control the lattice
orientation of eachlayer and the interlayersliding distance of rBN. Here,aand ¢
indicate the single B-Nbond length and interlayer spacing of rBN, respectively,
and hand d aretheinterlayer spacing of the terrace facets and the horizontal
distance of adjacent edges at the bevel facet, respectively. b, Scheme of the
reconstruction from Ni(hkO) to bunched steps consisting of terrace facet
Ni(100) and bevel facet Ni(110). ¢, The corresponding formation energy (£;) of

phase (Fig. 1a). In our design, growth substrates with bunched step
edges consisting of selected terrace and bevel facets were used. The
strong couplings between the bunched step edges at the bevel plane
andthe edges of the BN lattice leads to the nucleation of each BN layer
fromthe bevelfacet and their unidirectional alignment. In addition, the
appropriate slope of the bevel plane to terrace plane further ensures
the sliding of constant integer times half the B-N bond length along
the armchair direction to ultimately achieve the desired interlayer
ABC-stacking sequence. Thus, single-crystal pure-phase rBN films
were successfully grown.

Forapractical substrate design, we need to minimize the mismatch
between the rBN lattice and bunched steps to the greatest extent pos-
sible. In principle, both the candidates of terrace and bevel facets in
bunched steps are ‘low index’ options, that is, Ni(100), Ni(110) and
Ni(111). Geometrically, Ni(100) is the optimal terrace facet for adapting
to the layer spacing of rBN (Extended Data Fig. 1a), and Ni(110) is the
best bevel facet for guiding sliding with about 2.5 times the B-Nbond
length along the armchair direction at the interface (Extended Data

theNiatomatthesiteshowninb.d,e, Binding energies (£,) of BN monolayer (d)
and multilayer (e) nuclei attached to the bevel facet of Ni(110) on bunched steps,
showing that ABC-stacking rBN domains are energetically preferred on the
substrate with designed bunched steps. f, Diagram of five typical stagesin

the growth of asingle-crystal rBN multilayer film with uniform thickness.
Inthis figure, orange, green, grey and white ballsrepresent the B, N, Niand
Hatoms, respectively.

Fig. 1b). Experimentally, the specific terrace and bevel morphology
mentioned above could be obtained through surface reconstruction
of the Ni(hk0) facet, where h >2k. On such a surface, the existence of
relatively unstable Ni atoms at the inherent atomic step-edge sites on
such ‘highindex’ facets will drive the surface to reconstruct and form
the flat terrace Ni(100) and bevel Ni(110) facets (Fig. 1b,c), because they
have a much higher probability for volatilizing from the surfaceina
high-temperature (close proximity to the surface pre-melting state)
and low-pressure environment. The requirement of h > 2k ensures
that the facet Ni(hkO) is more inclined towards the terrace facet of
Ni(100) and bevel facet of Ni(110). Theoretical analysis reveals that
the couplings between the N-terminated zigzag edge of BN and the
bunched step edges at bevel facet Ni(110) is energetically preferred
(Fig. 1d). This implies a mechanism of bevel-edge epitaxy in which all
BN layers nucleating from the bevel facet could maintain the exact
same orientation or zero twisting angle between neighbouringlayers,
which excludes the formation of hBN with AA’A stacking order. For
multilayer nuclei, as designed, ABC stacking has the minimum-energy
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Fig.2|Growth and characterization of rBN layers. a, Photograph of a4 x 4-cm?
Ni(520) single crystal. b, XRD 26-scan pattern of annealed Ni foil with the (520)
facet orientation. Here, the sharp (10 4 0) peak represents the Ni(520) facet,
since only facets with all Miller indices even or odd give anon-zero XRD-20scan
signal owing to the extinctionrule. Inset: the reconstructed single-crystal XRD
datafor the Ni(520) foil. c,d, EBSD inverse pole figure (IPF) mappings along the
Z(c) and X (d) directions, respectively, confirming the single crystallinity of
Ni(520) foil without in-plane rotation. The two images are the same size.

e, Typical AFM topographic mapping of the as-annealed Ni surface after the
surfacereconstructionstage. f, Height profile (left) corresponding to the red
dottedlinein eand the statistics of relative angles between the terrace and

state compared with AA’A stacking (Fig. 1e). Furthermore, the flat bevel
facetcouldlock thesliding direction of each layer, thereby preventing
the formation of unwanted ABA stacking and preserving the phase
purity of the as-grown rBN layers (Extended Data Fig. 1c).

