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ABSTRACT: Integrating  monoclinic  gallium  oxide  (β-Ga2O3)
with two-dimensional (2D) hexagonal boron nitride (h-BN) into
heterostructures is of significant importance for achieving high-
power  device  applications.  The  2D-material-assisted  epitaxy
provides  a  straightforward  integration  method  for  fabricating
β-Ga2O3/h-BN  vertical  heterostructures.  In  this  work,  the
β-Ga2O3  films  were  deposited  on  both  polycrystalline  and
single-crystalline  h-BN  layers  with  different  thicknesses,  and
two growth modes of  β-Ga2O3  films on h-BN, remote epitaxy,
and  van  der  Waals  (vdW)  epitaxy,  were  investigated.  The
results  show  that  the  potential  of  the  sapphire  substrate  can
penetrate the monolayer and bilayer h-BN to obtain the remote
epitaxy of β-Ga2O3 films, regardless of the crystallinity of h-BN.
The  vdW  epitaxy  of  β-Ga2O3  film  can  be  realized  on  the
monocrystalline  h-BN  substrate.  Compared  with  the
conventional  and  remote  epitaxial  β-Ga2O3  films  on  sapphire
substrate,  the  vdW  epitaxial  β-Ga2O3  films  on  the  single-
crystalline h-BN substrate exhibit  higher crystallinity.  This work indicates that  the 2D-material-assisted epitaxy provides a
feasible scheme for the heterogeneous integration of β-Ga2O3 films.
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1    Introduction
As  an  emerging  ultra-wide  bandgap  semiconductor,  monoclinic
gallium oxide (β-Ga2O3) has shown great development potential in
the fields of high-power high-frequency electronic devices due to its
outstanding  properties  such  as  high  breakdown  electric  field,
excellent  thermal  stability,  and  large  Baliga’s  figure  of  merit.
However,  the  downside  of  β-Ga2O3 is  that  it  has  a  relatively  low
thermal conductivity (0.11–0.27 W/(cm·K)), which poses an urgent
challenge  for  heat  dissipation  of  power  devices  and  thus  prevents
the  development  of  β-Ga2O3-based  power  devices  [1−4].  One

promising  direction  for  addressing  this  problem  is  to  realize
heterogeneous  integration  of  β-Ga2O3 with  high  thermal
conductivity  substrates.  Recently,  the  direct  growth of  β-Ga2O3 on
highly thermally conductive diamond [5, 6],  SiC [7],  and GaN [8]
has  been  demonstrated.  Nevertheless,  the  lattice  matching
constraints  in  conventional  heteroepitaxy  have  greatly  narrowed
down  the  choices  of  available  substrates.  Another  alternative
approach  for  heterogeneous  integration  is  to  transfer  the  β-Ga2O3
films onto high thermal conductivity substrates. For example, the β-
Ga2O3-based  devices  exhibited  a  significantly  improved  thermal
stability by transferring β-Ga2O3 to highly thermally conductive SiC
substrates via ion cutting technique [9, 10].

Recent emerging two-dimensional (2D)-material-assisted epitaxy
techniques,  including  remote  epitaxy  and  van  der  Waals  (vdW)
epitaxy,  have  shown  exciting  perspectives  due  to  many  potential
advantages, such as elimination of the lattice matching constraints,
and easy exfoliation and transfer.  Remote epitaxy is  a  process  that
the substrate and the epilayer have remote interaction, in which the
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electrostatic potential of substrate is not completely shielded by the
2D  interlayer  and  the  epilayer  follows  the  crystalline  template  of
substrate  [11−13].  In  contrast,  directly  growing  three-dimensional
(3D) materials on the surface of 2D materials, wherein the substrate
and  the  epitaxial  layer  are  combined  by  van  der  Waals  forces,  is
called as vdW epitaxy [11, 14]. Up to now, the 2D-material-assisted
epitaxy has been primarily focused on nitride semiconductors such
as  GaN  and  AlN  [15−19],  only  a  few  studies  focused  on  the  2D-
material-assisted  growth  of  Ga2O3 films  with  graphene  [20−22].
Unfortunately, the graphene is very susceptible and can be severely
damaged in harsh growth environments such as plasma, oxidation,
and high-temperature [23, 24]. Contrarily, wide bandgap hexagonal
boron nitride (h-BN),  a  structural  analogue of  graphene,  possesses
extremely  high  chemical  and  thermal  stability  [25]  and  it  is  also
regarded  as  a  promising  interlayer  for  the  2D-material-assisted
epitaxy  [11, 26].  Furthermore,  high  thermal  conductivity  of  h-BN
together with excellent dielectric and insulation properties makes it
ideal  for  integrating  β-Ga2O3 with  h-BN.  In  recent  years,  the  2D-
material-assisted epitaxy using h-BN as interlayer has been reported
for  the  growth  of  nitrides  and  sulfides  [11, 26−28].  Nevertheless,
there has never been any report on the growth of β-Ga2O3 film on
2D  h-BN  interlayer.  On  the  other  hand,  although  both  remote
epitaxy  and  vdW  epitaxy  have  been  reported  in  many  previous
studies [14, 29, 30], there is a lack of growth mechanism capable of
clearly  distinguishing  the  remote  epitaxy  and  the  vdW  epitaxy,
especially  for  the  2D-material-assisted  epitaxy  using  h-BN.
According to the principles of two growth modes, the investigation
on the effect of the features of the h-BN layers on the growth of β-
Ga2O3 films can provide an insight into the growth mechanism of
two epitaxy modes.

