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ABSTRACT: Integrating  two-dimensional  (2D)  hexagonal
boron nitride (h-BN) with three-dimensional (3D) semiconductor
materials  offers  promising  opportunities  for  multifunctional
integrated  device  architectures.  However,  direct  heteroepitaxy
between  materials  of  different  dimensionalities  remains
challenging. Here, the polarity-dependent growth behavior of h-
BN films grown by metalorganic vapor phase epitaxy (MOVPE)
on  AlN/sapphire  substrate  is  reported.  The  surface  polarity  of
the  underlying  AlN  strongly  guides  the  growth  mode  of  h-BN.
On N-polar AlN, h-BN nucleates and grows via van der Waals
epitaxy (vdWE), yielding well-oriented 2D films. In contrast,  Al-
polar  AlN promotes interfacial  Al–N bond formation,  leading to
3D island-type BN growth and a rough morphology. First-principles calculations reveal that N-terminated surfaces spatially
and  energetically  suppress  interfacial  bonding,  whereas  Al-terminated  surfaces  favor  strong  covalent  interactions  and
significantly  larger interfacial  binding energies.  The crystalline quality  of  wafer-scale h-BN was further  enhanced by high-
temperature  face-to-face  annealing  (FFA),  achieving  a  Raman  E2g  full  width  at  half  maximum  (FWHM)  of  18.3  cm−1.
Additionally, composite FFA (CFFA) enabled the fabrication of peelable, flexible AlN films facilitated by the weakly coupled
h-BN interface. These results clarify the polarity-driven epitaxial mechanisms of BN on AlN and provide a viable pathway
toward scalable 2D–3D hetero-integration and flexible-based nitride electronic and optoelectronic devices.
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 1    Introduction
Hexagonal boron nitride (h-BN) is  a wide bandgap (~ 6 eV) two-
dimensional  material  (2DM)  with  exceptional  thermal  stability,
chemical  inertness,  and  an  atomically  smooth  layered  structure
[1−3].  These  properties  make  h-BN  highly  attractive  for  next-
generation  electronic,  optoelectronic,  and  photonic  devices  [4−7].
In van der Waals (vdW) heterostructure transistors, h-BN serves as
a high-quality dielectric, encapsulation layer, and ultraflat substrate

for  charge  transport  [8−10].  Owing  to  its  chemically  inert  surface
and weak interlayer interactions, h-BN enables remote epitaxy and
vdW  epitaxy  (vdWE)  of  three-dimensional  (3D)  semiconductors,
facilitating  hetero-integration  across  large  lattice  mismatches
[11−16]. It also functions as an ultrathin buffer layer for preparing
high-quality transferable III-nitride films [17, 18].

Chemical  vapor  deposition  (CVD)  methods  offer  a  scalable,
wafer-level approach for synthesizing high-quality h-BN [6, 19−21].
In  comparison  with  conventional  metal-foil  growth  followed  by
transfer,  direct  epitaxy  on  dielectric  or  semiconductor  substrates
eliminates  transfer-induced  contamination  and  mechanical
damage,  resulting  in  cleaner  interfaces.  Metalorganic  vapor  phase
epitaxy  (MOVPE)  has  become  a  highly  effective  method  for  the
controlled  synthesis  of  h-BN.  Due  to  its  wafer-scale  uniformity,
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high  growth  rate,  and  precise  process  control,  MOVPE  allows  for
the  reproducible  fabrication  of  crystalline  h-BN  with  adjustable
thickness  [22−25].  Most  importantly,  it  exhibits  excellent
compatibility  with  established  III-nitride  growth  techniques,
facilitating  the  integration  of  h-BN  within  existing  nitride-based
device platforms [26, 27].

The substrate and its  surface properties  have a  critical  influence
on the crystallinity and stress state of h-BN growth. Sapphire is the
most  widely  used  substrate  owing  to  its  availability  and  thermal
stability  [5, 28].  However,  owing  to  the  large  lattice/thermal
mismatch,  the  tendency  to  form  an  amorphous  BN  interlayer  at
high  temperature,  and  unavoidable  oxygen  incorporation,
collectively  disrupt  ordered  sp2 BN  growth  [29].  Diamond  (111)
shares hexagonal symmetry with h-BN. Yang et al. have successfully
grown  ordered  h-BN  films  on  the  diamond  (111)  surface,  while
only  disordered  BN  was  obtained  on  the  diamond  (100)  surface
[30].  This  shows  that  the  atomic  arrangement  of  the  substrate
surface is crucial to the epitaxial orientation of h-BN. GaN, though
hexagonal,  suffers  thermal  decomposition  at  the  typical  h-BN
growth  window  (more  than  1000  °C),  making  it  difficult  to  grow
smooth, continuous h-BN layers [31]. Consequently, high-quality h-
BN  for  GaN  devices  is  often  grown  on  metal/sapphire  and  then
transferred  [32].  In  contrast,  AlN  provides  closer  lattice/thermal
compatibility  and  excellent  thermal  stability,  establishing  it  as  a
promising  platform  for  h-BN  growth  [33].  However,  Yang  et  al.
reported  predominantly  3D  island-like  BN  growth  on  Al-polar
AlN,  which  disrupts  the  formation  of  high-quality  layered  h-BN
films [34].  Notably,  when h-BN is  grown on 2DMs like graphene,
the weak vdW interface promotes layer-by-layer growth and highly
oriented h-BN, suggesting that vdW interfaces could be an effective
approach [35].