Growth of single-crystal rBN film

To produce large-sized single-crystal rBN layers, a growth procedure
with five typical stages was utilized (schematically illustrated in Fig. 1f).
Specifically, the first ‘substrate annealing’ stage was set for preparing
the large-sized single-crystal substrate of Ni(hkO) foil. The second
‘surface reconstruction’ stage was to form the parallel bunched steps
with terrace Ni(100) and bevel Ni(110) on the as-prepared substrate.
Thethird ‘nucleation of rBN domains’ stage was to enable the formation
of unidirectionally aligned rBN domains with consistent ABC stacking
(inaddition, the diffusion of Niatoms underneath the coverage of rBN
layer will be greatly elevated in this stage, which could further augment
the height of bunchsteps and enlarge the area of bevel facets)*"*2. The
fourth special stage, called ‘removing of the bunched steps’, was added
heretoachieve aflat substrate by increasing the temperature close to
the melting point of Ni, thereby facilitating the seamless stitching of rBN
domains®*, The final stage of ‘growth of the uniform rBN multilayer
film’ was realized by long-term growth followed by subsequent etching
(to eliminate the excessive layers at the top of rBN domains that have
notyet stitched into an intact film) in our approach.

We experimentally prepared a substrate of single-crystal Ni(520)
foil with a typical size of 4 x 4 cm? using the seeded growth method
(Fig. 2a). X-ray diffraction (XRD) 26-scan patterns (Fig. 2b), recon-
structed single-crystal XRD data (inset of Fig. 2b), and electron back-
scatter diffraction (EBSD) mappings (Fig. 2c,d and Extended Data
Fig. 2) revealed the single crystallinity of the as-prepared substrate.
After the surfacereconstruction stage, the morphology of thebunched
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bevelfacets (right), indicating that the obtained bunched steps have angles of
about135°overalarge area. g, Representative scanning electron microscopy
(SEM) image of the rBN domain on the stepped Ni(520) surface. Inset: scheme
ofthe parallelly stacked BN layers attached to the bunched step edge. h, Polarized
SHG pattern ofas-grown rBN layers with six-fold symmetry, showing the absence
of twisted layer withsmallangle. i, Atomically resolved HAADF-STEM image
ofas-grownrBN layers, where the in-plane lattice constantis measured to be
0.25nm.j, Cross-sectional STEM image of rBN, demonstrating the ABC stacking
oftheas-grownrBN layers, where the orange circles represent the unit cells

of rBNlayers. The zone axis hereis the zigzag direction of the rBN layers.
Scalebars, 100 pm (d), 500 nm (e), 10 pm (g), 1 nm (i,j).

steps composed of terrace Ni(100) and bevel Ni(110) could be observed
through atomic force microscopy (AFM) measurements, as the angles
between two facets appeared to be approximately 135° based on sta-
tisticsoveralarge area (Fig. 2e,f). Thenamultilayer triangular domain
with consistent orientation in each layer was found to be guided by
suchabunchedstepinthe nucleation stage (Fig. 2g), and the untwisted
stacking of this domain was verified by a polarization-dependent
second-harmonic generation (SHG) pattern with six-fold symme-
try and coherently enhanced intensity (Fig. 2h). We further carried
out atomically resolved measurements of planar and cross-sectional
high-angle annular dark field (HAADF) scanning transmission electron
microscopy (STEM) to definitively show the ABC stacking of the rBN
phase (Fig. 2i,j and Extended Data Fig. 3a,b). We found that the rBN
layers in close proximity to the Ni substrate surface showed a fast
propagation rate at high growth temperature, to prevent the exces-
sive dissolution of Binto the Nisubstrate that could form the alloy and
thereby destroy the surface morphology of the bevel edges (Extended
Data Fig. 3¢c-g). In contrast, without the guidance of bunched steps,
the stacking order of the as-grown BN layers tends tobe the AA’A type
ofthe hBN phase (Extended Data Fig. 4). Therefore, we conclude that
precise control from these bevel step edges leads to the formation of
rBN domains.

These rBN domains were found to be unidirectionally aligned over
alargearea (Fig. 3aand Extended DataFig. 5). To facilitate the growth
and stitching of these rBN domains, a special stage, called ‘removing
of the bunched steps’ with annealing at a temperature close to the
melting point of Ni, was utilized to melt the morphology of the sub-
strate frombunched stepsintoaflatsurface, onwhich alayer-by-layer
growth and stitching mode in these rBN domains could be realized
(Fig.3b). Atomically resolved STEM images were also collected around
the concave cornerinthejointareaof two unidirectionally aligned rBN
multilayer and bilayer domains, and the completely identical lattices