In  this  work,  the  β-Ga2O3 thin  films  were  epitaxially  grown  on
2D  h-BN  layers  for  the  first  time,  and  the  determination  of  the
preferred epitaxy for β-Ga2O3 on 2D h-BN interlayers with different
thicknesses and crystallinities was investigated. Here, two kinds of h-
BN template (polycrystalline and single-crystalline h-BN layers) are
chosen  to  unveil  the  impact  of  crystallinity  of  h-BN  interlayer  on
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the  epitaxial  interaction,  and sapphire  is  used  as  substrate  because
its  high  ionicity  of  0.594  [15]  provides  a  strong  interfacial
interaction for the remote epitaxy. In this case,  it  is  found that the
potential of the sapphire substrate can penetrate the monolayer and
bilayer  h-BN to  achieve  the  remote  epitaxy  of  β-Ga2O3 thin  films,
regardless of the crystallinity of h-BN. The vdW epitaxy results in a
high-quality  single-crystalline  β-Ga2O3 thin  film  with  an  epitaxial
relationship  of  β-Ga2O3 ( )[010]||h-BN  (0001)[ ]||sapphire
(0001)[ ].  The  results  show  that  the  remote  epitaxy  is  mainly
affected  by  the  number  of  h-BN  layers,  and  the  vdW  epitaxial  β-
Ga2O3 films on the thicker single-crystalline h-BN substrate exhibit
higher crystallinity. 

2    Results and discussion
Many  studies  have  successfully  demonstrated  the  feasibility  of
remote epitaxy of 3D materials on h-BN [14, 29, 30]. However, the
research  of  remote  epitaxy  of  β-Ga2O3 on  h-BN is  still  lacking.  In
order to assess the feasibility of remote epitaxy of β-Ga2O3, density
functional  theory  (DFT)  was  used  to  calculate  the  remote
interaction  between  Al-terminated  c-sapphire  and  β-Ga2O3.  Here,
periodic boundary conditions were imposed along the dashed lines
of  simulation  model  (Fig.  1(a)).  As  shown  in Figs.  1(b) and 1(c),
there  is  a  significant  charge  density  overlap  between the  separated
sapphire  and  β-Ga2O3 slabs  within  a  gap  of  about  7  Å
(corresponding to a gap of bilayer h-BN). To distinctly display the
evolution  of  the  charge  density  with  the  interaction  gap, Figs.
1(d)−1(g) and  Fig.  S1  in  the  Electronic  Supplementary  Material
(ESM) respectively show the charge density distribution of the Al-
and  O-terminated  c-sapphire  surface,  as  well  as  through  different
interaction gaps that are equivalent to the thicknesses of monolayer,
bilayer,  and  tri-layer  h-BN.  As  shown  in Figs.  1(d)−1(f) and  Fig.
S1(a)–S1(c) in the ESM, the penetration of the potential fluctuation
in  sapphire  through  monolayer  and  bilayer  h-BN  is  clearly  visible
and  thus  the  pattern  of  potential  distribution  is  well  remained.
Nevertheless, the potential fluctuation is seriously dampened when

 

Figure 1    (a)  Schematic of  Al–Ga remote interaction gaps created by different numbers of  h-BN layers spaced along the Z-axis of  the c-sapphire.  (b) DFT calculating
electron density along separated slabs of Al-terminated c-sapphire and β-Ga2O3. (c) An enlarged view of the electron density within the gap region in (b). Charge density
distribution of the Al-terminated c-sapphire through different interaction gaps equivalent to different numbers of h-BN layers: (d) without h-BN interlayer, (e) monolayer
h-BN, (f) bilayer h-BN, and (g) tri-layer h-BN.
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the  interaction  gap  increases  to  tri-layer  h-BN  (Fig.  1(g) and  Fig.
S1(d)  in  the  ESM).  These  theoretically  calculated  results  indicate
that  the  potential  field  of  sapphire  substrate  can  penetrate  the
monolayer and bilayer h-BN, and the influence of sapphire can be
completely  shielded  when  the  gap  is  increased  beyond  bilayer
h-BN.

