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ABSTRACT

Hexagonal boron nitride (hBN) has become a cornerstone dielectric and encapsulation material for next-generation 2D electronics.

Its atomically flat surface, wide bandgap, chemical stability, low trap density, and high in-plane thermal conductivity collectively

enhance carrier mobility, suppress Coulomb and remote phonon scattering, and enable efficient heat dissipation across a range

of 2D devices. Translating these properties into practical technologies demands wafer-scale synthesis of hBN films with precise

control over thickness, crystallographic orientation, and stacking sequence, along with integration schemes compatible with

semiconductor manufacturing. This Review highlights recent advances in scalable vapor-phase synthesis of hBN, emphasizing

self-limiting growth mechanisms and epitaxial strategies that yield single-crystalline and stacking-engineered films. We discuss

transfer and direct-integration methods for embedding hBN into 2D architectures and correlate synthesis parameters with

device-level metrics. Key challenges and future directions are outlined for establishing hBN as a manufacturable platform for

high-performance, wafer-scale 2D electronics.

1 | Introduction

Hexagonal boron nitride (hBN) has emerged as a critical
dielectric platform in the advancement of 2D electronics and
optoelectronics, where it functions as an insulating substrate,
encapsulation layer, and interfacial dielectric for a broad range
of 2D semiconductors and metals [1-6]. Unlike conventional 3D
insulators, hBN offers an atomically smooth, chemically inert sur-
face free of dangling bonds, with an intrinsic van der Waals (vdW)
gap that minimizes interfacial disorder and preserves the intrinsic
properties of adjacent 2D layers [3, 7-11]. Its wide bandgap, high
in-plane thermal conductivity, and robust resistance to chemical
and thermal degradation together enable efficient dielectric
screening, suppression of remote phonon scattering, and long-
term environmental stability [12-19]. These advantages have led
to widespread adoption of hBN in 2D (opto)electronic, photonic,

and electrochemical devices, where it serves as a foundational
dielectric and encapsulating medium [20-35].

The microscopic origins of these functionalities have been
most convincingly demonstrated in model devices utilizing
mechanically exfoliated, defect-sparse hBN flakes. In such
structures, 2D channels—including graphene and transition
metal dichalcogenides (TMDs)—exhibit suppressed impurity
scattering, reduced potential fluctuations, and enhanced carrier
mobility approaching intrinsic limits [1, 3, 4, 36-39]. How-
ever, the exceptional performance of these devices depends
on high-purity flakes sourced from bulk crystals, inherently
limited in lateral size, thickness control, and scalability. As
such, they remain unsuitable for wafer-scale manufacturing.
This gap has driven substantial efforts toward developing scal-
able synthesis techniques that can replicate the structural and

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.

© 2026 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

Advanced Materials Interfaces, 2026; 0:e01079
https://doi.org/10.1002/admi.202501079

10f18


http://www.advmatinterfaces.de
https://doi.org/10.1002/admi.202501079
https://orcid.org/0000-0001-9224-6160
https://orcid.org/0000-0002-2432-0418
mailto:sykwon@unist.ac.kr
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/admi.202501079
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.202501079&domain=pdf&date_stamp=2026-03-29

Scale: ~1 cm Scale: 3cm
a PC-hBN ML C  "SC-hBN'IL . g
esqm\éthN w |
B |
IHIHHH,IHIII|I||l||||l||l\ll‘
20 pm
e 0 iicm="2 &)
2010 2018

Self-limiting growth Crystal orientation control

2012 2019

b IPC-hB;\l 1L zl d [schenil
||||||||||||||I||||\

(110) (11)

0, @ 50 00

e —1

Scale: 1.5 cm Scale: 10 cm

Scale: 4 cm

g SC-rBN ML

Scale: 5 cm

€  SC-hBNpil-

0 AR
oy
| 1920 0yl

2020 2024

Multilayer nucleation

Scale: 5cm

FIGURE 1 | Chronicle timeline of key advancements for wafer-scale BN growth. Four main breakthroughs in wafer-scale BN synthesis are

highlighted along the timeline: (i) self-limiting growth achieving polycrystalline (PC) hBN monolayer (1L), (ii) crystal-orientation control enabling

wafer-scale SC hBN 1L, (iii) multilayer (ML) nucleation leading to SC hBN tri-layer (3L), and (iv) step-modulation-driven stacking-order control
realizing wafer-scale rhombohedral BN (rBN) ML. a) Reproduced with permission [44]. Copyright 2010, American Chemical Society. b) Reproduced
with permission [46]. Copyright 2012, American Chemical Society. ¢) Reproduced with permission [56]. Copyright 2018, American Association for the

Advancement of Science. d) Reproduced with permission [49]. Copyright 2019, Springer Nature. e) Reproduced with permission [50]. Copyright 2020,

Springer Nature. f) Adapted with permission [51]. Copyright 2022, Springer Nature. g) Adapted with permission [57]. Copyright 2024, Springer Nature.

dielectric quality of exfoliated hBN across technologically rele-
vant areas.

The progressive evolution of wafer-scale hBN growth is schemat-
ically summarized in Figure 1. Initial efforts using chemical
vapor deposition (CVD) demonstrated the feasibility of growing
hBN films over large areas; however, the resulting films typically
exhibited polycrystalline morphology, non-uniform thickness,
and uncontrolled in-plane orientation [40-48]. More recent stud-
ies have exploited the crystallographic symmetry of single-crystal
(SC) metal substrates—such as Cu(111), Ni(111), and Cu-Ni(111)
alloys—to direct epitaxial alignment of hBN domains, enabling
centimeter- to wafer-scale SC growth [28, 49-55]. High-symmetry
Cu(111) and Ni(111) surfaces [50-52], along with Cu-Ni (111) alloys
[28], have proven particularly effective in suppressing inversion
domains and grain boundaries by promoting a well-defined
epitaxial relationship between the hBN lattice and the underlying
metal.

Building on this monolayer epitaxy, control over nucleation
kinetics and precursor supersaturation has recently enabled
deterministic multilayer nucleation on such SC templates, lead-
ing to wafer-scale SC trilayer (3L) and thicker SC hBN films that
preserve in-plane registry [51]. Meanwhile, the growth commu-
nity has addressed intrinsic limitations of metal foils—including
surface roughness, thickness non-uniformity, and thermal expan-
sion mismatch—that often induce wrinkles or folds during
cooldown or transfer [50]. These challenges have motivated the
development of ultraflat Cu(111) and Cu/Ni(111) wafers compat-
ible with silicon processing flow, offering improved platforms
for uniform and scalable hBN growth [28, 50]. Most recently,
step-modulated metal surfaces and tailored growth protocols

have been employed to break interlayer inversion symmetry,
enabling the selective formation of rhombohedral BN (rBN)
multilayers [57].