In  this  work,  we  epitaxially  grew  h-BN  films  on  N-polar  AlN
substrates  using  MOVPE  with  a  pulsed  growth  method.  Unlike
conventional  Al-polar  AlN  surfaces,  N-polar  AlN  surfaces  are
terminated  with  N  atoms.  This  surface  polarity  greatly  influences
the  nucleation  and  growth  of  h-BN.  Combining  first-principles
calculations with experimental characterization, how N-terminated
surfaces  inhibit  interfacial  bonding  is  revealed.  Due  to  the  short
covalent bond length and high bond energy of B–N, its formation
on  N-terminated  surfaces  is  spatially  and  energetically  limited,
making  the  formation  of  strong  chemical  bonds  more  difficult
compared  to  Al-terminated  surfaces.  As  a  result,  N-polar  AlN
favors  the  formation  of  sp2-hybridized  h-BN,  promoting  2D
growth.  Face-to-face  annealing  (FFA)  effectively  reduces  defects
and  improves  order,  producing  highly  oriented  h-BN  films  with
sharper  X-ray  diffraction  (XRD)  diffraction  peaks  and  narrower
Raman  full  width  at  half  maximum  (FWHM).  Moreover,
composite  FFA  (CFFA)  enables  exfoliation  of  flexible,  low-stress
AlN films via the weakly coupled h-BN interface. This highlights its
potential  for  achieving  low-stress,  high-quality  2D–3D  integration
in nitride semiconductors.

 2    Results and discussion
To  start,  Al-polar  and  N-polar  AlN  template  substrates  were
prepared on sapphire substrates using sputtering and FFA (FFA sp)
techniques,  as  previously  reported  [36−39].  These  AlN  templates
exhibit  high  crystal  quality  and  smooth  surfaces,  which  facilitate
subsequent  h-BN  epitaxial  growth  (Table  S1  and  Fig.  S1  in  the
Electronic  Supplementary  Material  (ESM)).  Next,  h-BN  was

epitaxially  grown  on  AlN  templates  with  different  polarities  using
MOVPE. Prior to growth, the substrates were thermally cleaned in
H2/NH3 ambient  at  1300  °C  for  10  min  to  remove  surface  oxides
(Figs. 1(a) and 1(d) and Fig. S2 in the ESM). After cleaning, both N-
polar and Al-polar AlN surfaces remained atomically flat with step-
and-terrace  morphologies  (root-mean-square  (RMS)  roughness  =
0.3 nm), which is favorable for subsequent h-BN epitaxy (Figs. 1(b)
and 1(e)).  h-BN  was  then  directly  grown  on  the  AlN  templates
using  a  pulsed  growth  scheme  with  alternating  triethylboron
(TEB)/NH3 pulses  (t(TEB)/t(NH3)  =  2  s/1  s,  where t denotes
the  pulse  duration).  The  flow  rates  of  NH3 and  TEB  were
89.2 mmol/min and 14.8 μmol/min, respectively, corresponding to
a  V/III  ratio  of  approximately  6000.  Growth  occurred  at  1400  °C
under a total pressure of 30 Torr with H2 as the carrier gas (Fig. S2
in  the  ESM).  The  nucleation  layers  grown  for  2  min  on  the  two
polarities of AlN are shown in Fig. S3 in the ESM. On N-polar AlN,
h-BN  tends  to  grow  in  a  2D  manner,  forming  atomically  flat
surfaces.  Conversely,  on  Al-polar  AlN,  a  granular  morphology
develops,  indicating  a  fundamental  difference  in  the  initial  growth
mode  of  BN on the  two types  of  polarity  templates.  By  extending
the  growth  time  to  30  min,  h-BN  films  with  a  thickness  of  more
than  10  nm  were  obtained  on  both  N-polar  and  Al-polar  AlN
templates.  Atomic force microscopy (AFM) image reveals  that  the
N-polar  surface  exhibits  low  RMS  roughness  (1.92  nm),
characterized by a relatively smooth surface and distinctive wrinkle-
like  features  (Fig.  1(c))  [40, 41].  In  contrast,  the  Al-polar  surface
exhibits  continued  3D  island-like  growth  with  a  significantly
rougher  morphology,  characterized  by  an  RMS  of  12.94  nm
(Fig.  1(f)).  Raman  spectroscopy  is  a  straightforward  method  for
material  identification,  further  confirming  the  formation  of  sp2-
hybridized BN [42, 43].  The characteristic  E2g phonon mode of  h-
BN,  originating  from the  in-plane  opposite  vibrations  of  B  and  N
atoms  in  the  hexagonal  lattice,  and  characteristic  E2g peaks  were
observed in both samples (Fig. 1(g)). XRD analysis reveals that the
h-BN  (0002)  reflection  at  ~  26.5°  was  observed  for  the  N-polar
sample (Fig. 1(h)), which is consistent with the commonly reported
peak  position  for  MOVPE-grown  h-BN  (typically  26.5°  to  26.7°)
[28, 30, 34]. This peak shift relative to the standard peak position is
attributed to the coexistence of turbostratic BN (t-BN) domains and
residual  strain  within  the  film.  However,  no  characteristic  h-BN
(0002)  diffraction  peak  is  observed  for  the  BN grown on Al-polar
AlN,  indicating  its  poor c-axis  orientation  (Fig.  1(i)).  In  addition,
XRD analysis of the N-polar AlN and Al-polar AlN templates prior
to  growth  was  used  for  comparison  (Fig.  S4  in  the  ESM),
demonstrating  that  only  the  h-BN  (0002)  peak  appeared  after
growth,  with  no  other  BN  peaks  observed.  This  confirms  the
growth of well-oriented h-BN on N-polar AlN.