To  reveal  the  effect  of  crystallinity  of  h-BN  interlayer  on  the
epitaxial  interaction,  both  polycrystalline  and  single-crystalline  h-
BN  layers  were  used  to  serve  as  interlayers  for  the  2D-material-
assisted epitaxy. Polycrystalline h-BN templates with different layers
were grown on Cu foils by ion beam sputtering deposition (IBSD)
technique  [31]. Figures  2(a)−2(c) show  the  scanning  electron
microscopy (SEM) images of monolayer, bilayer, and tri-layer h-BN
grown  on  Cu  foils  for  different  time.  Except  for  the  faint  grain
boundaries  and a few wrinkles,  the monolayer h-BN shows rather
uniform contrast overall (Fig. 2(a)), indicating good continuity and
thickness uniformity.  As the number of  h-BN layers  increases,  the
secondary  nucleation  at  grain  boundaries  becomes  more
pronounced (Figs. 2(b) and 2(c)). To enable the remote epitaxy of β-
Ga2O3,  the h-BN layers on Cu foils were transferred onto sapphire
substrates by the wet-etching transfer method. Figure 2(d) and Fig.
S2 in the ESM show the atomic force microscopy (AFM) images of
transferred  h-BN  layers,  which  exhibit  a  similar  morphology  to
those  of  the  as-grown  h-BN  layers.  The  X-ray  photoelectron
spectroscopy  (XPS)  full-survey  spectrum  (Fig.  S3  in  the  ESM)
reveals  that  the  transferred  h-BN  layer  is  of  high  chemical  purity,
except  for  the  C  contamination  from  adsorption  of  hydrocarbons
due to sample transport in air. The XPS B 1s and N 1s core levels of
monolayer  h-BN  are  located  at  190.7  and  398.1  eV,  respectively
(Fig. 2(e)) [32, 33]. The atomic ratio of B and N calculated from the
XPS peak intensities and their sensitivity factors is 1.00:1.02, close to
the  stoichiometry  of  h-BN,  revealing  that  the  transfer  process  did
not degrade the quality of h-BN layer. To evaluate the thickness and
crystallinity of h-BN layers, the Raman spectra of the transferred h-

BN with different  layers  were  measured.  As shown in Fig.  2(f),  all
the h-BN layers exhibit a clear and sharp E2g mode at 1365 cm−1, in
which the peak intensity of E2g mode is roughly proportional to the
number of layers of h-BN. The peak widths of the E2g mode (full-
width at half-maximum (FWHM)) for the monolayer, bilayer, and
tri-layer h-BN are 19.8, 17.5, and 17.4 cm−1,  respectively, indicating
that the crystallinity of h-BN is almost independent of its number of
layers.

To validate theoretical prediction, the β-Ga2O3 films were grown
by low-pressure chemical vapor deposition (LPCVD) at 800 °C on
sapphire  substrates  with  various  thicknesses  of  the  transferred
polycrystalline h-BN interlayer. The thickness of the β-Ga2O3 film is
about  250  nm  (Fig.  S4  in  the  ESM). Figure  3(a) shows  Raman
spectra of the β-Ga2O3 films grown on sapphire with and without h-
BN  interlayers,  and  six  Raman-active  modes  (marked  by  #)  are
clearly observed for all the β-Ga2O3 films. The low frequency modes
at  169.2  and  200.1  cm−1 are  attributed  to  the  vibration  and
translation  of  tetrahedra–octahedra  chains,  respectively  [34],  while
the  mid  frequency  peaks  at  320.1,  346.5,  and  474.9  cm−1 are
associated  with  the  deformation  of  Ga2O6 octahedra  [35],  and  the
high  frequency  mode  at  654.9  cm−1 is  assigned  to  the  bending
vibration  of  GaO4 tetrahedra  [36].  These  Raman  peaks  are  well
consistent with the previously reported values of β-Ga2O3 [37, 38].
Moreover, the E2g mode of monolayer h-BN at 1367 cm−1 remains
almost  unchanged after  the β-Ga2O3 growth (Fig.  S5 in the ESM),
manifesting that the chemical vapor deposition (CVD) growth of β-
Ga2O3 has almost no effect even for the monolayer h-BN.
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Figure 3(b) shows the X-ray diffraction (XRD) θ–2θ patterns of
the β-Ga2O3 films grown on sapphire with and without h-BN layer.
For  the β-Ga2O3 films on sapphire  with monolayer  and bilayer  h-
BN,  besides  the  peaks  from  sapphire  substrate,  only  three  peaks
corresponding to the monoclinic β-Ga2O3 ( ), ( ), and ( )
planes are clearly observed at 18.99°, 38.34°, and 59.12°, respectively,
suggesting  a  high  ( )  orientation  of  the  β-Ga2O3 layers.  The  β-

 

