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ABSTRACT

Non-centrosymmetric stacking in boron nitride (BN) enables out-of-plane polarization, offering a route toward 2D dielectrics
with embedded nonvolatile functionality. However, achieving uniform, wafer-scale growth of metastable Bernal-stacked BN (bBN)
remains challenging, as it requires breaking interlayer inversion symmetry. Here, we demonstrate the wafer-scale epitaxial growth
of single-crystal bBN bilayers on Ni(111)/sapphire substrates using metal-organic chemical vapor deposition. By employing a flow-
modulation epitaxy approach, we enhanced surface reaction kinetics while suppressing secondary nucleation, thereby enabling
self-limiting growth of uniform bilayer bBN films. Monoatomic Ni step edges deterministically enforced the AB stacking order,
energetically stabilizing the bilayer configuration by lifting the degeneracy of competing stacking orientations, as confirmed by
atomic-resolution imaging and density functional theory calculations. The resulting bBN films served as atomically thin dielectric
interlayers in top-gated molybdenum disulfide (MoS,) transistor arrays, yielding spatially uniform device performance across the
wafer and enabling nonvolatile ferroelectric switching of the MoS, channels via polarization reversal in the bBN interlayer. These
results expand the understanding of step-edge-guided growth mechanisms for controlling stacking order and layer number in
metastable 2D materials, and demonstrate a reliable wafer-scale approach to phase-controlled synthesis of single-crystal bBBN
bilayers with their integration as functional 2D dielectrics for practical electronic applications.

1 | Introduction adopts the thermodynamically stable AA’ stacking, and has

been extensively used as a dielectric support or encapsulation
The phase-dependent stacking order of 2D layered materials  layer in van der Waals (vdW) heterostructures due to its atom-
plays a pivotal role in defining their (opto)electronic structure, ically flat, chemically inert surface and large bandgap [4-9].
interlayer coupling, and symmetry-governed physical properties Beyond the conventional AA’ stacking, however, metastable,
[1-3]. For instance, hexagonal boron nitride (hBN) typically non-centrosymmetric configurations—such as Bernal (AB) and
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rhombohedral (ABC) stacking in BN crystals—have attracted
growing interest due to their fundamentally distinct interlayer
symmetry and emergent features, including sliding ferroelec-
tricity and optical nonlinearity [10-14]. Notably, Bernal-stacked
BN (bBN) offers fundamentally distinct features—including
enhanced stacking registry with 2D materials, flat-band forma-
tion in Moiré superlattices, and direct-gap behavior—thereby
broadening its applicability to emerging 2D (opto)electronic
devices [15-20].

Meanwhile, the demand for wafer-scale single-crystal BN has
surged to support large-area 2D integration platforms [7]. Most
growth strategies have focused on (111)-oriented single-crystal
metals such as Cu, Ni, Cu-Ni, and Ni-Fe alloys, which offer
favorable lattice matching with BN [11, 21-25]. Despite the
inherent Cg, symmetry of these surfaces, the presence of <110>
step edges breaks the rotational symmetry, enabling unidi-
rectional domain alignment via step-edge-guided growth [26].
This approach has proven effective in both monolayer and
multilayer regimes. However, synthesized multilayer BN films
often exhibit diverse stacking sequences—including AA’, AB,
and ABC stacking configurations—highlighting that the role of
step edges in controlling stacking order during nucleation is still
not fully understood [11, 22]. In addition, BN exhibits strong
layer-dependent physical properties, such as reduced tunneling
and enhanced dielectric screening with increasing thickness,
particularly beyond the bilayer regime [27, 28]. Moreover, in the
case of bBN, precise layer control is essential to ensure uniform
ferroelectric properties, as internal polarization can be cancelled
depending on the number of layers [29].

Previous approaches using single-crystal Ni substrates yielded
multilayer BN with varying thicknesses depending on precursor
flow and growth time, indicating the absence of any self-
limiting bilayer growth behavior [10, 22]. Despite proceeding
under a surface-mediated growth regime, the use of single-source
precursors, such as borazine or ammonia borane [21-23, 30-
37], hindered independent control over the kinetics of B and
N surface reactions, thereby impeding the reliable formation
of a consistent layer number. As such, self-limiting growth
has only been achieved for monolayer hBN on Cu substrates,
which exhibits low solubility for both elements, and the scalable
realization of uniform bilayer BN with defined stacking order
remains a fundamental challenge (Table S1).