Concurrent with advances in growth, scalable integration tech-
niques have been developed to incorporate as-grown hBN
films into 2D electronic architectures. Transfer methods—
such as polymer-assisted release [51], electrochemical bub-
bling [50], and direct growth on insulating or functional
substrates [53]—aim to preserve the structural continuity and
minimize interfacial contamination of the films. These efforts
have enabled not only single-device demonstrations but also
the fabrication of statistically meaningful arrays of hBN-
based dielectrics in field-effect transistors (FETs), facilitat-
ing evaluation of device-to-device variability and reliability at
scale.

In this Review, we comprehensively examine how recent
advances in scalable hBN synthesis and integration are reshap-
ing the landscape of 2D electronics. We focus on the inter-
play between growth kinetics, substrate crystallography, and
stacking sequence control, and how these factors govern key
device parameters such as dielectric screening, phonon scat-
tering, and thermal dissipation. In doing so, we identify per-
sistent bottlenecks—including defect formation during growth,
transfer-induced contamination or strain, and incompatibility
with back-end-of-line (BEOL) processing—that limit full-scale
deployment of hBN in electronics. Lastly, we outline future direc-
tions for wafer-scale hBN, including stacking-phase engineering,
defect suppression strategies, dry transfer routes, and unified
benchmarking metrics that link materials quality to electrical
performance.
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FIGURE 2 | Crystal and electronic structure of layered boron nitride. a) Atomic structure of a BN hexagon and monolayer, and schematic side views

of different stacking sequences (AA’ and ABC). b) Representative bulk band structure and projected density of states, highlighting the wide band gap
with N-2p, states dominating the valence-band edge and B-2p, states the conduction-band edge. Reproduced with permission [58]. Copyright 2009,
American Physical Society. ¢) Evolution of the band dispersion from monolayer to bulk, showing the increasing interlayer coupling of p, orbitals and

the emergence of an indirect gap in multilayer and bulk hBN. Adapted with permission [60]. Copyright 2018, American Chemical Society.

2 | Roles of hBN on 2D Electronics
2.1 | Intrinsic Properties

Layered BN crystallizes in a honeycomb lattice of alternating B
and N atoms, where each atom is covalently bonded to three
neighbors via sp?-hybridized B—N bonds (~1.45 A) (Figure 2a).
Adjacent layers are stacked along the c axis and separated
by a vdW gap of ~3.3 A, with only weak interlayer interac-
tions compared with the strong in-plane bonds [58-60]. This
atomic arrangement, characterized by strong ionicity, results in
a wide bandgap of approximately 6 eV (Figure 2b,c). Further-
more, the combination of light constituent atoms and strong
B—N bonds leads to low anharmonicity, which support high
group velocities and long mean free paths for acoustic phonons
along the basal plane [61]. These features give rise to high in-
plane thermal conductivity, allowing hBN to function as an
efficient heat spreader while maintaining its superior electrical
insulation.

Several stacking sequences have been identified for layered BN.
The most common bulk phase is usually referred to as hBN
with AA’ stacking, in which B atoms in one layer are positioned
approximately above N atoms in the neighboring layer and vice
versa, leading to a two-layer stacking periodicity. Bernal-type
AB stacking can also be stabilized in thin films, where one

sublattice is laterally shifted relative to the underlying layer, while
rhombohedral BN (rBN) adopts an ABC stacking sequence with a
three-layer periodicity [62]. These different registries modify the
interlayer symmetry and thus influence both the electronic struc-
ture and possible out-of-plane polarization. Recent experimental
studies have exploited this polarity to demonstrate ferroelectric-
like switching behavior by controlling interlayer sliding or stack-
ing transitions between different polar configurations [63-66].
Such stacking-controlled polarization in rBN has been proposed
as a route toward nonvolatile functional dielectrics, including
gate insulators with switchable polarization, memory elements,
and tunable interfacial fields for adjacent 2D semiconductors.

2.2 | Suitability of hBN as a Dielectric Layer

hBN is intrinsically suited for 2D electronics due to its unique
electrostatic properties and atomic-scale surface quality. When
used as a substrate, gate dielectric, or encapsulation layer for
2D channels, hBN provides thickness-independent screening that
helps to reduce potential fluctuations originating from trapped
charges and remote Coulomb perturbations, thereby stabilizing
the electrostatic environment of the active material [2, 17]. This
stabilizing effect, coupled with the absence of dangling bonds and
surface states, allows for the preservation of high carrier mobility
in adjacent 2D semiconductors.
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FIGURE 3 | Limitations of hBN as dielectric layer for 2D system. a,b) Comparison of dielectric properties (Refs. [69, 70]). a) Relationship between
static and optical permittivity for common dielectrics. b) Surface optical (SO) phonon frequency of various dielectrics. ¢) Relationship between band
gap and dielectric constant (g) for various gate insulators, categorized by materials class: amorphous layers, ionic crystals, and van der Waals (vdW)
crystals [71-77]. d) Comparative analysis of leakage current density as a function of equivalent oxide thickness (EOT) [28, 78-85]. The low-power and

high-performance limits are donated as LP and HP, respectively.

The primary advantage of hBN in enhancing device performance
lies in its ability to mitigate scattering. Charge transport in 2D
semiconductors is strongly influenced by the surrounding dielec-
tric environment [67, 68]. While high-x dielectrics are effective
for scaling, they typically induce significant remote phonon
scattering due to their low surface optical (SO) phonon frequen-
cies and large disparities between static and optical permittivity
(Figure 3a,b) [69, 70]. In contrast, hBN features significantly
higher SO phonon energies and moderate permittivity, which
results in much weaker coupling to remote polar modes. By
suppressing these extrinsic scattering sources, hBN encapsulation
allows 2D channels to more closely approach their intrinsic
phonon-limited mobility.

Despite these advantages, the use of hBN as a standalone gate
dielectric faces challenges during aggressive device scaling. As
illustrated in Figure 3c, hBN possesses a relatively low intrinsic
dielectric constant (~5) compared to high-x dielectrics. This lower

permittivity limits the gate capacitance and hinders the reduction
of equivalent oxide thickness (EOT). Comparative analysis of
leakage current density as a function of EOT (Figure 3d) reveals
that standalone hBN layers tend to exceed the high-performance
(HP) limit when the EOT is scaled below 2 nm. Consequently,
hBN alone may not satisfy the leakage requirements necessary
for scaled 2D transistors.