Figure 2    Typical  SEM images  of  IBSD-grown (a)  monolayer,  (b)  bilayer,  and  (c)  tri-layer  polycrystalline  h-BN on  Cu foils.  (d)  AFM image  of  the  monolayer  h-BN
transferred onto a sapphire substrate. (e) XPS spectra of B 1s and N 1s core levels of the polycrystalline h-BN. (f) Raman spectra of the polycrystalline h-BN with different
layer numbers transferred onto sapphire substrates.
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Ga2O3 film  directly  grown  on  sapphire  without  h-BN  shows  the
similar XRD pattern. However, for the β-Ga2O3 film on a tri-layer h-
BN, an additional diffraction peak at 30.12° corresponding to the β-
Ga2O3 (400)  reflection  appears,  implying  that  it  is  polycrystalline
structure.
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To  disclose  the  orientational  relationship  between  the  β-Ga2O3
film and sapphire substrate, the in-plane orientation of the β-Ga2O3
epilayer was further characterized by XRD Φ-scan on the β-Ga2O3
( ) and sapphire ( ) reflections, as shown in Fig. 3(c). Similar
to the θ–2θ patterns, all the XRD Φ-scan patterns are similar for the
β-Ga2O3 films  without  and  with  monolayer  and  bilayer  h-BN.  Six
peaks  with  an  interval  of  60°  are  observed  for  the  β-Ga2O3 ( )
reflection, which accurately coincide with the positions of sapphire
( )  reflection.  Since  monoclinic  β-Ga2O3 has  only  a  twofold
symmetry  along  <010>  [39−41],  and  thus  the  six  peaks  of  the  β-
Ga2O3 ( )  observed  in Fig.  3(c) manifest  that  there  are  three
equivalent  domains  involved  in  these  β-Ga2O3 films.  Combining
the  XRD θ–2θ scans,  the  epitaxial  relation  between  the  β-Ga2O3
films  and  the  sapphire  substrate  can  be  deduced  as  β-Ga2O3
( )[010]//sapphire  (0001)[ ].  The  corresponding  epitaxial
relationship is the same as that of the direct growth of β-Ga2O3 on
sapphire (0001) substrates [40]. Interestingly, when a tri-layer h-BN
is  introduced  between  β-Ga2O3 and  sapphire,  the  intensity  of  β-
Ga2O3 ( ) reflection is significantly reduced to almost disappear,
revealing  the  loss  of  the  in-plane  epitaxial  relationship.  The
experimental  results  are  entirely  consistent  with  the  above  DFT
calculations,  which  predict  that  the  potential  field  of  substrate  is
nearly  completely  screened  by  the  tri-layer  h-BN and  thus  cannot
guide the remote epitaxy of β-Ga2O3. To evaluate the effect of h-BN
interlayer  on  the  crystalline  quality  of  the  β-Ga2O3 epilayer,  the
XRD  rocking  curves  (XRC, Ω-scans)  of  β-Ga2O3 ( )  reflection
were measured. As shown in Fig. 3(d), the XRC-FWHM values of
the β-Ga2O3 films without and with monolayer h-BN are found to

be  almost  the  identical  (1.31°  and  1.32°),  while  they  respectively
increase  to  1.39°  and  1.48°  when  introducing  the  bilayer  and  tri-
layer h-BN. Obviously, the monolayer h-BN does not affect the out-
of-plane alignment of the remote epitaxial β-Ga2O3 film. However,
the  crystallinity  of  the  epilayer  is  slightly  degraded with  increasing
the number of h-BN layers, which is also supported by the variation
of the FWHM of the β-Ga2O3 Raman peak (Fig. S6 in the ESM).

2̄01
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The  crystalline  quality  and  interfacial  structure  of  the  β-Ga2O3
grown on sapphire with monolayer and bilayer h-BN were further
investigated  by  cross-sectional  high-resolution  transmission
electron microscopy (HRTEM). As shown in Figs. 3(e) and 3(f), the
lattice  fringes  of  0.468  nm,  as  marked  by  the  yellow  parallel  lines,
match well with the d-space of the β-Ga2O3 ( ) planes, indicating
that the ( ) planes of β-Ga2O3 film are parallel to the c-planes of
sapphire substrate. The presence of monolayer and bilayer h-BN is
clearly visible between the β-Ga2O3 epilayer and sapphire substrate
with  atomically  sharp  interface.  It  is  clear  that  the  introduction  of
monolayer  and  bilayer  h-BN has  almost  no  effect  on  the  epitaxial
growth of β-Ga2O3 on sapphire. The HRTEM and XRD results are
very consistent with the above DFT calculations, which predict that
the potential field of sapphire substrate is rapidly decayed with the
increased epilayer–substrate gap and the remote epitaxy of β-Ga2O3
on sapphire is possible within a 7 Å gap.