In this study, we report the wafer-scale, self-limiting epitaxial
growth of Bernal-stacked bilayer single-crystal BN on
Ni(111)/sapphire substrates using a flow-modulated metal-
organic chemical vapor deposition (MOCVD) technique. By
leveraging the crystallographic guidance of monoatomic Ni step
edges, we achieved not only unidirectional domain alignment
but also deterministic AB stacking order with uniform bilayer
thickness control. Remarkably, the bilayer nucleation exhibited
self-limiting behavior across the entire wafer, remaining strictly
two layers thick independent of precursor flux. The resulting bBN
films were integrated as atomically thin dielectric interlayers
in top-gated molybdenum disulfide (MoS,) transistors, yielding
spatially uniform electronic performance across large-area device
arrays and enabling threshold voltage modulation of the MoS,
channel via ferroelectric polarization switching in the bBN layer.
These findings establish a generalizable strategy for stacking-

controlled growth of 2D materials, providing wafer-scale access
to metastable bBN and demonstrating its scalable integration as
a functional dielectric in practical 2D electronic applications.

2 | Results and Discussion

2.1 | Self-Limiting Bilayer Growth of bBN Films
via Flow-Modulation Epitaxy

A bilayer bBN film was synthesized using a vertical showerhead-
type cold-wall MOCVD system equipped with run/vent manifold
switching, enabling the sequential feeding of precise amounts
of precursors. The film was grown on a single-crystal Ni(111)
thin film deposited on a two-inch c-plane sapphire substrate. To
independently regulate the injection of B and N sources during
bBN synthesis, triethyl-boron (TEB) and ammonia (NH;) were
used, with hydrogen (H,) as carrier gas. The growth temperature
was set to 1100 °C, which provided optimal conditions for lateral
growth of bBN domains, while preventing Ni decomposition
(Figure S1).

When two different precursors coexist at high partial pres-
sures, gas-phase nucleation and parasitic reactions—both typical
in MOCVD systems—can occur [38-40]. In continuous-flow
MOCVD, the high N/B ratio results in a dominant partial
pressure of NH; on the Ni(111) surface, which suppresses the
B-N reaction rate [41], thereby reducing the overall growth
rate of bBN (Figure 1a,b). In contrast, under flow-modulation
epitaxy conditions (Figure 1c), where the precursors are injected
sequentially, the bBN surface coverage reached 99%, with the
adlayer fraction saturating at ~4% of the total bBN area (Figure 1d;
Figure S2). This result was achieved under identical TEB injection
durations (20 min) by regulating the partial pressure of precursors
on the Ni(111) surface, thereby enhancing the B—N reaction
rate. A complete bBN film was formed on the Ni(111) surface
within 67 min, corresponding to 200 precursor pulse cycles.
Secondary nucleation was effectively suppressed by optimizing
the interruption interval between precursor feeds (Figure S3).
However, when this interval exceeded the optimal range, bBN
coverage decreased due to the desorption of residual precursors
from the surface.

In flow-modulation epitaxy of bBN on Ni(111), achieving wafer-
scale uniformity requires consistent nucleation thickness and
comparable nucleation behavior across spatially distinct regions.
Under the 50-pulse-cycle condition, where bBN domains had
not yet fully coalesced, uniform trends in both domain size
and surface coverage were observed (Figure S4). To examine
whether bBN domains exhibit consistent thickness during het-
erogeneous nucleation, a bBN film grown for 100 pulse cycles was
transferred and subsequently analyzed (Figure 1f-h; Figure S5).
The measured thickness was approximately 0.83 nm on average,
confirming that bilayer nucleation dominated irrespective of the
measurement position. When a large number of TEB injections
were applied within the optimum interval, the B-N reaction
rate decreased, reducing bBN coverage (Figure S6a—c). However,
under these same conditions, the thickness of the transferred
bBN films (Figure S6d,e) remained constant (Figure 1h), even
with increased B-source dosing, indicating that the bBN growth
process follows a self-limiting mechanism under the designed
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FIGURE 1 | Growthand characterization of uniform bilayer bBN films. a-d) Schematics of precursor injection states (a, ¢) and corresponding false-
colored SEM images (b, d) under continuous-flow mode (a) and flow-modulation epitaxy (c). e) Surface coverage of bBN (6py) and adlayer-to-bBN
coverage ratio (B,diayer /Oppn) extracted from the growth modes shown in (a) and (c). (f) Photograph of partially grown bBN film (100 pulse cycles)
transferred onto a two-inch SiO,/Si wafer, showing nine designated AFM measurement positions. (g) AFM image at position 5 in (f), displaying bBN
domains on the SiO, surface. (h) Depth profiles extracted from the nine positions in (f). Two Gaussian distributions, corresponding to the bBN layer (sky
blue) and SiO, substrate (pink), were fitted to the depth histograms. The bBN thickness (t;_ty) was determined from the difference in the peak centers.
(i) Raman intensity maps of the Ey, phonon mode from nine regions marked in Figure S10, with average intensity values included. (j) Representative