To address these limitations, recent studies have increasingly
focused on utilizing synthesized SC hBN films as an interfacial
dielectric layer. In particular, research on gate scaling using
hybrid stacks of hBN and HfO, has demonstrated superior
performance by combining clean interface of hBN with the high
capacitance of the oxide [28]. Notably, such hybrid dielectrics
have achieved a leakage current density of approximately 107 A
cm~2 at an EOT of 0.5 nm, successfully meeting the benchmarks
set by IRDS 2028. This approach effectively leverages hBN to
suppress interfacial scattering while utilizing industrial high-x
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dielectrics to achieve the necessary gate scaling, presenting a
viable path for the next generation of 2D material-based electronic
systems.

3 | Approaches for Scalable Synthesis of BN Films

Advances in the wafer-scale synthesis of 2D materials are
increasingly driven by the necessity for integration with existing
semiconductor manufacturing lines, which typically utilize 100-
300 mm wafers and standardized front-end processes [86-89].
This drive has shifted the focus of 2D electronics from small,
exfoliated flakes toward continuous, thickness-controlled, and
ultimately SC layers grown directly on wafer platforms. How-
ever, the wafer-scale synthesis of SC hBN remains less mature
compared to other 2D materials. Unlike TMDs, which can be
grown directly on insulating wafers such as Si or sapphire with
high crystallinity, most large-area hBN growth studies necessitate
high thermal budgets and the use of metal layers to guide crystal
orientation.

Furthermore, growth on catalytic metal substrates presents
unique challenges; unlike insulating wafers (e.g., sapphire) that
do not react with precursors during the growth, the growth
mechanism and morphologies of hBN on metal surfaces vary
significantly depending on the growth temperature, pressure,
and precursor species. Consequently, optimizing growth param-
eters to achieve uniform, wafer-scale, SC hBN films remains a
formidable task. Section 3 summarizes the growth parameters
optimized to enhance crystallinity during the large-area synthesis
of hBN, with a particular focus on the distinct growth behaviors
observed on different substrates, and outlines the key growth
mechanisms involved.

3.1 | Precursors for hBN Growth

In the early stages of hBN synthesis, sapphire was the most
widely utilized substrate via metal-organic chemical vapor
deposition using B precursors such as triethylboron (TEB) or
diborane (B,H,), with NH; serving as the standard N precursor
[41, 43, 90]. To overcome the low chemical reactivity of NH;,
growth was typically conducted at high temperatures exceeding
1400°C. However, these high-temperature sapphire-based pro-
cesses faced significant challenges in controlling nucleation and
lateral growth due to the disparity in reactivity between the boron
and nitrogen sources. As a result, the synthesized films often
exhibited small grain sizes and were frequently characterized as
turbostratic BN (t-BN) rather than phase-pure hBN [42].

To address these limitations, research efforts shifted toward more
efficient precursors and catalytic platforms. Researchers began
adopting single-source precursors—such as ammonia borane
and borazine—where B-N bonds are pre-established, and tran-
sitioned to catalytic metal substrates [44, 91]. The use of metal
substrates significantly lowered the required thermal budget and
provided a template to guide the crystal orientation of the hBN
domains [45]. Since 2010, this shift has enabled the synthesis
of large-area, high-quality hBN films that can be successfully
transferred to target substrates for electrical and structural
characterization. Representative studies that have demonstrated

wafer-scale hBN synthesis, along with their respective substrates,
precursors, and growth temperatures, are summarized in Table 1.

3.2 | Substrates for hBN Growth

The synthesis of scalable hBN is highly dependent on the choice
of substrate, which modulates the growth kinetics through its
specific metal species, surface orientation, and structural support.
In the range of typical growth temperatures (T > 1000°C), the
solubility of B and N varies significantly depending on the metal
species. Cu exhibits low solubility for both B and N, which, when
combined with optimized precursor vapor pressure, facilitates the
growth of hBN monolayer. In contrast, metals such as Ni and Fe,
as well as their respective alloys, possess higher solubility for B
and N, making them more suitable for the synthesis of Multilayer
hBN films.

Beyond the specific metal species, the crystallographic orienta-
tion of the substrate surface dictates the preferred orientation
of the grown hBN domains. On polycrystalline surfaces, hBN
domains often fail to stitch seamlessly at metal grain bound-
aries, leading to structural defects and discontinuities. Therefore,
achieving unidirectional alignment of BN crystal along the
growth substrate is essential for high-quality synthesis. Recent
studies have demonstrated that annealing various metal foils can
yield specific orientations, such as (111), (100), and (520), enabling
the growth of SC hBN films. A more detailed discussion on the
specific strategies for SC growth will be provided in Section 4.

Despite the progress in controlling substrate orientation, the use
of metal foils presents inherent limitations. The intrinsic surface
roughness of foils prevents the formation of atomically flat hBN,
and strain associated with high-step edges often causes folding
and wrinkles after the transfer process. Furthermore, foil-based
synthesis is difficult to integrate into standardized semiconductor
manufacturing lines. To address these issues, recent research has
pivoted toward the use of SC metal films grown on supporting
wafers, such as sapphire. This approach allows for the acqui-
sition of atomically flat hBN films compatible with wafer-scale
processes. However, challenges remain, including the difference
in thermal expansion coefficients between the metal film and
the sapphire substrate, as well as the restricted range of available
crystal orientations.

3.3 | Growth Kinetics of hBN

The growth behavior on metals can be rationalized by three
limiting kinetic regimes, illustrated in Figure 4. In the surface-
reaction regime, precursor molecules decompose and incorporate
directly at the metal surface, with negligible dissolution of B
and N into the bulk [48]. The hBN thickness is then mainly
determined by surface reaction rates and precursor supply, allow-
ing quasi-layer-by-layer growth and better thickness control.
Importantly, even when employing substrates and precursors
that follow this surface-mediated mechanism, maintaining an
appropriate precursor partial pressure during growth is critical;
excessive precursor injection can lead to a loss of nucleation
control, resulting in entirely different growth morphologies
[100]. Furthermore, under conditions of sufficiently controlled
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TABLE 1 | Summary of scalable hBN growth on various substrates. Growth temperatures are denoted as T. The crystallinity is specified only for

single-crystal (SC) structures, and the layer thickness is categorized into monolayer (1L), multilayer (ML) with thicknesses in the nanometer range and

bulk film with thickness over 1 um. Notably, this summary specifically selects representative studies that provide visual evidence of transferred hBN

films onto target substrates.