Fig.3|Seamlessstitching of rBN domains into a uniform single-crystal
multilayer film. a,b, SEM images of unidirectionally aligned rBN domains
grown onsingle-crystal Ni foil (a) and the joint area of two aligned rBN domains
(b), where the orange arrows shownin b indicate the layer-by-layer stitching
mode inrBN domains through the SEM contrast. ¢, Low-magnification ADF-
STEMimage obtained at the concave cornerinthejointareaof the two aligned
thick-layer rBN domains. Inset: zoom-outimage of the stitched rBN domains
with triangle contours. The edges of two rBN thick layers are marked by the
dashed orangelines. d, Representative HAADF-STEM image collected at zone 3
marked in ¢, showing the uniform lattice of stitched thick-layer rBN domains

verified the seamless stitching behaviour without grain boundaries
(Fig.3c,d and Extended DataFig. 6). Through long-term growth at high
temperature followed by subsequent etching (see details in Methods),
single-crystal rBN film with thickness in the range of 2.2-12 nm was
attained (Extended Data Fig. 7a). The statistics of the domain sizes at
the nucleation stage and film thickness at the growth stage showed
the appropriate growth rate of rBN layers under our growth condi-
tions (Extended Data Fig. 7b,c), thereby ensuring high uniformity and
quality of the as-grown continuous film. Experimentally,ina4 x 4-cm?
single-crystal rBN film with typical thickness of 6 nm (Fig. 3e-g), the
uniformity over a wide range was determined by SHG mappings col-
lected in 9 representative areas (Fig. 3h), as the SHG intensity shows
aquadraticdependence on the number of rBN layers in our thickness
range. Furthermore, the single-crystal nature as well as the high quality
ofthe as-grown rBN layers was verified through combined characteri-
zations of low-energy electron diffraction (LEED), ultraviolet-visible
absorption spectroscopy (UV-vis), Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS) (Extended DataFig. 7d-h).In addi-
tion, through the in situ comparison of SHG mappings before and after
anadditional etching process (Extended Data Fig. 7i,j), we found that
the etchingimmediately after growth eliminated the unstitched excess
layers, without compromising the surface quality of the as-grown
rBN film.

Sliding ferroelectricity of rBN layers

The non-centrosymmetry in the out-of-plane direction of ABC-stacked
rBN layers resulted in accumulative charge displacement and spon-
taneous electric polarization at the interface, which leads to inter-
layer sliding ferroelectricity. This hypothesis was verified through the
theoretical simulation of the interlayer differential charge density of
rBN and the corresponding line profile (Fig. 4a,b). To experimentally
demonstrate the superiorities of interlayer sliding ferroelectricity in
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withoutline defects. e, Typical SEM image of a continuous rBN film grown on
thesingle-crystal Nifoil. f, Cross-sectional high-resolution transmission
electron microscopy (HRTEM) image of the as-grown rBN film with a typical
thickness of 6 nm. The zone axis is randomly selected here for determining the
thickness of the as-grown rBN continuous film. g, Photograph of a4 x 4-cm?
rBN single-crystal film transferred onto a SiO,/Si wafer with homogeneous
optical contrast. h, SHG mappings of rBN collected at the corresponding areas
marked in g, indicating the uniform thickness of the as-prepared rBN film. All
imagesinhare the samesize.Scalebars,20 pm (a,e),1um (b, insetinc), 0.3 um
(c),0.5nm(d),3nm (f),5 um (h).
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rBN layers, we performed piezo-response force microscopy (PFM)
measurements on our as-grown samples. The similar hysteresis loops
of phase and butterfly loops of amplitude collected onaspecial sample
with continuous layer variation (whichis 8,9 and 10 layersin actuality;
Fig. 4c,d) suggested robust interlayer ferroelectricity in rBN layers
without the odd-even layer effect, frequently seenin the ABA-stacked
BN layers, owing to that the ferroelectric dipole signs were opposite
between the adjacent layers. It is generally known that accumulation
of polarization with the number of layersis animportant feature of 2D
ferroelectric materials'™'. We also conducted in situ Kelvin probe force
microscopy (KPFM) combined with an AFM scan at theregion with the
continuous layer variationinarBN pyramidal domain transferred onto
the wafer (gold-coated silicon dioxide (SiO,)/silicon (Si)), and found
that the surface potential of rBN increases with the number of layers,
illustrating the sharp steps and anincrement of approximately 60 mV
per layer (Fig. 4e,f). Such a value is consistent with the one measured
between opposite AB- and BA-stacked domains in a nearly parallel
bilayer hBN film within first-harmonic KPFM’, revealing the intrinsically
accumulable polarization as well as the high quality of the rBN layers
without vacancy and doping.