Raman spectra from each region shown in (i). (k, 1) Distributions of E,, peak positions (k) and FWHM ().

flow-modulation conditions. To probe the effect of excessive B- phonon mode intensity exhibited minimal spatial variation, with
source dosing on subsequent BN growth, TEB was pre-dosed an average of 270.1 + 26.4 cm™!. The peak position closely
for one minute prior to the standard 200 pulse cycles. When matched that of mechanically exfoliated bilayer hBN [44], and the
no interval was introduced between the pre-dose and the pulse full width at half maximum (FWHM) of 16.4 + 1.4 cm~! indicated
cycles, bBN did not grow (Figure S7). In contrast, introducing a a crystal quality comparable to that of previously reported CVD-
one-minute interval increased bBN coverage to 90% (Figure S8). grown single-crystal hBN films [21, 22]. Furthermore, the fully
These results indicate that the growth is governed by a surface- merged bBN film—despite minor adlayer coverage and edge
reaction mechanism [42], where maintaining an optimal B:N tearing induced during bubbling transfer—exhibited a thickness
ratio at the surface is more critical for bBN formation than the consistent with that of the partially grown bBN film (Figures S12
absolute precursor supply (Figure S9; see Note S1 for details). and S13).

Transfer of the two-inch bBN film was achieved through the Ultraviolet-visible (UV-vis) absorption spectroscopy and X-ray
electrochemical bubbling method (Figure S10) [21, 34, 43]. Raman  photoelectron spectroscopy (XPS) revealed key characteristics of
mapping and optical contrast analysis confirmed the film’s the bBN film. The film exhibited an optical band gap of approxi-
uniformity over a large area (Figure 1i-1; Figure S11). The E,, mately 6.0 eV (Figure S14) and was composed of sp*>-hybridized
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B—N bonding (Figure S15). The [B]:[N] ratio, determined for
the bBN film transferred onto a SiO,/Si wafer, was found to
be 1.00:0.98 based on the B Is (190.4 eV) and N Is (398.1 eV)
core-level spectra. Conductive atomic force microscopy (CAFM)
was used to evaluate the defect density and homogeneity of the
as-grown bilayer bBN films on Ni(111) [45-47]. Because of the sub-
1-nm thickness of bilayer bBN, tunneling currents are expected
in the presence of structural defects such as pinholes and grain
boundaries (GBs) [45]. However, current mapping revealed no
measurable current, confirming the insulating nature and high
structural integrity of the as-grown bBN films (Figures S16-S18).
In addition, statistical analysis of 25 randomly acquired I-V curves
showed uniform tunneling behavior (Figure S19), consistent with
previous observations in CVD-grown single-crystal BN [47].

2.2 | Epitaxial Growth of Single-Crystal bBN on
Ni(111)

Achieving a single-crystalline Ni(111) film with uniform step
edges is a crucial prerequisite for guiding the unidirectional
nucleation of bBN. To this end, we prepared single-crystal Ni(111)
thin films on c-plane sapphire substrates by controlling the
surface termination of sapphire (Figure S20) and performing
H, annealing (see Experimental Section for details). The as-
deposited Ni film exhibited a (111) crystallographic orientation
along the nominal out-of-plane direction (Figure S21), while a
twin GB was observed in the in-plane direction (Figure S22a-
¢). The H, annealing process facilitated atomic rearrangement,
resulting in the formation of distinct stacking sequences and
promoting abnormal grain growth [24, 25, 48, 49]. The annealed
Ni film exhibited a single-crystal structure characterized by an
atomically smooth, GB-free surface with well-defined <110>
steps (Figure 2a; Figure S22b,d). Electron backscatter diffrac-
tion (EBSD) results (Figure 2b) confirmed that the Ni films
maintained the (111) orientation and exhibited unidirectional in-
plane alignment after bBN growth, with no evidence of mixed
phases. This was further supported by the absence of Ni—B
bond signals (~187.9 eV (ref. [22])) in the XPS spectra of the as-
grown bBN film (Figure S15c). Scanning transmission electron
microscopy (STEM) analysis confirmed the Ni/Al,O; interface
and revealed an in-plane epitaxial relationship of [112]Ni I
[110]Al,O; (Figure 2c,d).