Type Substrate Precursors T(°C) Growthscale Properties Refs.
Insulating wafer c-plane sapphire Ammonia borane 1400 2-inch ML [92]
(non-catalytic) a-plane sapphire B,H,, NH, 1300 — ML [93]
m-plane sapphire Ton beam sputtering (B 1000 2-inch m-plane hBN, ML [94]
target, N,/Ar gas)

Ge (110) Borazine 920 — 1L [95]

Catalytic metal foil Au/W foil Borazine 1100 3cm X 3cm SC, 1L [56]
Cu foil Ammonia borane 1000 — 1L [46]

Ni foil B,H,, NH, 1025 — ML [45]

Fe foil Borazine 1100 3cm X 3cm ML [96]

Pt foil Borazine 1100 5cm X 2cm 1L [48]

Cu (110) foil Ammonia borane 1035 10 cm x 10 cm SC, 1L [49]

Cu (111) foil Ammonia borane 1050 7cm X 2.5cm SC, 1L [55]

Ni (111) foil Borazine 1220 5cm X 2cm SC, hBN, 3L [51]

FeNi (111) foil Hot-pressed BN paper 1250 2cm x1cm  SC, rBN, bulk film [97]

(>1um)

Ni (520) foil Ammonia borane 1350,1410 4cm X 4cm SC, rBN, ML [57]

Metal film supported  Fe-Ni (111) film/sapphire Ammonia borane 1050 — ML [98]
on wafer Fe-Ni (111) film on Borazine 1100 — ML [99]

MgAl, 0,
Cu (111) film/sapphire Ammonia borane 1050 2-inch SC, 1L [50]
Cu,Ni,, (111) Ammonia borane 1000 4-inch SC, 1L [28]
film/sapphire
Ni(111)/sapphire triethyl-boron (TEB), NH; 1100 2-inch SC, 2L [52]

precursor partial pressure and low metal substrate solubility, an
increase in growth time does not lead to an increase in the number
of hBN layers in the surface-reaction regime, which facilitates a
self-limiting growth behavior.

In contrast, the surface-segregation and dissolution—precipitation
regimes are generally preferred for substrates with high solu-
bility for B or N, such as Ni and Fe, rather than Cu. In the
surface-segregation regime, B and N dissolve into the near-
surface region of an alloy during high-temperature exposure
and subsequently segregate back to the surface during cooling,
forming BN layers whose thickness depends on the solubility
and cooling rate [99]. In the dissolution-precipitation regime,
substantial amounts of B and N dissolve into the bulk metal
at high temperature and later precipitate at steps and grain
boundaries as the substrate cools, leading to multilayer or
rhombohedral BN with thickness variations tied to diffusion
paths [97]. Unlike the surface-reaction pathway, the number of
grown layers in these solubility-driven regimes tends to increase
not only with extended growth times but also with slower
cooling rates, which often produces nonuniform multilayers
or mixed stacking. For applications that require deterministic
monolayer or few-layer hBN, growth conditions and catalyst
designs that favor the surface-reaction pathway, while minimiz-

ing bulk dissolution and segregation, are therefore considered
most suitable.

3.4 | Self-Limiting Growth of hBN

Precise thickness control is essential for integrating hBN into
2D electronics, because dielectric strength, tunnelling resis-
tance, and screening properties are all strongly layer depen-
dent. Rather than relying on ex situ etching or growth-time
calibration, many recent studies have sought to engineer a self-
limiting regime in which the growth rate naturally decays to
zero after formation of a monolayer or well-defined few-layer
film. Figure 5 summarizes several representative strategies to
realize such self-limiting behavior in both CVD and MOCVD
processes.

In catalytic CVD using borazine on Cu, self-limiting growth can
be obtained by carefully tuning the precursor partial pressure
[100]. At low to moderate borazine pressures, the hBN thickness
increases only during an initial transient and then saturates at
approximately one monolayer, even when the growth time is
extended, indicating that the catalytic surface becomes effectively
passivated once a closed hBN sheet is formed (Figure 5a). At
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FIGURE 4 | Growth kinetics on metal substrates. a) Surface reaction: AFM images of hBN transferred on SiO,/Si substrates under fast and slow
cooling. Adapted with permission [48]. Copyright 2014, American Chemical Society. b) Surface segregation: schematic of H, annealing, borazine

exposure with B and N dissolving into the near-surface alloy, and their segregation back to the surface during slow cooling to form hBN. Adapted
with permission [99]. Copyright 2018, American Chemical Society. ¢) Dissolution—precipitation: schematic of B, N diffusion from the bulk of a stepped
SC Fe-Ni substrate and unidirectional precipitation along vicinal steps, yielding rhombohedral BN. Adapted with permission [97]. Copyright 2023, John

Wiley and Sons.

higher borazine pressures, however, the surface is oversupplied
with B-N species, secondary nucleation occurs on top of the first
layer, and the thickness increases roughly linearly with time, so
that self-limitation is lost. This establishes a finite processing
window in which the precursor flux is sufficient to close the first
layer but insufficient to sustain multilayer nucleation.

A complementary approach exploits the high solubility of Band N
in Fe foils [101]. When the substrate is pre-annealed in hydrogen,
B and N can dissolve and later segregate back to the surface
during growth, driving the formation of nonuniform multilayer
hBN. In contrast, pre-annealing in NH; fills near-surface sites
with nitrogen and modifies the local chemical potential, thereby
promoting monolayer formation by confining nucleation to a sin-
gle surface layer and suppressing subsequent multilayer growth
(Figure 5b).

In MOCVD, where triethylboron (TEB) and NH; are used
as B and N precursors, self-limiting growth has been
achieved by operating under strongly N-rich conditions
[102]. As the NH,;/TEB ratio is increased, the measured
deposition rate decreases with NH; flow and partial
pressure, reflecting a transition to a reaction-limited regime
in which competitive adsorption and desorption of N-
containing species reduce the effective B-N incorporation
rate (Figure 5c). Within this high-N/B window, local
variations in precursor partial pressure along the wafer lead
to minimal changes in thickness, and the film naturally
converges toward a monolayer or few-layer state. Collectively,
these examples demonstrate that self-limiting hBN growth
can be engineered either by passivating the catalytic
surface, by controlling subsurface solubility reservoirs, or
by slowing the surface reaction kinetics through an excess
of N.

4 | SChBN Growth
4.1 | Origins for SC Growth

Preferred orientations of hBN on crystalline metal substrates
have been analyzed in detail to understand how epitaxy can
be exploited for SC growth. Because the hBN lattice has three-
fold rotational symmetry, triangular domains on high-symmetry
metal surfaces often appear in antiparallel pairs rotated by 60°,
which merge into polycrystalline films with twin boundaries.
Recent theoretical work has shown that the alignment of hBN
on transition-metal surfaces is governed by the registry between
the zigzag directions of the BN network and high-symmetry
directions of the substrate, together with the detailed interac-
tion of hBN edges with atomic step edges [103, 104]. In this
regard, it has been confirmed across a wide range of SC metal
substrates and growth mechanisms that SC hBN growth is
consistently facilitated through this step-guided growth approach
(Table 2).