To  explore  the  effect  of  h-BN  crystallinity  on  the  2D-material-
assisted epitaxy, the single-crystalline h-BN layers with controllable
thicknesses  from  monolayer  to  tens  of  nanometers  were  also
synthesized  on  sapphire  substrates  by  submicron-spacing  vapor
deposition  (SSVD)  method  [42].  Herein,  the  thickness  of  h-BN
layers was controlled by varying the growth time of boron film that
was used as the B source during the SSVD growth. Figure S7 in the
ESM shows the Raman spectra of the h-BN layers synthesized from
the boron films with different growth time from 5 to 50 min. The
Raman  intensity  increases  with  the  growth  time  of  boron  film,

 

2̄01Figure 3    (a) Raman spectra, (b) XRD θ–2θ patterns, (c) Φ-scan patterns, and (d) rocking curves of ( ) plane of the β-Ga2O3 thin films grown on sapphire with and
without polycrystalline h-BN interlayers. (e) Cross-sectional HRTEM images of the β-Ga2O3 thin films on sapphire through (e) monolayer and (f) bilayer polycrystalline h-
BN.
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verifying that the thickness of h-BN layer can be indeed controlled
by the growth time of boron film. In particular, the SSVD-grown h-
BN layer exhibits an extremely narrow Raman peak whose FWHM
is as narrow as 10 cm−1 (Fig. 4(a)) and comparable to those of bulk
single-crystal  h-BN (9  cm−1)  [43].  The  Raman results  indicate  that
the  SSVD-grown  h-BN  layers  possess  extremely  high  crystallinity,
which  is  also  confirmed  by  transmission  electron  microscopy
(TEM)  measurements. Figure  4(b) shows  the  cross-sectional
HRTEM  image  of  the  SSVD-grown  h-BN  layer  taken  along  the
zone axis of c-sapphire [ ]. The 15-min boron film leads to the
formation of 7-layers of h-BN, and the well-defined and continuous
layered structure certificates  high crystalline quality.  The interlayer
distance of 0.33 nm is consistent with that of basal plane of bulk h-
BN. The lateral lattice spacing of h-BN is measured to be 0.25 nm,
which  matches  well  with  the  lattice  spacing  of  h-BN  [ ]  (i.e.,
zigzag  direction  of  h-BN).  Consequently,  the  epitaxial  relationship
between  the  h-BN  epilayer  and  the  sapphire  substrate  can  be
concluded  as  h-BN  (0001)[ ]||sapphire  (0001)[ ],  as
schematically  illustrated  in Fig.  4(c).  Because  of  the  mismatch  in
thermal expansion coefficient between h-BN and sapphire [42, 44],
a  network  of  wrinkles  is  observed  on  the  continuous  and
homogeneous h-BN surface (Fig. 4(d) and Fig. S8 in the ESM). The
layer  number  of  h-BN  is  still  maintained  throughout  the  wrinkle,
indicating  the  uniformity  and  continuity  of  2D  h-BN  even  in  the
presence of wrinkles [42]. Furthermore, the extremely high growth
temperature of h-BN leads to the formation of atomic step-terrace
structure from sapphire substrate.
  

Figure 4    (a)  Raman  spectrum  of  the  SSVD-grown  single-crystalline  h-BN  on
sapphire. (b) Cross-sectional HRTEM image of the SSVD-grown single crystal h-
BN  on  sapphire.  (c)  Sectional  view  of  the  schematic  drawing  of  the  epitaxial
relationship between h-BN and sapphire.  (d) Typical  AFM image of the SSVD-
grown single crystal h-BN on sapphire.
 