The bBN domains were aligned with the underlying Ni step edges
over a large area, as indicated by the white dashed lines in SEM
and AFM phase images (Figure 2e,f). Following H, etching or
UV/ozone (UVO) treatment, no alterations were observed in the
merged bBN domain regions (e.g. BN partial etching or NiO,
formation), confirming the absence of GBs at the macroscale
(Figures S23-S25) [35]. At the atomic scale, when two adjacent
bBN domains merged, their congruent crystal orientations within
both the individual domains and the merged region confirmed
their seamless stitching (Figure S26). Integrated differential phase
contrast (iDPC)-STEM was employed to confirm the bBN/Ni(111)
interface configuration along both the zigzag and armchair
directions of bBN (Figure 2g,h; Figure S27). Figure 2g shows
that the lattice spacing of both [1120]gy and [110]y; is well-
matched at 1.25 A, with no observable mismatch. The atomic
registry at the bBN/Ni interface was verified from a zigzag-
view STEM image (Figure 2h). To assess the large-area crystal

orientation of the as-grown bBN films, low-energy electron
diffraction (LEED) measurements were performed at 16 different
locations (Figure 2i). The resulting diffraction patterns exhibit six
hexagonal spots with three-fold symmetry, consistently aligned
across the scanned region, indicating a unidirectional crystal
orientation of bBN.

2.3 | Step-Guided Uniform Nucleation of Bilayer
bBN

We investigated the interface between bBN and Ni(111) at step
edges using atomically resolved scanning tunneling microscopy
(STM) to confirm the epitaxial relationship between the Ni steps
and bBN. Large-area STM imaging revealed that the Ni(111)
surface after bBN growth consisted of monoatomic steps and
terraces (Figure 3a,b). As shown in Figure 3c, the STM image
of the bBN grown along the Ni steps revealed a clear parallel
alignment between the Ni < 110 > step direction and the zigzag
direction of bBN. Fast Fourier transformation (FFT) analysis
(inset of Figure 3c) further confirmed that the bBN lattice above
and below the step maintained a consistent crystal orientation.
The electrical bandgap of bBN was measured on both the upper
and lower terraces using scanning tunneling spectroscopy (STS),
yielding values of ~6 eV for both regions (Figure S28), consistent
with the theoretical value [50]. This contrasts with monolayer
hBN directly grown on metals, where hybridization with the
substrate typically results in a reduced bandgap (<6 eV) [51, 52].

As shown in Figure 2h, bilayer bBN grown on Ni(111) adopts an
AB stacking order. Because inversion symmetry is broken, bBN
exhibits intrinsic polarization, with polarity reversed depending
on the stacking sequence (AB or BA) [14]. A phase transition in
the as-grown bBN/Ni films was confirmed by piezoresponse force
microscopy (PFM), which demonstrated ferroelectric switching
(Figure 3d). To verify that this stacking sequence persists beyond
local regions, high-resolution TEM and SAED analyses were
performed on transferred bBN films (Figure 3e-h; Figures S29
and S30). The atomic-resolution TEM image (Figure 3f) matched
well with simulated images based on an AB-stacked BN model.
A characteristic feature of AB stacking—the increased intensity
of second-order diffraction spots relative to the first-order—was
consistently observed [53, 54]. This diffraction signature was
detected in both partially grown domains (Figure 3gh) and
fully merged films (Figure S29). Furthermore, electron beam-
induced etching of the partially grown films (Figure S30) revealed
triangular etch pits in the first and second layers with identi-
cal orientation, providing further confirmation of AB stacking,
consistent with previous reports [53, 54].