DFT calculations of zigzag hBN edges on low-index Cu
surfaces provide a useful framework for rationalizing these
preferred orientations (Figure 6a). The binding energy as
a function of the in-plane angle between the hBN zigzag
direction and substrate close-packed directions exhibits periodic
minima that reflect the symmetry of each facet: on Cu(1ll)
the energy profile repeats every 60°, on Cu(100) every 90°,
and on Cu(110) every 120° [104]. These results indicate that
on the (110) surface a single crystallographic orientation is
energetically favored within one 120° sector, whereas on the
(111) surface two nearly degenerate orientations related by
a 60° rotation are expected. The latter degeneracy naturally
leads to antiparallel domains and makes mono-orientation
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FIGURE 5 | Approaches for self-limiting growth. a) Borazine partial-pressure control on Cu: self-limiting monolayer CVD window as a function

of borazine partial pressure and growth time. Adapted under the terms of the CC-BY 4.0 license (http://creativecommons.org/licenses/by/4.0/)
[100]. Copyright 2016, The Authors, Published by Springer Nature. b) NH; pre-annealing of Fe foils: self-limiting monolayer nucleation enabled
by a subsurface nitrogen reservoir, in contrast to multilayer growth after H, annealing. Reproduced under the terms of the CC-BY 4.0 license
(http://creativecommons.org/licenses/by/4.0/) [101]. Copyright 2016, The Authors, Published by American Chemical Society. ¢) N-rich MOCVD
condition (high NH;3/TEB ratio): reaction-limited regime with decreasing deposition rate that supports self-limiting hBN deposition. Reproduced with
permission [102]. Copyright 2018, Elsevier.

TABLE 2 | Summary of hBN growth under various metal substrates and their corresponding growth mechanisms. This table summarizes
representative studies focusing exclusively on the wafer-scale SC growth of hBN.

Substrate Layer/thickness Phase Growth mechanism Refs.
Cu (110) foil 1L Hexagonal Self-limiting growth [49]
Cu (111) foil Hexagonal [55]
Cu (111) film/sapphire Hexagonal [50]
Cu,¢Ni,, (111) Hexagonal [28]
film/sapphire

Ni (111)/sapphire 2L Hexagonal Self-limiting growth [52]
Ni (111) foil 2-5L Hexagonal Multilayer nucleation [51]
Ni (520) foil 2.2-12nm Rhombohedral Layer-by-layer growth [57]
FeNi (111) foil Bulk (>1 um) Rhombohedral Dissolution-precipitation [97]
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FIGURE 6 | Preferred orientations of hBN on metal substrates. a) DFT-calculated binding energy of hBN edges as a function of in-plane rotation
angle on Cu(111), Cu(100), and Cu(110), showing symmetry-dependent preferred orientations. Adapted under the terms of the CC-BY 4.0 license (http://
creativecommons.org/licenses/by/4.0/) [104]. Copyright 2020, The Authors, Published by Springer Nature. b) Step-guided unidirectional hBN domains
on Cu(110): SEM image of aligned triangular domains and corresponding LEED pattern with one set of diffraction spots. Adapted with permission [49].
Copyright 2019, Springer Nature. c,d) SC hBN growth on Cu(111). Adapted with permission [50]. Copyright 2020, Springer Nature. c) Triangular hBN
islands on Cu(111) exhibiting two antiparallel orientations related by 60° rotation. d) Micro-LEED patterns from different locations on hBN/Cu(111).

difficult unless additional symmetry-breaking factors are
introduced.

Building on this understanding, SC hBN films have been realized
on vicinal Cu(110) foils [49]. A low-symmetry Cu(110) surface
with parallel <211> step edges is prepared by high-temperature
annealing of industrial Cu foils, yielding a 10 x 10 cm? SC sub-
strate. During CVD from ammonia borane feedstock, triangular
hBN islands nucleate preferentially at these step edges, with their
zigzag edges docked along the step direction. Edge-step coupling
lifts the 120° periodic degeneracy predicted for a perfectly flat (110)
terrace and selects a single in-plane orientation for essentially
all nuclei. As growth proceeds, the coalesced film maintains
crystallographic continuity across centimetre scales, as confirmed
by low-energy electron diffraction (LEED) patterns that show a
single set of hBN spots aligned with the underlying Cu lattice over
many probed positions (Figure 6b).

SC represents a well-stitched lattice where merge unidirectionally
aligned domains coalesce without forming stacking faults. To
confirm the absence of grain boundaries (GBs) in the synthesized
SC hBN films, researchers have utilized etching processes involv-
ing H, or UV oxidation and examined the crystal orientation
of adjacent domains at atomic resolution [49]. These analyses
verified that the domains were seamlessly stitched, maintaining
crystallographic continuity without GB formation. Furthermore,
as defects like grain boundaries lead to a reduction in the second-
harmonic generation (SHG) signal, SHG mapping has emerged
as an effective tool for scanning GBs. Recently, this technique has
been widely applied to analyze the SC quality and stacking order
of various BN films [57].

A complementary strategy has enabled wafer-scale SC hBN
growth on Cu(111) thin films supported by c-plane sapphire
wafers [50]. In this case, plane-to-plane DFT calculations
for small BN clusters on an ideal Cu(111) terrace indicate
that two registries, related by a 60° in-plane rotation,
have almost identical binding energies, consistent with the
formation of antiparallel domains on twinned Cu(111) grains.
However, when the Cu(111) film is annealed to remove in-
plane twins and to generate uniform atomic steps, the local
interaction between hBN nuclei and step edges breaks this
degeneracy and selects a unique docking configuration.
Under these conditions, triangular monolayer hBN flakes
on untwinned Cu(111) all share the same orientation and
merge into a continuous film across a two-inch wafer. Micro-
spot LEED measurements at tens of sites reveal identical
diffraction patterns and scanning tunnelling microscopy
images show a uniform hBN lattice without detectable grain
boundaries, establishing that the film is SC over the entire wafer
(Figure 6c,d).

Together, these studies illustrate a general principle for ori-
entation control of hBN on metal substrates: the combina-
tion of facet symmetry, edge binding on terraces, and step-
edge docking determines a small set of energetically favored
orientations, and appropriately engineered vicinal surfaces
can reduce this set to a single orientation. The approach
has been extended to other face-centered cubic and related
metal surfaces, indicating that step-mediated epitaxy is a
broadly applicable route toward wafer-scale SC hBN and,
more generally, toward oriented growth of non-centrosymmetric
2D materials.
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FIGURE 7 | Uniform multilayer hBN growth. a,b) Tri-layer SC hBN on Ni(111): AFM image and height profile (a), and cross-sectional STEM with
diffraction patterns (b) confirming three uniformly stacked hBN layers with ~0.33 nm interlayer spacing. a,b) Adapted with permission [51]. Copyright

2022, Springer Nature. c—e) Ni-B surface-liquid-assisted growth mechanism: Ni-B phase diagram indicating a surface-liquid regime at the growth
temperature (c); ab initio molecular dynamics snapshots showing formation of a Ni-B liquid layer on crystalline Ni (d); total-energy evolution comparing
synchronic multilayer growth with an inverted-wedding-cake mode, demonstrating the energetic stabilization of synchronic multilayer nucleation on

the Ni-B liquid surface (e). c-e) Adapted with permission [105]. Copyright 2023, Elsevier.