Finally,  the β-Ga2O3 was also grown on the single-crystalline h-
BN  layers  with  different  thicknesses.  As  expected,  when  the  β-
Ga2O3 thin  film  was  grown  on  the  sapphire  covered  by  a  single-
crystalline  monolayer  h-BN,  the  remote  epitaxy  of  β-Ga2O3 on
sapphire  can  be  realized  through  monolayer  h-BN,  with  a  slight
narrow XRC-FWHM of 1.28° (Fig. S9 in the ESM). Apparently, the
potential  of  the sapphire substrate can penetrate the monolayer h-
BN to obtain the remote epitaxy of β-Ga2O3 films, regardless of the
crystallinity  of  h-BN.  In  contrast,  the  crystallinity  of  h-BN  has  a
determinant  effect  on  the  growth  of  β-Ga2O3 on  the  thick  h-BN
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layers. Figure  5(a) shows  the  XRD θ–2θ pattern  of  the  β-Ga2O3
films grown on the 2.0 and 7.3 nm single-crystalline h-BN/sapphire
substrates.  Besides  the  diffraction  peaks  from h-BN interlayer  and
sapphire  substrate,  only  the  diffraction peaks  from β-Ga2O3 ( ),
( ),  and ( ) planes are observed. Their XRD Φ-scan patterns
are similar to those of the remote epitaxial β-Ga2O3 films grown on
sapphire through monolayer or bilayer h-BN, where six peaks of β-
Ga2O3 ( )  reflection  are  clearly  presented  and  their  peak
positions are identical with those of sapphire ( ) reflections (Fig.
5(b)).  Clearly,  the  identical  epitaxial  relationship  between  the  β-
Ga2O3 films and the single-crystalline h-BN with thicknesses of 2.0 and
7.3  nm  is  achieved  as  the  remote  epitaxy:  β-Ga2O3
( )[010]//sapphire  (0001)[ ].  Since  the  thickness  of  h-BN  is
far  exceeds  the  largest  remote  interaction  distance  of  7  Å,  we
propose  that  the  vdW  epitaxy  is  responsible  for  such  results.
Generally, the flat surface of 2D h-BN lacks dangling bonds, which
makes  it  difficult  to  form  nucleation  sites  for  the  vdW  epitaxy.
Herein,  a  large  number  of  wrinkles  naturally  formed  during  the
growth of h-BN can serve as nucleation sites. It is well known that
the  single  crystal  structure  of  h-BN  substrate  is  necessary  for  the
vdW epitaxy. Indeed, we find that the in-plane orientation of the β-
Ga2O3 film  on  a  2.0  nm  thick  polycrystalline  h-BN  is  completely
random (Fig. S10 in the ESM), which provides an additional proof
for the vdW epitaxy through single-crystalline h-BN. Furthermore,
the XRC-FWHM values of the β-Ga2O3 films grown on the 2.0 and
7.3 nm h-BN are 0.98° and 0.89°, respectively (Fig. 5(c)), when the
200.1 cm−1 Raman mode exhibits the nearly same FWHM (2.8 and
2.7 cm−1 for the 2.0 and 7.3 nm samples, respectively, Fig. S11 in the
ESM).  Both  FWHM  values  are  much  narrower  than  those  of  the
remote  epitaxial  and  conventional  epitaxial  counterparts  [45, 46],
demonstrating the potential advantages of vdW epitaxy in terms of
crystallinity of epilayer. In addition, the XPS survey spectrum shows
that  the  β-Ga2O3/h-BN  film  is  of  high  chemical  purity  with
negligible  impurities  (Fig.  S12  in  the  ESM).  The  XPS  core  level
spectra  of  Ga  2p  and  O  1s  are  displayed  in Fig.  5(d).  The  peaks
located  at  530.5,  1117.5,  and  1144.4  eV  correspond  to  O  1s,  Ga
2p3/2,  and  Ga  2p1/2,  respectively,  which  is  in  good  agreement  with
the previous reports [47, 48].
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The cross-sectional HRTEM images and energy dispersive X-ray
spectroscopy  (EDS)  element  mapping  were  performed  to
investigate  the  microstructure  of  the  vdW  epitaxial  β-Ga2O3 film.
As  shown  in Figs.  5(e) and 5(f),  the  perfectly  uniform  and  sharp
interfaces  are  formed  between  the  β-Ga2O3 epilayer,  the  single-
crystalline  h-BN,  and  the  sapphire  substrate.  For  all  the  samples
with different thicknesses of h-BN layers, both the epitaxial β-Ga2O3
and  the  h-BN  interlayer  show  excellent  layered  structure  with  no
obvious defects (Figs. 5(f) and 5(g), and Fig. S13 in the ESM). The
HRTEM images  (Figs.  5(f) and 5(g)),  which  were  taken  along  the
zone axis of sapphire [ ] direction, show that the β-Ga2O3 ( )
plane is parallel to the basal plane of h-BN and the sapphire (0001)
plane. Moreover,  the in-plane orientation relationship between the
epilayer  and  h-BN  can  be  determined  by  measuring  their  lateral
lattice spacing. As shown in Fig. 5(g), the lateral lattice spacings of β-
Ga2O3 and h-BN are 0.30 and 0.22 nm, respectively. The former is
well  consistent  with  the  lattice  spacing  of  the  β-Ga2O3 [010]
direction, and the latter matches well with the lattice spacing of h-
BN  [ ]  direction.  Combining  these  results,  the  epitaxial
relationship  of  β-Ga2O3/h-BN/sapphire  system  can  be  determined
as β-Ga2O3 ( )[010]//h-BN (0001)[ ]//sapphire (0001)[ ],
which is further confirmed by the selected area electron diffraction
(SAED) pattern of HRTEM image, as shown in Fig. 5(h).
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It is clear that both remote epitaxy and vdW epitaxy of β-Ga2O3
have  been  demonstrated  by  adopting  the  2D  h-BN  layers  with
different  thicknesses  and  crystallinities.  The  potential  field  of
sapphire substrate can penetrate the monolayer and bilayer h-BN to
achieve  the  remote  epitaxy  of  β-Ga2O3,  while  their  epitaxial
relationship  is  gradually  deteriorated  with  increasing  h-BN  layer
number.  Since  the  lattice  orientation  is  imprinted  by  the  sapphire
substrate for the remote epitaxy, the crystallinity of h-BN interlayer
has  no  obvious  effect  during  the  remote  epitaxy  of  β-Ga2O3.  In
contrast,  the vdW epitaxy of β-Ga2O3 can only be achieved on the
single-crystalline h-BN substrate, in which the lattice orientation of
epilayer  is  determined  by  the  lattice  symmetry  of  h-BN  and  the
strict requirement on lattice matching for the conventional epitaxy
is not necessary. 