Furthermore, throughin situ KPFM combined with conductive AFM
measurements, the safe thickness of rBN layers was found to be 2 nm
(Fig. 4g-i), indicating that rBN layers thicker than 2 nm could prevent
ferroelectric failure caused by soft breakdown under the regular oper-
ating voltage of devices. We further investigated the evolution of PFM
responses under different alternating-current (a.c.) and direct-current
(d.c.) biases and confirmed that the ferroelectric signals were intrinsic
rather than extrinsic artefacts such as ion migration (Extended Data
Fig. 8a,b). In addition, a significant and clear ferroelectric response
could be still observed at 450 K (Fig. 4j), indicating a high Curie tem-
perature of the rBN layers. Besides, reproducibility of the ferroelec-
tricity inrBN layers was demonstrated through the typical and similar
ferroelectric characteristics measured on nine samples, which were

Nature | Vol 629 | 2 May 2024 | 77



Article

o

Z R

o
-—
3

-5

-0.02 0
Charge transfer (e nm™")

0.02

Height (nm)
Potential (mV)

Potential (mV)

Fig.4|Theinterfacial sliding ferroelectricity inrBNlayers. a,b, Interlayer
differential charge density (a) and the corresponding line profiles (b) of rBN
layers, where Zis the position along the Zdirection and Pis the polarization.

¢, AFMtopographicimage of aspecial areawith continuous layer variationin
therBNfilm (8,9 and 10 layers, respectively), where the overlaid curveis the
corresponding height profile, and three white symbols were used to indicate
differentlayersinthissample.d, PFM measurements on each rBN layer marked
inc.Theblue and red data correspond tothe amplitude and phase results,
respectively. e,f, AFM height mapping (e) and the corresponding KPFM
measurement (f) collected onthe rBN area with consecutive layer variation,
indicating the surface potential of rBNis linearly dependentonits layer number.
g-i, Combined ferroelectric failure test by KPFM mapping (g), a cross-sectional
HRTEMimage (h) and the bias-dependent leakage current curves (i). The HRTEM
image (h) showing the safe thickness of about 2 nmwas collected at zone 2
markeding. The zone axis of hwas randomly selected. The current-bias curves

grown using the same approach butin different batches (Extended Data
Fig.8c).Asacontrol, wealso carried out similar theoretical simulations
and experimental measurements on hBN layers with centrosymmetric
AA’Astacking, but noferroelectric response could be found or detected
(Extended DataFig. 9).

One promising application of 2D ferroelectricity widely discussed is
non-volatile data storage, which has advantages, such as fast reading
andwritingspeed, low energy consumption, remarkable endurance and
so on, over traditional magnetic-based memories, and manipulation
of the rBN ferroelectric domain is an essential prerequisite to realize
theseapplications***¢, However, a critical issue is whether ferroelectric
switching can be achieved through interlayer slidings in epitaxially
grown rBN layers. As shown in Fig. 4k,1, an area of multilayer rBN film
onsingle-crystal Nifoil was initially poled with ad.c. bias of +8 V; then
only the middle region was reversely poled with an opposite d.c. bias
of -8 V. Thereby, three regions (I, Il and IlI) with opposite polariza-
tion were created. The cross-sectional STEM images taken at these
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(i) and corresponding PFM signals (leftinsets) measured at zones1,2and 3
(withathickness of 6, 7and 9 layers, respectively) were showning, indicating
thatalargeleakage currentleads to ferroelectric failure. The bottom right
inset ofiis the schematicillustration ofthe CAFM setup.j, Temperature-
dependent PFM signals of a19-layer rBN film, suggesting a high ferroelectric
Curietemperature greater than 450 K. k,I, PFM amplitude (k) and phase (1)
images of the same area of multilayer rBN film. m-o, Two typical cross-sectional
HRTEMimagestakeninregionsI(m), Il (n)andIll (o) markedinl, respectively.
Thezone axesare thezigzag direction of the rBN layers. Allimagesinm-oare
thesamesize. With the reference of Nilattice shown in the images, achange of
thestackingorder ofthe rBN sample canbe clearly seen from ABC (regionland
111) to CBA (regionII). In this figure, the hysteresis and butterfly loops are the
phase and amplitude results, respectively. Scale bars,200 nm (c), 500 nm (e),
Spm(g),2nm (h),500 nm (k),1 nm (m).

regions demonstrate the switching of polarization corresponding to
achange of the stacking order in the rBN sample from ABC stacking
to CBA stacking (Fig. 4m-o0). In particular, the clear and consistent Ni
lattices across all regions establish a reference for such ABC and CBA
stacking within one rBN film.