To elucidate the thermodynamic origin of this stacking behav-
ior, we combined density functional theory (DFT) calculations
with structural characterization. Bilayer bBN was found to be
energetically stabilized when nucleated at monoatomic Ni step
edges. Two favorable configurations were identified: one with a
B-terminated bBN edge and one with an N-terminated edge, both
interfacing with monoatomic Ni steps. Notably, even when the
initial configuration was set to AA’ stacking, the N-terminated
model relaxed into an AB-stacked configuration, exhibiting a
binding energy approximately 3 eV/nm lower than that of
B-terminated AA’-stacked structure (Figure 3i).
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FIGURE 2 | Structural characterization of epitaxial bBN films on Ni(111). (a) XRD pattern obtained by a 28 scan of the Ni(111) film. Inset: in-plane &
scan of the Ni <200> direction. (b) EBSD inverse-pole figure maps of the single-crystal Ni(111) film after bBN growth. ND, normal direction. RD, rolling
direction. (¢, d) SAED pattern (c) and cross-sectional iDPC-STEM image (d) of the Ni/a-Al,05 interface along the [112]y; zone axis. (¢) SEM image
showing unidirectionally aligned bBN domains on the Ni(111) film after 50 pulse cycles. (f) AFM phase image of bBN domains after 100 pulse cycles.
bBN domains are aligned with Ni steps; white dashed lines in (e, f) indicate step directions. (g, h) Cross-sectional iDPC-STEM images of bilayer bBN on
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with a 1 mm beam size.

Beyond the stacking sequence, the number of nucleation layers
was also influenced by the Ni step configuration. To examine
the effect of step height on multilayer nucleation, we simulated
the docking of bBN nanoribbons onto Ni steps with monoatomic
and triatomic heights (Figure 3j,k). When the step height was
three atomic layers, thicker bBN nucleation became energeti-
cally favored. In contrast, monoatomic steps promoted bilayer
formation, exhibiting an energy advantage of ~1.4 eV/nm over
thicker configurations. Consistent with these predictions, thick-
ness analysis of transferred bBN films revealed that most domains
were bilayer, supporting the conclusion that monoatomic Ni steps
facilitate the stable and uniform nucleation of Bernal-stacked
bilayer BN in our growth system.

2.4 | Spatially Uniform Enhancement of 2D
Device Performance With bBN Interlayer

Using single-crystal BN films as an interlayer between a 2D
channel and a high-x dielectric reduces charge trapping and

ensures robust dielectric isolation, owing to their insulating
nature and high crystalline quality. These characteristics suppress
interface scattering and enhance channel performance in 2D
FET devices. However, most previous studies on wafer-scale
hBN growth evaluated only a limited number of devices, lacking
statistical validation of hBN’s wafer-scale impact (Table S2). In
contrast, employing MOCVD-grown bBN as an interlayer in top-
gate MoS, FETs demonstrated statistically significant suppression
of interface scattering.

We fabricated 8 x 8 top-gate MoS, transistor arrays incorporating
this hybrid dielectric and compared their performance against
reference devices using conventional 3D dielectrics (Figure 4a,b;
Figure S31). Monolayer polycrystalline MoS, grown by pulse-
mode MOCVD served as the channel material [55]. Transfer
characteristics revealed that devices with bBN interlayers exhib-
ited improved yield, suppressed gate leakage, and reduced
defect-related variability (Figure 4c; Figure S32, and Note S2 for
calculation details). Despite a slightly higher equivalent oxide
thickness (EOT) (3.76 nm) caused by the vdW gap and low
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FIGURE 3 | Nistep-edge-guided nucleation mechanism of bilayer bBN. (a) STM image of the Ni(111) surface showing step edges. (b) Height profile
along the white dashed line in (a), indicating monoatomic step heights. (c) Atomic-resolution STM image of bBN on Ni(111), with the step edge marked

by a dashed line. Inset: corresponding FFT pattern. (d) PFM measurement of bilayer bBN on Ni(111) under an a.c. bias of 1.5 V applied during on-field
mode. (e) High-resolution TEM image of a bilayer bBN film. (f) Magnified view of the red-boxed region in (e), with corresponding simulated image and
structural model of Bernal-stacked bilayer BN. (g) SAED pattern of a partially grown bBN film (100 pulse cycles). (h) Intensity profile along the yellow
dashed line in (g). (i) Binding energies of bilayer bBN nanoribbons at Ni monoatomic steps, comparing B-terminated and N-terminated configurations.

(j, k) Binding energy variation with bBN thickness (1IL-4L) at Ni step edges with (j) monoatomic and (k) triatomic step heights. Insets in (i-k) show the

relaxed 2L bBN configurations for each case.

permittivity of bBN, the hybrid dielectric-integrated devices
achieved superior on-state performance and stronger electrostatic
control compared to 3D dielectric stacks (EOT = 2.41 nm)
(Figure S33). The threshold voltage (V) of bBN-integrated
devices exhibited a positive shift (2.95 + 0.32 V vs. 2.01 +
0.25 V) and reduced variation (10.7% vs. 12.6%), indicating that
bBN interlayers suppress charge doping from amorphous oxide
dielectrics (Figure 4d; Figure S34). The average on-current (I,,)
reached 14.2 pA um~'—over fivefold higher than that of the
reference device (2.5 pA um™). To ensure a fair comparison, I,
was extracted at a carrier density (n,) of 10" cm™. Statistical
analysis of on/off ratio and subthreshold swing (SS) further
highlighted the benefit of the bBN interlayer: mean I,,/I s = 5.3

x 10% and SS = 238 mV dec™! (Figure S35). Collectively, these
enhancements demonstrate that bilayer bBN not only preserves
dielectric integrity but also improves gate modulation.