4.2 | Uniform Multilayer Growth

In many of the electronic devices discussed above, SC hBN
monolayer already improves carrier mobility and dielectric sta-
bility, but its ultrathin thickness limits gate-field screening,
leakage suppression, and control of interlayer tunnelling [51]. For
applications such as tunnelling barriers or encapsulation layers
in strongly driven devices, there is therefore strong motivation
to develop wafer-scale, SC multilayer hBN with well-defined
thickness. Most epitaxial growth studies on catalytic metals
or insulating wafers, however, have deliberately operated in
a self-limiting regime to avoid uncontrolled secondary nucle-
ation, so that the resulting films are predominantly monolayers.
Achieving uniform multilayer crystals thus requires a distinct
growth mode from the conventional self-limiting monolayer
chemistry.

Recent work on Ni(111) has demonstrated that such multilayer SC
can be realized when growth proceeds via synchronized multi-
layer nucleation rather than successive layer-by-layer overgrowth
(Figure 7a,b). hBN islands grown on Ni(111) display 1-nm-
thick height in AFM, and cross-sectional transmission electron
microscopy (TEM) confirms a uniform trilayer thickness across
each island [51]. Instead of the “wedding-cake” morphology char-
acteristic of sequential adlayer nucleation, all layers in a given
island share nearly identical lateral size and shape, indicating that
the number of layers is fixed at the nucleation stage and that the
edges of each layer advance together during subsequent growth.
Furthermore, the layer thickness can be tuned by modulating the
growth environment: increasing the N, flow ratio in the carrier
gas stabilizes the chemical potential to favor 5-layer nucleation,
while reducing the precursor injection rate and higher H, flow

ratio promotes 2-layer nucleation. However, a significant chal-
lenge remains in that the formation energy differences between
these multilayer configurations are negligible, making precise
and deterministic control over the exact number of layers difficult
to achieve.

Follow-up theoretical and computational studies have attributed
this unusual behavior to the formation of a liquid Ni-B-rich
surface layer at the hBN growth temperature [105]. According
to thermodynamic analysis and ab initio molecular dynamics,
when the boron content in the near-surface region exceeds the
solid-liquid boundary in the Ni-B phase diagram, a thin molten
alloy film develops on top of the crystalline Ni(111) substrate
(Figure 7c,d). hBN multilayers are then stabilized at the interface
between this disordered Ni-B layer and the underlying solid Ni.
The liquid layer simultaneously passivates the reactive edges of
all hBN layers, preventing their coalescence into a tapered stack,
and serves as a reservoir of B-N species that feed each layer at
comparable rates. Under these conditions, the energetics favor
a synchronic configuration in which all layers grow laterally at
nearly the same speed (Figure 7e), resulting in wafer-scale SC
multilayer hBN films with a uniform, thickness-defined dielectric
platform for 2D electronics.

4.3 | Strategies for Stacking-Sequence Modulation

In layered BN, the AA’ stacking sequence of hexagonal BN
is normally the thermodynamically favored configuration,
because each B atom tends to sit above an N atom in the
adjacent layer and vice versa, restoring inversion symmetry and
minimizing the interlayer energy. This strong energetic
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FIGURE 8 | Modulation of stacking sequence in layered BN by bevel-edge epitaxy. a) EBSD inverse pole figure of Ni(520) single crystal, showing a
uniform orientation close to (111). b) AFM topography and step-orientation analysis of Ni (520), revealing periodic (100) terraces separated by ~135° (110)
bevel edges. c) Calculated binding energies of different hBN stackings at the bevel edge, indicating that non-centrosymmetric AB and ABC configurations

are favored over AA’-type stackings. d) Cross-sectional STEM image of multilayer rBN grown on Ni(520). e) Piezoresponse force microscopy results

including amplitude and phase hysteresis loops of the rBN film, evidencing switchable out-of-plane polarization arising from the engineered stacking

sequence. a-e) Reproduced with permission [57]. Copyright 2024, Springer Nature.

preference has made it difficult to realize alternative stackings
such as AB or rhombohedral ABC in a uniform, wafer-scale
manner. Recent work has shown that the stacking sequence
can be modulated by engineering the crystallography and
step structure of the underlying metal substrate [57]. When a
high-index Ni(520) SC is annealed, the surface reconstructs into
bunched steps consisting of wide Ni(100) terraces separated by
Ni(110) bevel facets with an angle of about 135°, as revealed by
orientation mapping and atomic-force microscopy (Figure 8a,b).
On such a vicinal surface, density-functional calculations
indicate that BN nuclei attached to the Ni(110) bevel edge
are more strongly stabilized in AB and, in particular, ABC
arrangements than in the conventional AA’ sequences, because
the edge geometry simultaneously fixes the in-plane orientation
of each BN layer and enforces a discrete lateral shift between
successive layers (Figure 8c).

Experimentally, hBN grown on this stepped Ni(520) surface
develops into a SC film with rhombohedral stacking,
as directly visualized by cross-sectional STEM images
that resolve the periodic ABC stacking sequence with an
interlayer spacing of ~0.33 nm (Figure 8d). The broken
inversion symmetry of this rBN film gives rise to a built-
in out-of-plane polarization that can be switched by
an external electric field, leading to robust interfacial
ferroelectric behavior with characteristic piezoresponse
amplitude and phase hysteresis loops (Figure 8e). These
results demonstrate that bevel-edge epitaxy on appropriately
chosen vicinal metals provides a route to stacking-
engineered BN, transforming hBN from a centrosymmetric

dielectric into a SC platform with intrinsic ferroelectric
functionality.

However, on low-index (111) surfaces, either hBN or rBN multi-
layer films are selectively synthesized depending on the specific
growth conditions, rather than appearing as a mixed phase
(Table 2). While several studies report that the stacking order on
vicinal metal (111) surfaces is determined by <110> step edges
through a step-guided growth mechanism, there is currently
a lack of theoretical backup data to confirm which specific
stacking sequence is energetically stable at these step-edge sites.
Consequently, a more profound understanding of the atomistic
mechanisms governing stacking selection on (111) surfaces is still
required.