To  further  investigate  the  reasons  for  the  differential  growth  of
BN  on  AlN  substrates  of  different  polarities,  cross-sectional
transmission electron microscopy (TEM) specimens of BN on AlN
of varying polarities were prepared (Fig. 2 and Figs. S5 and S6 in the
ESM).  The  differing  polarities  of  the  AlN  substrates  were  further
confirmed by atomic imaging.  The Al-polar AlN exhibits  a typical
inversion domain boundary  (IDB) at  the  interface,  reversing  from
its  initial  N-polarity  to  Al-polarity  (Fig.  S6  in  the  ESM).
Interestingly,  h-BN  bubbling  was  observed  on  N-polar  AlN  (Figs.
S5(a) and S5(b) in the ESM). This phenomenon arises from h-BN
bubbles induced by water decomposition during focused ion beam
(FIB) sample preparation, triggered by the electron beam from the
scanning  electron  microscopy  (SEM)  [44].  Conversely,  no  such
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bubbling  was  observed  on  Al-polar  AlN  (Fig.  S6(a)  in  the  ESM).
This  may be attributed to the weaker adhesion of  h-BN to the N-
polar  AlN,  where  cooling-induced  strain  generates  characteristic
wrinkling patterns (Fig. 1(c)). Bubble formation represents a mode
of  localized relaxation strain wrinkling.  This  observation indirectly
corroborates the distinct growth models of BN on AlN substrates of
differing polarities.

11̄00 0001̄ 11̄00

High-resolution  TEM  (HRTEM)  was  employed  to  characterize
the  microstructure  and  orientation  of  h-BN,  as  the  B  atom  is
difficult  to  observe  due  to  the  high-angle  annular  dark-field
(HAADF) image being proportional  to atomic number Z2.  On N-
polar  AlN,  cross-sectional  HRTEM  clearly  resolves  layered  h-BN
parallel to the interface, with an interlayer spacing of approximately
0.33  nm  (Fig.  2(a)).  The  corresponding  fast  Fourier  transform
(FFT)  pattern  reveals  an  (0001)[ ]h-BN||( )[ ]AlN

orientation, indicating a favorable epitaxial relationship between h-
BN and AlN (Fig. 2(b)).  The energy dispersive X-ray spectroscopy

(EDS)  line  scan  along  the  axial  direction  further  confirms  the
presence of epitaxial h-BN (Fig. 2(c)). In stark contrast, BN on Al-
polar  AlN  exhibits  3D  island-like  stacking  (Fig.  2(d)).  These
disordered  BN  layers  stack  in  an  interleaved  manner  from  the
beginning,  with  larger  areas  becoming  affected  as  growth  time
increases.  The  BN  FFT  exhibits  broadened  or  weakly  ring-like
features,  whereas  the  AlN  diffraction  remains  sharp  (Fig.  2(e)),
indicating  in-plane  and  out-of-plane  orientation  disorder  in  BN.
Corresponding  EDS  line  scans  similarly  confirm  the  epitaxial
growth  of  BN  on  Al-polar  AlN  (Fig.  2(f)).  Furthermore,  the
transition layer at the interface between h-BN and N-polar AlN was
identified  as  an  AlN  oxide  layer  (AlxOyNz)  rather  than  a  B-
containing  oxide  layer  (Fig.  S7  in  the  ESM).  This  layer  primarily
results  from the separation of  h-BN from N-polar  AlN,  caused by
water  decomposition  triggered  by  the  SEM  electron  beam  during
FIB sample preparation [44], which subsequently leads to oxidation
of  the  surface  AlN.  Oxygen  impurities  in  the  TEB  source  may  be