2D mapping of field-effect mobility (upz) and interface trap den-
sity (D;,) across the 8 x 8 array confirmed the spatial uniformity
of device performance (Figure 4e; Figure S36). The average upg
of devices incorporating bBN was 5.5 cm? V™' s7', nine times
higher than that of devices without bBN (0.61 cm? V~! s71).
The corresponding D;, (1.65 x 10® ¢cm=2 eV~!) was less than
half that of the reference stack, indicating that the crystalline
AB-stacked BN interlayer effectively suppresses interface scatter-
ing and dielectric-induced defects.
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FIGURE 4 | Electrical performance of MoS, FET arrays with bBN interlayers. (a) Schematic describing a top-gate MoS, FET device integrated with
hybrid dielectric stack in terms of the bBN interlayer, AlO, buffer layer, and high-x HfO, dielectric. (b) Optical image of 8 x 8 arrays of MoS, FETs
integrated with hybrid dielectric. (c) Transfer curves (Igs-Vg) of FETs with AlO,/HfO, (pink) and bBN/AIOy/HfO, (sky-blue) dielectrics. (d) Box-and-
whisker plots with normal (upper) and lognormal (lower) fitting of Vi, and I, values with different dielectric stacks. (e) Color maps of field-effect
mobility, upg extracted from transfer curves (c) in FET devices made without bBN (left) and with bBN (right). The gray position represents the failed
device with gate leakage greater than 10~/ A at a gate bias of 1 V. (f, g) Polarization-switching-induced transfer characteristics of top-gated MoS, FETs
without (upper) and with (lower) a bBN interlayer under various sweep ranges (f) and at a sweep range of 4 V (g). All measurements were performed

at Vg = 0.1 V. (h) Stacking-dependent charge redistribution in bilayer bBN/MoS, heterostructures: differential charge distribution mapping (left) and

extracted vacuume-level shifts for AB and BA stacking configurations.

2.5 | Polarization Switching of bBN for 2D
Electronic Applications

As confirmed by the PFM signals of bBN films (Figure 3d),
top-gate MoS, FETs with bBN interlayers also exhibited
ferroelectric switching, evidenced by a hysteresis loop that
changed from clockwise to counterclockwise depending on

the applied electric field (Figure 4f,g; Figure S37) [56]. In
contrast, devices without a bBN interlayer displayed only
clockwise hysteresis, with the hysteresis window widening as
the sweep range increased from 2 to 4 V [57]. By comparison,
devices with bBN interlayers exhibited clockwise hysteresis
at sweep ranges of 1-3 V, but reversed to counterclockwise
at4'Vv.
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To elucidate this behavior, DFT calculations were performed,
confirming that the shift in the MoS, vacuum level induced by
bBN polarization switching aligns with the transfer character-
istics of the FET (Figure 4h; Figures S38-S40, and Note S3).
When the stacking configuration changes from AB to BA, the
bBN polarization points downward, causing a downward shift
in the MoS, vacuum level and a relative increase in its Fermi
level [19]. Consistently, in MoS, FETs with bBN interlayers, the
threshold voltage shifted negatively during the backward sweep
following switching. This confirms that the potential shift in
MosS, due to the bBN polarization switching, as predicted by DFT,
directly corresponds to the dual-sweep transfer characteristics of
the devices.

3 | Conclusion

We report the first wafer-scale growth of single-crystal Bernal-
stacked bilayer BN, achieved through a flow-modulated MOCVD
approach combined with monoatomic step-edge-directed epitaxy
on Ni(111)/sapphire substrates. This method enables self-limited
bilayer nucleation and deterministic AB stacking by leveraging
Ni step-edge templating, which ensures control over both stack-
ing sequence and layer-number uniformity. The resulting bBN
films exhibit high crystalline quality, atomically clean interfaces,
and wafer-scale thickness uniformity, as confirmed by atomic-
resolution imaging and diffraction analyses. When integrated as
interlayers in MoS, transistor arrays, the bBN yielded spatially
uniform and statistically consistent enhancements in charge
transport and electrostatic gate control across all devices, owing
to suppressed interface scattering at the MoS,/bBN interface.
Furthermore, the AB-stacked bBN imparted a robust ferroelectric
switching functionality in top-gate 2D FETSs, enabling nonvolatile
polarization control of the MoS, channel. Collectively, these
findings establish a reliable stacking-controlled route for wafer-
scale bilayer BN synthesis and integration, and highlight its
general applicability to scalable 2D nanoelectronics.