5 | Integration of BN in 2D Electronics
5.1 | Advances in Transfer Methods for hBN film

Reliable exploitation of wafer-scale hBN in 2D electronics
requires that as-grown films on catalytic metals be transferred
onto insulating device substrates or directly onto 2D channels
while preserving their structural and electronic quality via appro-
priately engineered wet- or dry-transfer schemes (Figure 9). Early
demonstrations largely used wet chemical etching of Cu or Ni
foils to release hBN in polymer-assisted transfer configurations,
a straightforward approach but one that consumes the entire
metal substrate and generates substantial metal-ion waste [106].
Complete dissolution of the catalyst also promotes incorporation
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progression from conventional wet transfer to advanced dry transfer of 2D materials grown on metal foils or films: (a) polymer-assisted wet transfer
via chemical etching of the metal substrate. Reproduced with permission [106]. Copyright 2010, Springer Nature; (b) electrochemical H,-bubble-
driven delamination in NaOH solution. Adapted with permission [50]. Copyright 2020, Springer Nature; (c) electrostatic-repulsion-assisted transfer
using ammonia solution. Reproduced with permission [108]. Copyright 2025, Springer Nature; (d) mechanical delamination after weakening interfacial
bonding by water-induced oxidation of the metal surface. Adapted with permission [109]. Copyright 2023, John Wiley and Sons; and (e) dry-transfer of
hBN via the quasi-melting of Ge surface, allowing the direct peeling of 2D film onto a target substrate. Adapted with permission [110]. Copyright 2026,

Springer Nature.

of etch residues and roughens the hBN surface, which degrades
dielectric reliability and charge transport in subsequent devices.
Electrochemical bubbling transfer, in which hydrogen evolution
at the hBN/metal interface lifts off the hBN/polymer stack using
NaOH or related alkaline electrolytes, reduces metal consump-
tion and is compatible with wafer-scale delamination [50], yet
introduces ionic contaminants from the electrolyte and can create
macroscopic tears or wrinkles during bubble nucleation and
propagation. Despite these challenges, optimized electrochemical
bubbling transfer has demonstrated significant advantages over
conventional wet etching by providing a more pristine interface
[107]. Unlike wet transferred hBN (hBN,,,), which often leaves
persistent metallic residues that increase surface roughness,

electrochemical transferred hBN (hBN,,) yields an atomically
flat surface (roughness of approximately 0.19 nm) and minimizes
inhomogeneous strain, as evidenced by narrower Raman 2D
linewidths. Consequently, graphene transistors integrated with
hBN,. exhibit superior carrier mobilities—averaging over 4000
cm? V™! s7'—whereas hBN,,,, devices frequently underperform
compared to even bare SiO, due to heavy particle contamination
and structural defects.

To reduce such damage and contamination, recent work has
explored delamination in weakly alkaline aqueous media such
as ammonia solution, where electrostatic double-layer repulsion
at the 2D/metal interface gradually weakens interfacial bonding,
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enabling controlled release of hBN/metal stacks by gradually
weakening interfacial bonding while largely avoiding aggres-
sive oxidants [108]. Complementary approaches exploit mild
water-induced oxidation of the metal surface to weaken its
interaction with hBN, enabling purely mechanical delamination
that minimizes metal and etchant residues. However, the hBN
coverage makes it difficult to achieve uniform oxidation across
the entire metal surface. Consequently, film tearing often occurs
in non-oxidized regions, indicating that further optimization of
the transfer yield is still necessary.

Most recently, a melting-assisted, polymer-free dry-transfer tech-
nique has been developed for hBN grown on Ge substrates [110].
Unlike traditional metal catalysts, the use of Ge as a semicon-
ductor growth platform minimizes metal-induced doping and
contamination. In this method, SC hBN is epitaxially grown
on Ge(210) substrates and subsequently inverted onto a clean
target dielectric, such as SiO,/Si, within a vacuum chamber.
By heating the Ge to a quasi-melting state (950°C), the hBN
film is released from the substrate and successfully transferred
to the target surface. The underlying mechanism is driven by
the transition of the Ge surface into a quasi-melting state,
where the surface atoms become increasingly disordered and
amorphous. In this state, the binding energy between the hBN
and the amorphous Ge surface significantly decreases, providing
a thermodynamic pathway for the film to decouple from its
growth template. Transferred graphene and hBN exhibit con-
trolled moiré patterns depending on the stacking direction, while
parallelly stacked bilayer BN displays AB-stacking, characterized
by a sharp second-harmonic generation peak. These observations
confirm that the method achieves an interface clean enough
to investigate not only atomic flatness but also the intrinsic
electronic band structures and nonlinear optical properties of
2D heterostructures. Consequently, by employing a simple rapid
thermal annealing (RTA) process, the hBN film can be success-
fully transferred onto SiO,/Si substrates at a wafer scale with high
uniformity and minimal structural damage. These developments
underscore that transfer technology is now a central part of the
integration challenge for hBN-based dielectrics and highlight
the need for scalable dry-transfer platforms that simultane-
ously minimize contamination, mechanical damage, and catalyst
consumption.

5.2 | Effects of hBN Interlayer for 2D Electronic
Devices

This section examines the performance enhancements achieved
in 2D electronic devices by integrating large-area SC hBN into
heterostructures with 2D channels, specifically focusing on how
its utilization in recent synthesis studies has improved transistor
characteristics (Figure 10a). For instance, in back-gated mono-
layer MoS, transistors on a 10-nm HfO,/Si substrate, introduction
of a monolayer hBN between MoS, and HfO, transforms the
channel/dielectric interface [50]. When MoS, is placed directly
on HfO,, the room-temperature field-effect mobility is ~2.9 cm?
V-1 s7! with a subthreshold swing (SS) of 111 mV dec™. Replacing
the bare oxide with polycrystalline hBN increases the mobility to
6.8 cm* V7! 57! and using wafer-scale SC hBN further enhances
it to 11.8 cm? V! s7! while reducing SS to 76 mV dec™' and
strongly suppressing hysteresis in the transfer curves. These

trends indicate that SC hBN effectively screens charge traps and
fixed charges in the underlying high-x oxide, thereby improving
both interface quality and electrostatic control.

In back-gated devices where trilayer SC hBN grown on Ni(111)
is transferred onto SiO,/Si and used as the gate dielectric under-
neath monolayer MoS,, the threshold voltage shifts toward more
positive values relative to bare SiO,, consistent with reduced
electron doping from the substrate and mitigation of charge
trapping [51]. The room-temperature mobility of MoS, on trilayer
hBN reaches ~90 cm? V™! s7! compared with ~56 cm? V1 s7!
on SiO,, reflecting weaker Coulomb scattering from interfacial
impurities in the presence of the hBN spacer. These results show
that even a few layers of hBN can substantially decouple 2D
semiconductors from disordered oxide interfaces.