 

Figure 1    Growth of h-BN on N-polar and Al-polar AlN templates. (a) Schematic of pulsed growth of h-BN on N-polar AlN. ((b) and (c)) AFM images of N-polar AlN
(b) after surface cleaning and (c) after the growth of h-BN films. (d) Schematic of pulsed growth of h-BN on Al-polar AlN. ((e) and (f)) AFM images of Al-polar AlN
templates (e) after surface cleaning and (f) after the grown h-BN films on Al-polar AlN. (g) Raman spectra of h-BN grown on AlN with different polarities. The green,
brown, and blue inverted triangles in the figure correspond to the characteristic peaks of sapphire, AlN, and h-BN. ((h) and (i)) XRD 2θ–ω scans of h-BN grown on (h) N-
polar AlN and (i) Al-polar AlN.
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another  contributing  factor,  but  the  former  mechanism  is  the
dominant reason.

To further elucidate the pronounced differences in h-BN growth
behavior  on  AlN  surfaces  with  different  polarities,  first-principles
calculations  were  performed. Figure  3(a) compares  the  relaxed
interface  configurations  of  h-BN  on  N-polar  and  Al-polar  AlN
substrates. For the N-polar substrate, the average interlayer spacing
expanded  from  3.0  to  3.11  Å  with  no  covalent  bonds  observable,
indicating  the  interface  is  predominantly  governed  by  van  der
Waals  forces.  Conversely,  on  the  Al-polar  AlN,  the  average
interlayer  spacing  shortened  to  2.69  Å,  while  covalent  bonds
formed between B and Al atoms at the interface. Density functional
theory  (DFT)  calculations  reveal  that  the  interface  binding  energy
(IBE (Eb)) of h-BN on Al-polar AlN is approximately 1.5 times that
on  N-polar  AlN  (Fig.  3(a) and  see  details  in  Section  S3
Supplementary  document  in  the  ESM),  indicating  stronger
interfacial  interactions.  Electron  localization  functions  (ELFs),
which  quantify  the  probability  distribution  of  electrons  near  the
reference  electron,  distinguish  between  localized  (covalent  and
ionic)  and  non-localized  (metallic  and  vdW)  bonding  states  [45].
ELFs  further  reveal  polarity-dependent  bonding  characteristics
(Figs.  3(b) and 3(c)).  The N-polar interface shows low localization

at  the  vdW  gap,  indicating  weak  bonding.  In  contrast,  strong
electron  localization  between  N  and  Al  atoms  at  the  Al-polar
interface confirms electron sharing and covalent bond formation.

Bader  charge  analysis  further  reveals  opposite  charge  transfer
behavior  (Fig.  3(d)).  h-BN  on  N-polar  AlN  loses  approximately
0.491e, whereas h-BN on Al-polar AlN gains approximately 1.073e.
This redistribution of opposite charges not only alters the electronic
properties  of  h-BN  but  also  reflects  stronger  interfacial  coupling
under  Al-polar  conditions.  To  more  intuitively  visualize  this
polarity-dependent  charge  transfer,  charge  density  difference
(CDD)  and  the  plane-averaged  CDD  as  a  function  of  position z
across the interface (Δρ(z)avg) were further calculated (Figs. 3(e) and
3(f) and  see  details  in  Section  S3  Supplementary  document  in  the
ESM).  Pink  and  blue  regions  denote  charge  accumulation  and
depletion,  respectively.  At  the  Al-polar  interface,  pronounced
accumulation (pink) and depletion (blue) zones emerge between h-
BN  and  AlN,  forming  strong  charge  vibrations  that  confirm  the
formation  of  robust  covalent  bonds.  In  contrast,  the  N-polar
interface  exhibits  only  weak  charge  redistribution  consistent  with
vdW coupling characteristics.

In summary, the N-terminated surface of N-polar AlN exerts an
inhibiting  effect  on  interfacial  bonding.  The  formation  of  B–N

 

11̄00 0001̄ 11̄00

Figure 2    Interface microstructures of BN grown on AlN templates of different polarities.  (a) Cross-section schematic and HRTEM image of h-BN/N-polar AlN. The
yellow  and  red  boxes  denote  FFT  pattern  sampling  regions.  (b)  FFT  patterns  of  the  h-BN  region  (yellow  box)  and  AlN  region  (red  box)  in  (a),  labeled
(0001)[ ]h-BN||( )[ ]AlN.  (c)  Intensity  profile  of  EDS  signals  for  B,  N,  and  Al  atoms  at  the  interface  along  the  vertical  grey  arrow  in  (a).  (d)  Cross-section
Schematic and HRTEM of BN/Al-polar AlN. The yellow and orange boxes denote FFT pattern sampling regions. (e) FFT patterns of the BN region (yellow box) and AlN
region (orange box) in (d). BN exhibits broadened and ring-like features, whereas AlN shows sharp diffraction, confirming the disorder orientation of BN. (f) Intensity
profile of EDS signals for B, N, and Al atoms at the interface along the vertical grey arrow in (d).
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covalent  bonds,  characterized  by  shorter  bond  lengths  and  higher
bond  energies,  is  spatially  and  energetically  constrained  on  N-
terminated  surfaces.  Whereas  Al  atoms  on  Al-polar  AlN  surfaces
readily form covalent bonds with N atoms at the interface between
Al-polar  AlN  and  h-BN,  exhibiting  higher  interfacial  bonding
energies and substantial charge transfer (Table S2 in the ESM). This
leads to the 3D island-like growth of structurally disordered BN.