In principle, the sliding process necessitates overcoming a specific
energy barrier compared withrelatively stable states before and after
switching. Through the theoretical investigations, we found that: (1) the
energy barriers for sliding to the opposite stacking configuration along
the optimal pathway are in the range of a few millielectronvolts (meV)
per atom (Extended Data Fig. 10a-c); (2) the formation energy of a
domain wall with a width of approximately 10 nmis at the level of sev-
eral meV per atom (Extended Data Fig. 10d-f); (3) nucleation of a new
domain needs to surmount a slightly larger barrier of approximately
10 meV per atom, which shows a downwards trend with propagation
ofthe nucleus (Extended Data Fig. 10g). All these results corroborate
the feasibility of polarization switching and the domain manipulation



inrBN layers, as long as a sufficient external driving force could be
provided.

Summary

We have reported a facile methodology for bevel-edge epitaxy of 2D lay-
erswitheffective control over both thelattice orientation of each layer
andthesliding vector at every interface. On asubstrate with a parallel
step bunching morphology consisting of terrace Ni(100) and bevel
Ni(110), a4 x 4-cm?*single-crystal rBN film with uniform thickness in the
range of 2.2-12 nm was grown. Then, robust, homogeneous and switch-
ableferroelectricity with a high Curie temperature was demonstrated
in the as-grown rBN layers, which holds great promise for realizing
advanced devices based on multifunctional 2D dielectric materials.
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Methods

Annealing of single-crystal Ni(520) foils

A commercial polycrystalline Nifoil (100-pum thick, 99.994%, Zhongke
Crystal Materials) was placed onan aluminium oxide (Al,O;) plate and
loaded into a tube furnace with a chamber diameter of 6 cm (Hefei
Kejing). Using the seeded growth method¥, the foil was annealed at
1,410 °Cfor10 hinareducing atmosphere (500 standard cubic centi-
metres per minute (sccm) argon and 50 sccm hydrogen) to obtain the
single-crystal Ni(520) foil. After that, the whole system was naturally
cooled to room temperature with a fixed gas flow.

Growth of single-crystal rBN multilayer films

The precursor ammonia borane (97%, Aldrich) was added to an Al,O,
crucible and placed 1 m upstream from the single-crystal Ni(520) sub-
strate. Asshownin +.1f, the foil was heated to 1,410 °C with areducing
flux (500 sccmargon and 50 sccm hydrogen) and kept at this tempera-
ture for 30 min to remove the surface impurities and oxides at atmos-
pheric pressure. Then the temperature was decreased to 1,350 °C and
the Nifoil was annealed at this temperature for 3 hto form the parallel
bunched steps. For the subsequent nucleation and growth of rBN multi-
layers, the system was switched to low pressure with argon (70 sccm) and
hydrogen (30 sccm) and the precursor was heated to 65 °C within 10 min
using a heatingband. The furnace was fixed at 1,350 °C for 1 hto nucleate
the unidirectional rBN domains, thenre-heated to1,410 °Cand kept at
this temperature for 2-10 hto grow aligned domains as well as continu-
ous films with different thickness. To obtain more uniform rBN films,
the system was finally switched to atmospheric pressure with argon
(400 sccm) and hydrogen (100 sccm) and kept at 1,410 °C for 10 min
to etchthe excess layers at the top of the rBN domains that had not yet
stitched into anintact film. After that, the furnace was naturally cooled
toroom temperature with argon (500 sccm) and hydrogen (10 sccm).

Transfer of rBN single crystals

A polypropylene carbonate (PPC)-assisted wet-transfer method was
used to transfer rBN domains and films. First, the rBN/Ni samples
were spin-coated with a PPC film, and then floated on the surface of
0.1 mol L iron chloride (FeCl,) solution to remove the Ni substrates.
Subsequently, the PPC-coated rBN samples were rinsed with deionized
water several times and placed onto the target substrates, including
SiO,/Siwafers, gold-coated SiO,/Siwafers and holey-carbon-film trans-
mission electron microscopy (TEM) grids (Zhongjingkeyi GIG-1213-3C).
Finally, the sample and substrate systems were loaded into aclean tube
inachemical vapour deposition system, and annealed at low pressure
(about 200 Pa) and a suitable temperature (500 °C for SiO,/Si wafers
and300 °Cfor TEM grids) for 10 hwith afixed gas flow (500 sccm argon
and 10 sccm hydrogen) to remove the residual PPC films.

AFM measurements

The topographic mappings of bunched steps on the Ni surface and
the transferred BN multilayers were obtained by a Bruker Dimensional
ICON system, and the other room-temperature measurements were
performed on an Asylum Research MFP-3D atomic force microscope. An
Asylum Research Cypher ES atomic force microscope with environmen-
tal control was used for single-pass KPFM and temperature-dependent
PFM measurements. Conductive platinum-coated probes with a
radius of <40 nm, aspring constant of about 2N m™”and a mechanical
resonance frequency of about 75 kHz were used in all-electrical AFM
modules. Conductive AFM was performed in an ORCA module with a
compliance current of 20 nA. In the KPFM measurements, the lift height
of the probe was 20-50 nm for the double-pass mode. The electri-
cal drive amplitude was set to 3 V, the electrical frequency was 5 kHz
and allKPFMimages were scanned in attractive mode to minimize the
crosstalk of height and potential signals. Data analysis was performed
using Asylum Research official software.