4 | Experimental Section
4.1 | Deposition of Ni(111) Film on Sapphire

The as-received two-inch epi-ready c-plane sapphire wafers with a
nominal miscut of 0.2° toward the m axis were annealed at 1000°C
for 4 h in an air atmosphere. The as-annealed sapphire wafers
were cleaned by a piranha solution at 120°C for 15 min, and then
rinsed in a DI water bath for 20 min. A 600-nm-thick Ni thin
film was deposited on the as-prepared sapphire wafer at 550°C
for 20 min using direct current sputtering equipment (SRN-120,
SORONA).

4.2 | Growth of Single-Crystal bBN via MOCVD

bBN growth was performed in an MOCVD system equipped with
a showerhead-type vertical cold-wall reactor with an automatic
run/vent manifold system. TEB was used as the B precursor,
and NH; was used as the N source with a H, carrier gas. Before
bBN growth, the two-inch Ni/sapphire placed on the SiC-coated
susceptor was annealed at 1100°C for 30 min in a H, atmosphere

with a pressure of 500 Torr. The bBN growth step was initiated
by reducing the pressure to 100 Torr, while maintaining the
temperature. The TEB was introduced at a molar flow rate of
15 umol/min, and the NH; was introduced at 2 slm. The growth
cycle comprises four steps: 1) TEB injection (6 s), 2) interruption
(2 s), 3) NH; injection (10 s), and 4) interruption (2 s). The
interruption step involves the injection of only H, carrier gas,
without the addition of TEB or NH;. After 200 pulse cycles,
complete growth of the bBN film on Ni was achieved. The cooling
process was then conducted at a cooling rate of 150°C min™ in
a H,/NH; atmosphere (Table S1), which serves to suppress the
formation of the N vacancy.

4.3 | Transfer of bBN Films

The as-grown bilayer bBN film was transferred from the Ni
(111) substrate via an electrochemical bubbling process [21]. A
polymethyl-methacrylate (PMMA) layer was spin-coated on the
bBN film. The PMMA film at the working electrode area and the
edge of the wafer were removed using a laser blade. A conductive
polymer-coated Cu foil was attached as the cathode. Then, TRT
was attached to the PMMA-coated wafer to prevent unwanted
folds during the transfer process. The transfer was carried outin a
1M NaOH solution using a Pt wire as the anode under an applied
voltage of 3 V. H, bubbles generated at the Ni surface facilitated
the delamination of the bBN layer from the Ni substrate. To
remove residual NaOH, the delaminated film was soaked in three
separate DI baths for 30 min each. Following air-drying for 1 h,
the samples were transferred onto the target substrate. The TRT
was detached by heating at 120°C, and the PMMA layer was
eliminated by dipping the sample in an acetone bath overnight.
After isopropyl alcohol (IPA) rinsing and N, blowing, the bBN
film on the target substrate was obtained through UHV annealing
in a N,/H, mixture at 350°C for 2 h.