The  FFA  process  was  first  introduced  by  our  group  [36].
Through  solid-phase  reactions  at  high  temperatures,  it  effectively
enhances  the  crystalline  quality  of  AlN,  whether  deposited  by
sputtering or epitaxial growth [37, 46−48]. Recently, this technique
has  also  been  applied  to  improve  the  crystalline  quality  of  h-BN
grown  on  sapphire  substrates  [18].  Growing  h-BN  on  AlN
substrates  offers  the advantage that  AlN remains more stable  than
sapphire  at  temperatures  up  to  1700  °C,  preventing  h-BN
degradation  caused  by  oxygen  released  from  substrate
decomposition [49]. This renders FFA a promising method for the
efficient and low-cost preparation of high-quality h-BN. As a result,
BN grown on AlN substrates of different polarities was subjected to
FFA at 1650 °C for 3 h (Fig. 4(a)).

Following annealing, the h-BN on N-polar AlN (designated FFA-
hBN)  retained  its  pre-annealing  excellent  surface  roughness
(RMS = 1.98 nm), as shown in Fig. 4(b). There was no evidence of
poor  surface  morphology  affected  by  oxygen  diffusion.  Raman
spectroscopy  characterized  the  h-BN  E2g peak  at  1366  cm−1.  The
FWHM  of  the  E2g mode,  obtained  by  Lorentzian  fitting,  was  only
18.29  cm−1 after  annealing,  significantly  lower  than  the  typical
FWHM (20–45 cm−1) for h-BN prepared by MOVPE (Fig. 4(c) and
Table  S3  in  the  ESM).  It  indicates  the  formation  of  h-BN  with

improved interlayer ordering. XRD further revealed enhanced out-
of-plane  ordering  in  FFA-BN.  The  XRD  2θ–ω scan,  where ω
denotes  the  incident  angle  of  the  X-ray  beam  with  respect  to  the
sample  surface,  exhibited  the  h-BN  (0002)  reflection  peak
(Fig. 4(d)), positioned closer to the standard peak relative to the pre-
annealed  state  (Fig.  4(g) and  Table  S4  in  the  ESM)  [28].
Additionally,  the h-BN (0004) reflection peak became visible.  This
indicates  that  annealing  reduced  structural  defects  in  BN  and
improved  in-plane  crystallinity.  The  chemical  composition  and
bonding  environment  were  further  analyzed  via  X-ray
photoelectron  spectroscopy  (XPS)  (Figs.  4(e) and 4(f)).  Full-
spectrum  scans  revealed  B,  N,  and  Al  signals  alongside  minor  C
and O signals. The XPS fine spectra of the B 1s and N 1s peaks were
characterized, with the main B 1s peak positioned at 190.15 eV and
the  main  N  1s  peak  at  397.75  eV,  both  in  good  agreement  with
characteristic  B–N  bond  energies  [50, 51].  The  absence  of
additional  shoulder  peaks  indicates  that  FFA  treatment  does  not
introduce  unwanted  phases  or  oxides,  thereby  maintaining
chemical  stability  while  enhancing  crystalline  quality.  Notably,
however,  the  surface  morphology  of  BN  on  Al-polar  AlN
deteriorated further (RMS increasing from 12.94 to 16.78 nm) (Fig.
S8(a) in the ESM). The FWHM of the E2g mode, obtained by fitting
Lorentzian  functions,  was  30.27  cm−1 after  annealing,  substantially
larger than that on N-polar AlN (Fig. S8(b) in the ESM). Moreover,
the  XRD  2θ–ω scan  still  shows  no  characteristic  peak  for  h-BN
(0002)  (Fig.  S8(c)  in  the  ESM).  This  indicates  that  even  after
subsequent  high-temperature  annealing,  it  was  inefficient  to
enhance the in-plane order of MOVPE BN to obtain 2D h-BN if it
followed  3D  growth.  Furthermore,  BN  grown  on  Al-polar  AlN

 