For atypical switching spectroscopy PFM measurement, ana.c. volt-
age (V,., sin wave) was carried by a d.c. voltage (V,, square wave) that
stepped over time, both of which were applied on the tip. Between each
voltage step, V. returnedto zero (off mode) while V, . was stillapplied to
test the ferroelectricresponse. To effectively weaken the contribution
of ion motion and charge effect***, here we show all PFM hysteresis
loops in off mode. For PFM mappings, only an appropriate amount of
V,. was applied and V. was set to zero. In our cases, after writing the
arbitrary ferroelectricdomain structures withastrong V., V,.=1Vwas
applied toread them. Temperature-dependent PFM was performed on
aceramic heating plate under a nitrogen atmosphere.

TEM characterizations

For cross-sectional TEM and STEM characterizations, a dual-beam
focused ion beam (FIB) system (Thermo Scientific Scios 2) was used
for preparing the samples®. A 200-nm protective layer made of car-
bon was first deposited using FIB e-beam deposition. After tilting the
sample by 52° with respect to the ion beam, a tungsten strap layer
of 1 um was then deposited to protect the region of interest during
milling. A 30-kV Ga* beam with a current of 0.1-1 nA was used to
reduce the specimen thickness to 50-100 nm for further characteri-
zations. For in-plane TEM and STEM characterizations, samples were
wet-transferred onto the TEM grids and the experiments were per-
formedinaJEOLJEM-ARM300F operated at 300 kV. For STEM imaging,
the electronbeam was converged to <0.1 nm with a semi-convergence
angle of about 22 mrad with a30-um condenser lens aperture to scan
the sample. The collection angles of HAADF-STEM images were set
as about 60-230 mrad. All data were collected and analysed using
Digital Micrograph.

Other characterizations

Scanningelectron microscopy (SEM) images were collected by aHitachi
SU-8220 scanning electron microscope. EBSD was performed using a
PHI710 scanning Auger nanoprobe. LEED patterns were obtained by a
LEED-Auger spectrometer BDL8OOIR systemin ultrahigh vacuum with
abase pressure below 3 x 107 Pa. XRD 26-scan data were obtained using
aBruker D8 Advance system with asilver target, and single-crystal XRD
measurements were performed using a Bruker D8 Venture system.SHG
measurements were conducted by WiTec alpha300R with anincident
light wavelength of 1,064 nm, a fixed excitation power of 20 mW and an
integration time of 0.2 s. The Raman spectrum was obtained at room
temperature using a SmartRaman confocal-micro-Raman module
(Institute of Semiconductors, Chinese Academy of Sciences) with
anincident light wavelength of 532 nm. XPS and ultraviolet-visible
spectrawere performed using an Axis Ultralmaging X-ray photoelec-
tron spectrometer and a Varian Cary 5000 ultraviolet-visible-NIR
spectrophotometer, respectively.

Computational details

Geometric optimization and energy calculations of the BN/Ni sys-
tems were carried out using density functional theory (DFT) as
implemented in Vienna Ab-initio Simulation Package (VASP 5.4.4)%>%*,
The exchange-correlation functions were treated by the generalized
gradient approximation and the interaction between valence elec-
tronsandion cores was carried out by the projected-augmented-wave
method®*¢. The plane-wave cut-off energy was set at 400 eV for the BN/
Ni systems and 600 eV for BN multilayers. The dispersion-corrected
DFT-D3 method was used because of its good description of long-range
van der Waals interactions for multilayer two-dimensional materi-
als. The geometries of the BN/Ni systems were relaxed until the force
on each atom was less than 0.02 eV A™ and the energy convergence
criterion of 1 x10™* eV was met. The Ni surfaces were modelled by a
periodic slab and some bottom layers were fixed to mimic the bulk,
where al x1x1Monkhorst-Pack k-point mesh was adopted. The bind-
ing energy of the Ni-BN hybrid, namely, £, = (E,o — Esn — Eup)/L, Was



calculated using the relaxed structures, where E, ., is the total energy of
the system, Egyand E,, represent the energies of BN and the substrate,
respectively, and /isthelength alongthe step. The Berry-phase method
was used to evaluate crystalline polarization for BN multilayers™, and
the nudged-elastic-band method was used to calculate the ferroelectric
switch pathway, where the Brillouin zone was sampled with 25 x25x1
k-points for structural relaxationand 12 x 12 x 1 k-points for the calcula-
tion of the ferroelectric switch pathway, while the forces on all atoms
were optimized to be less than 0.005 eV A and the tolerance for the
energy convergence was set to 10~® eV. The van der Waals correction
of the Becke-Johnson damping function is applied, and the vacuum
spaceissetto40 A toavoid the interaction from the layers of adjacent
unit cells.