4.4 | Characterizations

Surface morphologies of bBN grown on Ni(111)/sapphire were
examined using cold field-emission SEM (SU8220, Hitachi) and
AFM (Dimension Icon, Bruker). Raman spectra were collected
with a confocal Raman microscope (alpha300R, WITec, 532 nm
excitation), and optical images were obtained using an Axio
Scope Al (ZEISS). UV-vis spectra were measured with a Cary
5000 spectrophotometer (Agilent). Electrical measurements of
bBN/Ni(111) were performed using conductive AFM (XE-40 and
NX20, Park Systems) in contact mode with a Pt-coated tip (see
Supplementary Note 4 for the details, Supporting Information).
PFM data were collected in on-field mode (XE-40) using conduc-
tive tips (NSC18-CrAu, Park Systems). XPS spectra of bBN and
sapphire were acquired using a monochromatic Al Ka source
(ESCALAB 250Xi, Thermo Fisher). Crystallinity of Ni(111) films
was assessed by EBSD (Quanta 3D FEG, FEI), 6-26 XRD (D8
DISCOVERY, Bruker), and azimuthal XRD (X’Pert MPD, Philips).
Cross-sectional STEM specimens were prepared by focused ion
beam (Quanta 3D FEG, FEI), and HAADF/iDPC-STEM imaging
and SAED were conducted using an aberration-corrected Titan
G2 60-300 (FEI) at 200 kV. In-plane high-resolution TEM and
SAED were carried out at 80 kV. Simulated STEM images were
generated using the Tempas software. STM/STS experiments
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were performed at 77 K using a UHV low-temperature STM
(SPECS) under a base pressure below 5.0 x 107" Torr, after
annealing bBN/Ni(111)/sapphire at 400°C for 4 h. LEED patterns
were obtained using a ErLEED 150 system (SPECS) under a base
pressure below 3.0 x 107° Torr, following e-beam heating at
300°C for 2 h and cooling to room temperature.

4.5 | Top-Gate FET Fabrication and Electrical
Measurement

A bottom-contact structure was employed to ensure uniform
device geometry in polycrystalline MoS, FETs. Electrode pat-
terns with 800 nm channel lengths were defined via laser
lithography (MicroWriter ML3), followed by Ti/Au (3/12 nm)
deposition and lift-off. The electrodes underwent O, ashing at
300°C for 5 min to remove resist residues. A monolayer MoS,
film was synthesized on an 8-inch SiO,/Si wafer via pulse-
mode MOCVD [44]. The PMMA/TRT-assisted transfer method
was used to transfer MoS, onto the bottom-contact patterned
substrate, followed by PMMA removal with hot acetone and
UHV annealing at 200°C for 2 h to improve adhesion. The
MoS, channel was patterned using laser lithography and O,
ashing. A bilayer bBN film was transferred onto the MoS,
using an electrochemical bubbling method. Because uniform
deposition of a nanometer-scale high-x dielectric layer on bBN
is hindered by its inert and hydrophobic surface with low pre-
cursor adsorption during atomic layer deposition (ALD) [23], an
ultrathin Al seed layer was introduced prior to HfO, deposition.
A 1.5 nm-thick Al seed layer was e-beam evaporated, followed
by 6 nm HfO, deposition via ALD at 200°C, forming a pinhole-
free bBN/AIO,/HfO, hybrid dielectric stack (Figure S41). The
top-gate electrode (Ti/Au, 3/15 nm) was deposited, and a via
was opened by BCl;-based dry etching to expose the bottom-
contact pads. Electrical measurements were performed in high
vacuum (~10~° Torr) at room temperature using a cryogenic
probe station (Lakeshore CRX-4K) and a Keithley 4200-SCS
analyzer.

4.6 | DFT Calculations of bBN Formation

The DFT calculations of binding energy for various BN-
Ni (111) configurations were conducted using Quantum
Atomistic-ToolKit (ATK) tool version V-2023.12 (Synopsys).
The exchange-correlation potential was described by the
Perdew-Burke-Ernzerhof (PBE) in the generalized gradient
approximation (GGA). Gimme DFT-D3 method was activated as
a vdW correction. A Monkhorst-Pack k-point grid of 1 x 11 x 1
was applied for the bBN nanoribbon on the Ni (111) surface with
atomic step layers with an energy cutoff of 85 Hartree. A vacuum
slab of 30 A was used to avoid interactions between adjacent cells
in the vertical direction. To reduce spurious interactions when
forming supercells in a slab model with a vicinal Ni surface, the
distance between the bBN nanoribbon and the undocked step
edge was set to a minimum of 10 A. The structural optimization
was performed until the energy and force variations were reduced
to 1 X 10~° eV and 0.01 eV/A, respectively. To isolate the effect
of the interface configuration without introducing strain, the Ni
atoms were fixed during structural relaxation, and the lattice
constant was set to 2.512 A to match that of the BN crystal. The

binding energy for the BN structures on the Ni (111) slab was
calculated as follows:

E, = Egn + Eni — Epneni @

where Egy, Ey;, and Egy.y; are the energies of free-standing BN,
the Ni slab, and the BN structure on the Ni slab, respectively.
For the BN nanoribbon system with Ni steps, the binding energy
was normalized with respect to the length along the Ni step
direction. The initial atomic configuration of the first BN layer in
all BN nanostructures was adopted from the most stable config-
uration obtained in the monolayer hBN nanoribbon calculation
(Figure S42).
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