3    Conclusions
In summary, the β-Ga2O3 films were grown on polycrystalline and
single-crystalline h-BN layers with different thicknesses. Theoretical
and experimental results indicate that the potential field of sapphire
substrate is rapidly decayed within a 7 Å gap, and thus the remote
epitaxy of β-Ga2O3 on sapphire can be realized through monolayer

2̄01 11̄00 11̄00

and bilayer h-BN. The crystalline quality of the remote epitaxial β-
Ga2O3 films is degraded with increasing h-BN thickness,  while the
crystallization  characteristics  of  the  h-BN interlayer  has  almost  no
effect on the quality of epilayer.  The vdW epitaxy of β-Ga2O3 film
can only  be achieved on the single-crystalline  h-BN substrate,  and
their  epitaxial  relationship  can  be  determined  as  β-Ga2O3
( )[010]||h-BN  (0001)[ ]||sapphire  (0001)[ ].  Compared
with  the  conventional  and  remote  epitaxial  β-Ga2O3 films  on
sapphire substrates,  the vdW epitaxial  β-Ga2O3 film on the single-
crystalline  h-BN  substrate  exhibits  higher  crystallinity,  which  is
attributed to the lattice guidance-capable vdW interaction between
β-Ga2O3 and h-BN. This work proves the feasibility of growing β-
Ga2O3 films  by  the  remote  epitaxy  and  vdW  epitaxy  using  h-BN
interlayer,  which  provides  a  new  scheme  for  the  heterogeneous
integration of β-Ga2O3 films. 

4    Experimental
 

4.1    Synthesis and transfer of polycrystalline h-BN
The  polycrystalline  h-BN  layers  with  different  thicknesses  were
synthesized on Cu foils  by IBSD. Prior to the growth,  the Cu foils

 

4̄01 112̄3 2̄01
Figure 5    Characterization of the β-Ga2O3 films grown on the SSVD-grown single-crystalline h-BN layer with different thicknesses. (a) XRD θ–2θ pattern and (b) XRD Φ-
scan pattern for the β-Ga2O3 ( ) and sapphire ( ) reflections. (c) XRD rocking curves of β-Ga2O3 ( ) reflection. (d) XPS core level spectra of O 1s and Ga 2p. (e)
EDS element mappings of Ga, Al, and N atoms for the β-Ga2O3/h-BN/sapphire heterointerface. Cross-sectional HRTEM images of the β-Ga2O3 films grown on (f) 7.3 nm
and (g) 2.0 nm single-crystalline h-BN. (h) SAED pattern of HRTEM image taken from the interface area in (f).
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were  sequentially  cleaned  with  acetone,  isopropanol,  and  ethanol,
and  then  the  surface  oxide  layer  was  removed  with  a  dilute  nitric
acid  solution.  The  h-BN  layers  were  deposited  on  the  cleaned  Cu
foils  at  a substrate temperature of 1050 °C and a pressure of 3.5 ×
10−2 Pa by sputtering h-BN target  with a  1  keV Ar ion beam. The
number of h-BN layer was controlled by varying the growth time.
The  IBSD-grown  h-BN  layers  were  transferred  onto  sapphire
substrates  by  the  wet-transfer  method.  Firstly,  the  rosin  solution
was  spin-coated  on  the  h-BN/Cu  and  condensed  at  room
temperature to form a support layer. After that, the copper foil was
dissolved  in  FeCl3 etchant  until  it  was  completely  etched.
Subsequently,  the  FeCl3 solution was  diluted  with  deionized  water
and the rosin/h-BN was transferred to the sapphire substrate. Then,
the rosin layer was dissolved in acetone, isopropanol, and ethanol in
sequence. At last, the h-BN/sapphire was annealed in air at 700 °C
for 30 min. 