Figure 3    Polarity-dependent interfacial properties at the h-BN/AlN interface. (a) The interface binding energy (IBE) of h-BN on Al-polar AlN and N-polar AlN. The
insets show relaxed interfacial structures, with an equilibrium spacing of ~ 3.11 Å for N-polar AlN and 2.69 Å for Al-polar AlN. ((b) and (c)) ELF map of (b) h-BN/N-
polar AlN and (c) h-BN/Al-polar AlN. (d) Bader charge analysis of h-BN/AlN heterostructure. ((e) and (f)) CDD images and Δρ(z)avg of (e) h-BN/N-polar AlN and (f) h-
BN/Al-polar AlN. The CDD is depicted at isosurface levels of ±0.004 e/Bohr3.
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surfaces  was  characterized by  XPS (Fig.  S9  in  the  ESM).  The B 1s
and  N  1s  energies  were  located  at  190.10  and  397.69  eV,
respectively,  slightly  lower  than  those  on  N-polar  AlN.  This
indicates greater B–N stability in h-BN grown on N-polar AlN [33].
For  comparison,  h-BN  grown  on  sapphire  substrates  was  also
measured (Fig. S10 in the ESM). The XPS B 1s peak was obtained
by  etching  from  the  outermost  surface  towards  the  interface,
revealing  peaks  corresponding  to  the  etching  duration.  This
demonstrates  that  the  presence  of  AlN  suppresses  the  formation
of  B–O  bonds,  thereby  preventing  the  emergence  of  amorphous
B-containing  layers  similar  to  those  observed  on  sapphire
substrates [29].

Furthermore, the crystalline quality of h-BN exhibits a significant
positive  correlation  with  growth  temperature.  When  the  growth

temperature increased from 1200 to 1400 °C, the surface roughness
decreased markedly (Figs.  1(c) and 4(b) and Fig. S11 in the ESM).
The h-BN (0002) peak position progressively approached the h-BN
reference  value,  accompanied  by  a  decrease  in  FWHM,  which
reflected  enhanced  interlayer  order  (Figs.  4(g) and 4(h) and  Figs.
S12–S14 and Table S4 in the ESM) [28, 30, 34, 42]. Although FFA
process  partially  enhances  h-BN  crystalline  quality  (Fig.  4(g)),  BN
grown at lower temperatures remains prone to forming t-BN rather
than h-BN due to insufficient atomic migration. This indicates that
elevated growth temperatures  are  crucial  for  achieving epitaxial  h-
BN growth on N-polar AlN surfaces via MOVPE. By extending the
growth time, approximately 25 nm of h-BN was grown on N-polar
AlN  at  1400  °C.  It  also  exhibits  excellent  surface  roughness  and
interlayer order (Figs. 4(g) and 4(h) and Figs. S14–S16 and Table S4
in the ESM).

 

Figure 4    Characterization of h-BN grown on N-polar AlN after FFA. (a) Schematic illustration of the FFA process performed at 1650 °C on h-BN grown on N-polar Al
templates. (b) AFM image of the FFA-hBN surface showing an RMS roughness of ~ 1.98 nm. (c) Raman spectrum of FFA-hBN. The green, brown, and blue inverted
triangles in the figure correspond to the characteristic peaks of sapphire, AlN, and h-BN. (d) XRD 2θ–ω scan of FFA-hBN. (e) XPS survey spectrum of FFA-hBN. (f) B 1s
core-level spectrum and N 1s core-level spectra, confirming stoichiometric h-BN composition and chemical stability after annealing. (g) Evolution of 2θ peak positions
before and after FFA at different growth temperatures. (h) The FWHM of the 2θ peak before and after FFA at different growth times at 1400 °C, along with a schematic
illustration showing that FFA reduces disorder and improves crystallinity.
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It  has  also  been  reported  that  FFA  in  a  nitrogen  atmosphere
promotes  vacancy-mediated  defect  healing  and  reduces  impurity-
related  defect  states  [49].  In  summary,  h-BN  grown  on  N-polar
AlN can effectively reduce structural defects, such as stacking faults,
grain  boundaries,  and  vacancies,  through  further  FFA  processing,
and is  expected to reduce impurity-related defect  states,  ultimately
enhancing lattice order (Fig. 4(h)). Moreover, this effect applies to h-
BN  layers  of  varying  thickness.  Given  that  the  number  of  h-BN
layers grown via MOVPE can be readily adjusted by modifying the
growth time (Fig. S17 in the ESM), this study provides an effective,
low-cost  strategy  for  the  large-scale  preparation  of  high-quality  h-
BN layers with different thicknesses.