Toobtain the transition energy barrier for nucleating the multilayer
rBN domain from ABC to CBA stacking, force-field calculations were
performed by using the Large-scale Atomic/Molecular Massively Par-
allel Simulator (LAMMPS)*. The interactions in layered rBN systems
were described by the registry-dependentinterlayer potentialand the
Kolmogorov Crespi potential®®. A three-layered rBN model with a size
of 32.3 x 32.3 nm? was first constructed, featuring an ABC-stacking
sequence. Subsequently, a CBA-stacking nucleus with a radius (r) of
1.0 nm, 1.5 nm, 2.0 nm, 2.5 nm, 3.0 nm and 3.5 nm was created at the
centre of the model, and the width of domain boundary between ABC
and CBA stacking was kept a constant value of 5 nm. After that, the
relaxation of the generated models was performed by the conjugate
gradient algorithms with a step 0f 100,000, where the CBA-stacking
region was fixed while other parts were relaxed. As a result, the ABC
stacking was totally transited into CBA stacking when rwas greater than
3.0 nm. Theenergy barrier for the transition of the rBN layers from ABC
to CBA stacking was calculated tobe about 10 meV per atom, which was
defined by dividing the energy barrier by the total number of atomsin
the CBA stacking and the domainboundary region. Experimentally, the
driving force is sufficient enough to overcome the calculated energy
barrier for the transition from ABC to CBA stacking.
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Extended DataFig.1|Designing the most suitable terrace and bevel facets
ofbunched steps. a, Schematicillustrations of theinterlayer spacing mismatch
betweenthe rBN and three low-index facets of Nisubstrates, where the spacing
distances ofthe (100), (110) and (111) facets are1.05,1.12and 1.22 times the
interlayer spacing of the rBN layers (c), respectively. b, Schematicillustrations
of theinterlayer sliding mismatch, where the horizontal distance of adjacent
edgesatthe bevel facets of (100), (110) and (111) is 0, 2.43 and 1.72 times the

150
Simulation steps

single B-Nbond length (a). Considering that theinterlayer slidingin rBN layers
is constantinteger times of the half B-Nbond length along the armchair direction,
the (110) facetis chosen as the best bevel facet. ¢, Binding energy of unstable
ABA-stacked hBN attached to the bevel facet of bunched steps, suggesting the
spontaneous relaxationto ABCstacking. The orange, green, grey and white
ballsrepresentthe B, N, Niand Hatoms, respectively.
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Extended DataFig.2|EBSD polefigures of the single-crystal Ni(520) foil measured at different positions. The multiples of uniform density (MUD) results
present the unidirectional orientation withoutin-plane rotation.
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Extended DataFig. 3 | Atomic configuration of rBN. a, Typical planar STEM
images of rBN layers. Allimages are the same size. b, Typical cross-sectional
STEMimages of rBN layers with consistent ABC stacking. The zone axes are the
zigzagdirection of rBN layers here. Allimages are the samessize. ¢, Representative
cross-sectional HRTEM image of as-grown rBN layer on Ni(520) substrate. The
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bunchedsteps with angle of135° on the Ni(520) surface are denoted with yellow
dottedlines.Zoneaxisis zigzag direction of rBN layers here. d-g, Cross-sectional
STEMimage of rBN layers grown on Nisubstrate (d), electron energy-loss
spectroscopy (EELS) mappings of Ni (e), B (f) and N (g), implying the absence of
Ni-Balloys atinterface.
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theadjacent layers grown on the Nifoil without bevel edges. Inset, scheme of
theanti-parallelly stacked BN layers. ¢, LEED pattern of as-grown hBN layers.
d,e, Planar (d) and cross-sectional (¢) HAADF-STEM images of hBN layers. The
zone axis of (e) iszigzag direction of hBN layers.

Extended DataFig. 4 | Comparative results for growing AA’A-stacked hBN
multilayers. a, Schematicillustration of the growth of inherently stable hBN
multilayer domains on the Nisurface without guidance from bevel edges. Inset,
top view of the AA’A-stacked hBN lattice. The orange, green and blue balls
represent the B, Nand overlapped Band N atoms, respectively. b, Typical SEM
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Extended DataFig.5|SEMimages of unidirectionally aligned rBN multilayer domains on Ni(520) substrates. Allimages are the same size.
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Extended DataFig. 6| More seamlessly stitching results. a,b, Pristine
low-magnification STEM images of stitched region shownin Fig.3c.