Recent work has extended this concept to hybrid high-x/BN
stacks that are transferrable at the wafer scale [28]. Ultrathin
HfO, layers (2-10 nm) have been conformally deposited by
ALD onto four-inch SC hBN/Cu,sNi,,(111) wafers, forming a
continuous hBN/HfO, composite dielectric with an equivalent
oxide thickness down to 0.52 nm while maintaining a low
leakage current density of 2.36 X 107° A cm™. After trans-
ferring onto graphene, this composite dielectric preserves the
ultraflat interface (surface roughness ~0.25 nm) and yields
encapsulated graphene transistors with substantially improved
statistics: the average carrier density is reduced by about a
factor of six and the mobility increased by approximately three-
fold compared with devices encapsulated by ALD HfO, alone,
reaching ~10 000 cm? V™! s7! at room temperature. The top-
gated transfer characteristics exhibit strong gate control with a
small hysteresis window (~40 mV), consistent with a low density
of interface traps and minimal charge trapping in the dielectric
stack.

Collectively, the integration of SC hBN films as an interlayer in 2D
electronic devices effectively suppresses charge transfer and scat-
tering typically induced by amorphous dielectric layers, leading to
consistent performance improvements such as enhanced carrier
mobility and decreased subthreshold swing. Although these
studies utilize diverse synthesis substrates, transfer methods, and
device architecture, they share these fundamental performance-
enhancing trends. However, a significant discrepancy persists
between the increasing scale of SC hBN synthesis and its practical
implementation in large-scale device arrays. While achieving
dimensions up to a 4-inch wafer-scale, the resulting device char-
acterizations often remain at the single-device level. As shown
in Figure 10b, statistical improvements have been demonstrated
when hBN is utilized as an encapsulation layer—reaching up to
24 devices for a 10 cm growth scale—but its application as a gate
interlayer in recent studies still lacks widespread device statistics.
This discrepancy between material scalability and device-level
demonstration undermines the claim that synthesized SC hBN
can serve as a reliable and practical interlayer for scalable 2D
electronics.

6 | Summary and Future Perspectives

hBN has evolved from a model system for fundamental stud-
ies into a versatile dielectric and encapsulation material for
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and its functional roles as an interlayer and an encapsulation layer.

2D electronics. Its atomically flat, dangling-bond-free surfaces,
wide bandgap, intermediate dielectric constant, and high in-
plane thermal conductivity collectively enable the suppression of
charged-impurity and remote-phonon scattering, a reduction of
spatial potential fluctuations, and efficient lateral heat spreading.

On the synthesis side, substantial progress has been made
toward scalable growth of hBN on various substrates, especially
catalytic metals. SC hBN films have been achieved on metals
with (111) orientations and vicinal facets through step-guided
epitaxy, carefully tuned self-limiting growth windows, and most
recently synchronized multilayer nucleation on Ni and Ni-based
alloy substrates. Orientation control and bevel-edge epitaxy have
even enabled stacking-sequence engineering, culminating in
wafer-scale rhombohedral BN films with switchable out-of-plane
polarization.

These materials advances have translated into tangible perfor-
mance improvements in 2D devices. When used as substrates,
gate dielectrics, or encapsulation layers, wafer-scale SC hBN
consistently reduces charge-density inhomogeneity, suppresses
hysteresis, and boosts carrier mobility in graphene, MoS,, and
related channels. Hybrid dielectrics combining hBN with ultra-
thin high-x oxides can achieve sub-nanometer equivalent oxide
thickness while maintaining low leakage and high mobility.
Collectively, these developments establish hBN as a key building
block for advanced 2D electronics—provided its synthesis, trans-
fer, and integration can be made fully compatible with wafer-scale
manufacturing.

Despite rapid progress, several challenges remain before hBN can
be widely adopted in industrial 2D electronic technologies.

1. Wafer-Scale SC Growth: The production of SC hBN at full
wafer scale currently lags behind that of transition metal
dichalcogenides (TMDs). While polycrystalline TMD films
can now be grown on 300 mm wafers [111, 112] and SC
TMDs are approaching similar dimensions [113], SC hBN
growth has reached a maximum of only 4 inches, with the
majority of research still confined to metal foils. To achieve
the uniformity required for industrial standards, further

efforts are needed to implement SC metal films on larger-
scale wafers. A recent milestone demonstrated the fabrication
of SC Cu(111) films on 6-inch sapphire; leveraging such
platforms to include not only Cu but also Cu/Ni and pure
Ni(111) will be essential for scaling the production of both
monolayer and multilayer SC hBN to industrially relevant
dimensions.

2. Transfer and Integration: Most high-quality hBN films are
grown at temperatures incompatible with back-end-of-line
processing, making a transfer step unavoidable. Present wet
etching and electrochemical delamination methods allow
large-area release but tend to introduce contaminants and
mechanical damage. Furthermore, solvent-free mechanical
force-induced dry transfer remains a formidable challenge
due to the strong binding energy between catalytic metal
substrates and SC hBN. Recently, a successful dry transfer
of SC hBN layers grown on Ge(210) onto SiO,/Si wafers
was achieved by transitioning the Ge substrate into a quasi-
melting state [110]. While this approach is currently specific
to the Ge platform, the fundamental concept of promoting
debonding through surface amorphization of the growth
template warrants further investigation for its potential
extension to conventional metal films. If successfully scaled,
such a method could enable the damage-free assembly of
hBN onto various insulating target substrates, providing a
critical pathway for the reliable integration of wafer-scale 2D
electronic components.

3. Device-Level Implementation: To date, many demonstrations
have utilized wafer-grown hBN only in small numbers of
devices as an interlayer. These studies primarily report simple
transfer characteristics to showcase improvements in charge
transport. However, such non-statistical data from a limited
number of samples can lead to a distorted perception of
hBN’s actual impact. To rigorously evaluate the stability
and reliability of the dielectric/channel interface against bias
and thermal stress, it is essential to perform Bias Tem-
perature Instability (BTI) analysis. While BTI analysis has
recently been adopted for the reliability assessment of MoS,
channels, its application to hBN-integrated systems remains
scarce. Ultimately, incorporating BTT analysis is essential to
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substantiate whether hBN interlayers offer a definitive advan-
tage over conventional oxide dielectrics in terms of long-term
operational reliability.

Overcoming these challenges—through improved wafer-scale
growth, contamination-free transfer, and rigorous device
benchmarking—will be critical for positioning hBN-based
dielectrics and stacking-engineered BN phases as integral
components of next-generation 2D electronic technologies.
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