Finally, flexible AlN films prepared on h-BN via a CFFA process
are  demonstrated.  Specifically,  h-BN  was  grown  at  1400  °C  for
30  min  on  AlN  of  varying  polarities,  followed  by  sputtering
approximately  300  nm  of  AlN  on  top  of  it.  Further,  CFFA  was
employed  to  simultaneously  anneal  both  sputtered  AlN  (Sp-AlN)
and h-BN at 1650 °C for 3 h. The HRTEM results confirm that the
layered  structure  of  h-BN  is  well  preserved  after  FFA  treatment,
with  a  clearer  layered  structure  and  fewer  structural  defects  (Fig.
S18 in the ESM). No undesirable amorphization, decomposition, or
severe lattice disruption was observed at either the h-BN or h-BN/N-
polar  AlN  interfaces.  EDS  analysis  confirmed  that  there  was  no
significant  mutual  diffusion  of  Al  and  B  at  the  interface  after
annealing  (Fig.  S19  in  the  ESM).  This  phenomenon  is  commonly
observed  in  h-BN  grown  on  sapphire  [52].  Owing  to  the  well-
layered structure of h-BN grown on N-polar AlN, the AlN layer on
h-BN/N-polar  AlN  could  be  readily  exfoliated  using  ultraviolet
(UV)  adhesive  tape  (Fig.  5(a)).  In  contrast,  it  was  difficult  to
exfoliate  the  layer  on  BN/Al-polar  AlN  due  to  the  3D  growth

structure  of  BN  (Fig.  S20  in  the  ESM).  AFM  characterization
revealed  the  typically  wrinkled  morphology  of  h-BN  on  both  the
backside  of  the  exfoliated  AlN  film  and  the  substrate  surface
(Figs.  5(b) and 5(c)).  Also,  XRD  2θ–ω scans  and  Raman
characterization of  the exfoliated substrate  confirmed the presence
of  h-BN  on  the  substrate  surface  (Fig.  5(d) and  Fig.  S21  in  the
ESM).  This  is  because  the  IBE  between  h-BN/h-BN  (Eb =
~  32  meV/Å2)  is  1/8  to  1/5  of  that  between  AlN/h-BN  (Fig.  3(a))
[53]. Consequently, the peeling occurs between h-BN layers, and h-
BN maintains a flat  surface morphology, offering the possibility of
substrate reuse.  The exfoliated,  flexible  AlN film was characterized
by  HRXRD  2θ–ω scans  at  the  (0002)  reflection,  as  shown  in
Fig. 5(e), indicating a near-stress-free state. Raman spectroscopy of
the  AlN  film  and  substrate  before  and  after  exfoliation  similarly
demonstrated  that  AlN  prepared  on  h-BN  exhibits  significantly
reduced  compressive  stress  compared  to  FFA  Sp-AlN  template
substrates (Fig. S22 in the ESM). This demonstrates that the h-BN
interlayer  effectively  modulates  strain  within  AlN,  holding
significant implications for the growth of strain-free and exfoliable
III-nitride films and devices.

 3    Conclusions
In summary, we have achieved the growth of high-quality h-BN on
N-polar  AlN  templates  via  the  pulse  growth  method  using
MOVPE.  N-polar  AlN  promotes  layer-by-layer  growth  of  well-
oriented h-BN through suppression of interfacial bonding, while Al-
polar  AlN  induces  strong  interfacial  coupling  that  results  in  3D
island-like  BN  formation.  Combined  with  DFT  calculations,  the
differences in polarity-induced BN growth models are revealed. The

 

Figure 5    Flexible AlN films released via weakly coupled interfaces. (a) Schematic diagram and optical photograph of FFA-sp AlN exfoliation. ((b) and (c)) AFM images
of  (b)  the flexible  AlN backside and (c)  the AlN template  substrate  surface after  exfoliation,  both displaying h-BN with wrinkled features.  (d)  XRD 2θ–ω scans of  the
sample before and after exfoliation. (e) HRXRD (0002) 2θ–ω scan of the substrate and AlN film after exfoliation, demonstrating the nearly stress-free state of AlN film.
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termination of the N-polar AlN surface with N atoms energetically
and  spatially  inhibits  the  formation  of  B(BN)–N(AlN) covalent  bonds,
thus  favoring  layer-by-layer  growth  of  h-BN  during  the  initial
growth stage.  Conversely,  Al-terminated  surfaces  on Al-polar  AlN
induce bonding between N(BN) and Al(AlN),  driving the formation of
3D  island-like  BN  and  a  rough  morphology.  FFA  effectively
reduced  defects  and  improved  order  in  h-BN,  achieving  highly
oriented  films  with  a  narrower  FWHM  Raman  E2g (~  18.3  cm−1).
Finally,  stress-free  flexible  AlN  films  were  fabricated  using  CFFA
technology, demonstrating the potential of h-BN grown on N-polar
AlN as an effective stress-relief and peel-off buffer layer. This work
provides a simple and effective approach for fabricating wafer-scale
h-BN  with  controllable  layer  numbers,  transferable  nitride  films,
and 2D–3D integration.