Inset, the first layer BN that had beenstitched into a continuous film.

-1, Representative HAADF-STEM images collected at zones I to ViImarked in (g),
showing the uniform lattice of stitched domains. Allimages are the same size.

domains.

inFig.3c. Allimages are the same size. g, Low-magnification TEM image obtained

c-f,Representative HAADF-STEM images collected at zones1, 2,4 and 5 marked




Article

a b c
150 -~ Nucleation 12t Film growth .
| B
£
»100F % 81 -
c | 7]
3 | 2
o M S -
50 | Z4r © Ref. 1
B = . ® Ref.2
e = Our work
0 ﬂ H—‘?J e or . . , A !
25 50 75 10 2 4 6 8 10
Domain size (um) Growth time (h)
e f
3r EZQ
; ~1F |
© 3
L, s
c
g Egap = 6.1 eV “?
5 g |
2 k=
< \ \ ,
0 0 '(v,—/” WA "\//'\,m»’\i‘»\/\\/'\/‘V\‘
200 400 600 800 1300 1400 1500
Wavelength (nm) Raman shift (cm™")
g 3 h 3
B1s N 1s
S S
S 27 82
2 2
= =
g 1 S 1
E S
0 oL ‘ :
196 192 188 184 180 408 404 400 396 392
Binding energy (eV) Binding energy (eV)
i ‘ | 4000

SJUNod HHS

Extended DataFig.7|Characterization of as-grownsingle-crystalrBNfilms.  consistent orientation confirm the single-crystal nature of the rBN lattice.
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nucleationstage. The average domainsizeis calculated tobe 3.1pm. ¢, Statistics  at190.2 eV (g)and N1speakat397.9 eV (h), respectively, exhibiting the high

oftheaverage film thickness, exhibiting the nearly-linear dependence on the quality of the as-grown rBN layers. i,j, In-situ SHG mappings of the rBN single-
growthtime. The estimated growthrate at the film-formationstageis1.15nm/h,  crystalfilmsbefore (i) and after (j) etching, showing none of observed etched
whichis consistent with the previously reported values (ref. 1: Nature 2022, 88, defector thickness reduction. The same number corresponds to the same area,

606; ref.2: Nano Letters 2016,16,3360).d, LEED patterns of the as-grown rBN and allimages are the same size.
film collected at different positions. The threefold symmetric patterns with
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Extended DataFig. 8| Evolution of PFM response by using differenta.c. (V,.)
andd.c. (V,) voltages. a,b, PFM signals withafixed V,.of 8 Vand various V,. of
0.8Vt02.0V(a),aswellasafixed V,.of1Vand V. ranging from2.0 Vto 9.0 V (b).
The V,-dependent PFM hysteresis loops show that the rBN system has a specific
coercivevoltage (V). When V,.is smaller than V,inrBN, V,.is not enough to

switchthe ferroelectric polarization, so abutterfly shaped curve inamplitude
and 180° phase hysteresis are absent. In addition, the PFM loops show
increasing amplitude and shrinking hysteresis window with increasing V,.
from0.5Vt02.0V.c, PFMsignals collected at different nine samples, indicating
thereproducibility of ferroelectricity in rBN layers.
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Extended DataFig.9|Theoretical simulationand experimental exfoliated hBN flakes, showing no potential change of hBN with different
measurementsonhBN. a,b, Interlayer differential charge density (a) and the thickness. The curve data were collected along the orange dashed lines. e, PFM
correspondingline profiles (b) of the exfoliated hBN flakes. ¢,d, AFM height measurements on exfoliated hBN flakes, showing the absence of ferroelectric

mapping (c) and the corresponding KPFM mapping (d) measured on the responses. Inset, AFM height mapping of hBN withatypical thickness of 3.9 nm.
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Extended DataFig.10|Theoretical simulation of the switching barrier of markedinthebottom of figures. Theinsets are different sliding paths and the
theferroelectricdomainsinrBN with 2-4 layers. a-c, Energy evolutionofthe ~ orange and greenballsrepresent the Band N atoms, respectively. g, Energy
bilayer (a), trilayer (b) and tetralayer (c) systems along with the sliding steps. evolutionwith the nucleus propagation of rBN trilayer from ABC to CBA
d-f,Relative displacement curves between adjacent layers of rBN bilayer (d), stackingsequence, whererrepresents the radius of nucleus. The CBA-stacked

trilayer (e) and tetralayer (f) under another sliding path. The dashed lines mark nucleus and fixed domainboundary region is marked by the black dashed lines.
the corresponding domain boundary areas, and the switchingbarriers are also
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