 4    Experimental

 4.1    Preparation of AlN template substrates
Both N-polar and Al-polar AlN template substrates were fabricated
on 2-inch sapphire substrates with a c-axis offset  of  approximately
0.2° toward the m-direction. Specifically, about 300 nm of N-polar
AlN  was  deposited  on  the  sapphire  substrate  using  a  high-purity
aluminum target (99.9999%). This N-polar AlN layer was deposited
via  radio  frequency  (RF,  13.56  MHz)  magnetron  sputtering  at
600 °C, with a sputtering pressure of 0.1 Pa and a nitrogen flow rate
of  50  sccm,  achieving  a  deposition  rate  of  roughly  0.05  nm/s.
Subsequently,  FFA  was  performed  at  1650  °C  for  3  h.  An
approximately 450 nm Al-polar AlN layer was deposited at 600 °C
using  a  sintered  AlN  target  with  99.9%  purity.  Sputtering  was
carried out at a pressure of 0.05 Pa and an N2 flow rate of 24 sccm.
The deposition rate of the Al-polar layer was about 0.05 nm/s. After
sputtering the Al-polar AlN, FFA was performed at 1700 °C for 3 h
to enhance its crystallinity.

 4.2    Epitaxial growth of layer-controllable h-BN
h-BN was grown via pulse growth method using MOVPE. Initially,
a thermal cleaning step was conducted at 1300 °C for 10 min. h-BN
was  then  grown  at  1400  °C  with  a  gas  flow  rate  of  6  m/s.  All
temperatures  in  this  study  were  recorded  by  thermocouple
readings.  During this  process,  NH3 was employed as  the Group V
precursor and TEB as the Group III precursor. The NH3 flow rate
was 89.2 mmol/min, while the TEB flow rate was 14.8 μmol/min. In
the pulsed method, TEB was supplied first for 2 s, followed by NH3

for 1 s. The purge time between NH3 and TEB supply was 0 s. The
number  of  pulse  cycles  for  the  BN  nucleus  and  films  was  40  and
600,  respectively.  H2 was  employed  as  the  carrier  gas.  The  growth
pressure was maintained at 30 Torr.

 4.3    Post-growth annealing of h-BN and AlN
The annealing apparatus employed combined an annealing furnace
with  a  high-frequency  induction  heating  power  supply  to  control
both  the  furnace  atmosphere  system  and  heating  system,  thereby
facilitating the annealing process. Samples were positioned face-to-
face,  with  the  annealing  atmosphere  comprising  nitrogen.  h-BN
and AlN were annealed at 1650 °C for 3 h. All temperatures in this
study were recorded by thermocouple readings.

 4.4    Characterizations
Atomic  structure  characterization  and  elemental  analysis  of  h-BN

and  AlN  layers  were  performed  using  a  TEM  (FEI;  Talos  F200X)
and  an  aberration-corrected  TEM  (ACTEM,  FEI;  Themis  Z)
equipped  with  an  EDS.  TEM samples  were  prepared  and  thinned
using a  FIB (FEI;  Helios  5  UX).  HRXRD (Malvern Panalytical;  X’
Pert MRD Pro) was employed to analyse the crystalline quality and
stress  state  of  AlN,  and  the  thickness  of  h-BN  was  also  measured
using  this.  Powder  XRD  (Malvern  Panalytical;  PW3040/60  X’Pert
PRO)  confirmed  the  crystalline  orientation  of  h-BN  and  AlN.
Raman spectroscopy (Nanophoton; RAMAN-11) recorded Raman
spectra  of  h-BN  and  AlN  template  substrates.  Surface  topography
of  h-BN was  obtained  using  AFM (Oxford  Instruments;  MFP-3D
Origin+). Elemental composition and chemical state of h-BN were
analyzed by XPS (ULVAC-PHI; Quantera SXM).

 4.5    Computational method
The  computational  task  of  this  paper  was  implemented  using  the
first-principles  calculation  software  PWmat.  Atomic  structure
optimization  and  energy  self-consistent  calculations  were
performed  using  the  Perdew–Burke–Ernzerhof  (PBE)  functional
within the  generalized gradient  approximation (GGA) framework,
with k-point settings of 2 × 2 × 1 and 6 × 6 × 1,  respectively.  The
lattice  constants  for  h-BN  and  AlN  within  the  unit  cell  were
determined  to  be  2.50  and  3.11  Å,  respectively.  A  vacuum  layer
thickness  of  30  Å  was  employed  to  prevent  spurious  interactions.
The plane wave cutoff energy was set to 60 Rydberg (Ry; 816 eV),
with a force convergence accuracy of 0.05 eV/Å. The van der Waals
corrections  were  included  to  obtain  an  accurate  description  of
interlayer interactions. The convergence criterion for the maximum
force experienced by atoms during relaxation was set at 0.05 Å.

 Electronic  Supplementary  Material: Supplementary  material  (the
crystal  quality  of  FFA  Sp-AlN  templates  with  different  polarities,
quantitative  comparison  of  h-BN/AlN  interfacial  properties,
MOVPE growth schematic, AFM images, HAADF-scanning TEM
(STEM)  images,  Raman  and  XPS  spectra,  XRD  characterizations,
exfoliation-related  results,  and  detailed  DFT  computational
methodology)  is  available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2026.94908822.
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