4.2    Preparation of single-crystalline h-BN layers
The  single-crystalline  h-BN  layers  were  grown  on  c-sapphire
substrates  by  SSVD  method,  which  was  detailly  depicted  in  our
previous  study  [42].  The  B  films  were  deposited  on  the  sapphire
substrate  by  pulsed  laser  deposition  with  a  248  nm  KrF  laser  at  a
repetition rate of  5 Hz and pulse laser energy of  500 mJ,  in which
the substrate temperature was kept at 1100 °C and the growth time
was varied from 5 to 50 min.  Then, the B film that was used as B
solid source was covered face-to-face by the sapphire substrate and
it  was  placed  in  a  tube  furnace.  N2 gas  was  introduced  into  the
chamber  and  the  pressure  was  maintained  at  1.5  atm.  When  the
temperature  was  raised  to  1700  °C,  the  B  atoms  were  sublimated
and reacted  with  N2 to  form h-BN layer  on  the  covered  sapphire.
The  growth  time  was  maintained  for  30  min.  Finally,  the  tube
furnace was cooled to room temperature in N2 atmosphere after the
growth. 

4.3    Preparation of β-Ga2O3 thin films
The  β-Ga2O3 thin  films  were  grown  on  the  h-BN/sapphire
substrates by LPCVD, which consisted of a two-inch tubular quartz
reactor and two independently controlled temperature zones. High-
purity Ga pellets and O2 served as precursors, and Ar gas was used
as the carrier gas. Ga pellets were placed in a quartz boat upstream
of  the  quartz  tube  reactor,  while  h-BN/sapphire  substrates  were
placed at  the  downstream about  35  cm away from the  Ga source.
The  quartz  tube  was  firstly  pumped  to  the  base  pressure  of  1  Pa,
and then both temperature zones were increased up to 800 °C at a
rate of 27 °C/min under a flow of 300 sccm Ar. After that, both Ga
source and substrate were simultaneously delivered to the center of
their  respective  temperature  zones.  Next,  under  a  flow of  50  sccm
Ar  and  10  sccm  O2,  the  growth  of  β-Ga2O3 was  maintained  for
30 min under a pressure of 50 Pa.  Finally,  all  heating was stopped
and  the  furnace  was  cooled  down  to  room  temperature  under  a
flow of 50 sccm Ar. 

4.4    Characterizations
The  surface  morphology  of  h-BN  was  analyzed  using  AFM  (NT-
MDT solver P47) and SEM (FEI Quanta-450).  Room-temperature
Raman spectra were acquired with a SmartRaman confocal micro-
Raman module coupled with a Horiba iHR550 spectrometer using
a  532  nm  laser  excitation  source.  XPS  measurements  were
conducted  on  a  Thermo  Scientific  ESCALAB  250Xi  spectrometer
using  monochromatic  Al  Kα X-ray  source  (1486.6  eV)  with  an

energy resolution of 0.45 eV, and the X-ray spot size was 500 μm.
The  vacuum  of  the  analysis  chamber  was  better  than  5  ×  10−8 Pa.
XRD θ–2θ and Φ-scan  patterns  of  the  β-Ga2O3/h-BN/sapphire
films  were  obtained  with  a  Rigaku  D/MAX-2500  diffractometer
using a Cu Kα (λ = 1.5406 Å) X-ray source operating at 40 kV and
150 mA. The microstructures of the h-BN/sapphire and β-Ga2O3/h-
BN/sapphire  were  investigated  by  TEM  using  a  Talos  F200S
microscope operating at 200 kV with a point to point resolution of
0.12 nm. 

4.5    Computational method

2̄01

First-principles DFT calculations were implemented in the Vienna
ab initio simulation package (VASP) using the generalized-gradient
approximation  (GGA)  for  the  exchange  correlation  functional  of
Perdew,  Burke,  and  Ernzerhof  (PBE).  Structures  were  optimized
with an energy and force tolerance of 10−5 eV and 0.01 eV/Å using
the  Monkhorst–Pack k-mesh  with  the  size  of  9  ×  9  ×  1.  The
semiempirical  dispersion-corrected  DFT-D3  method  proposed  by
Grimme was employed to describe the remote vdW interaction for
the calculations of c-sapphire/h-BN heterostructures. An energy cut-
off of the plane-wave basis was set to be 520 eV. The vacuum region
was chosen to be 20 Å. In order to minimize lattice mismatch in the
sapphire/β-Ga2O3 heterointerface, 1 × 4 β-Ga2O3 ( ) on the 3 × 3
sapphire  (0001)  was  chosen.  As  for  the  sapphire/h-BN,  a  3  ×  3
supercell was adapted for h-BN. 

Electronic  Supplementary  Material: Supplementary  material
(charge  density  distribution  of  the  O-terminated  c-sapphire
through different  interaction gaps  equivalent  to  different  numbers
of  h-BN layers,  AFM images and XPS full-survey spectrum of  the
transferred polycrystalline h-BN, Raman spectra and AFM images
of the h-BN layers synthesized by SSVD method, XRD patterns of
the  β-Ga2O3 films  grown  on  the  sapphire  covered  by  a  single-
crystalline monolayer h-BN, the 200.1 cm−1 Raman mode of the β-
Ga2O3 epilayer  grown  on  different  numbers  of  h-BN  layers,  and
cross-sectional  HRTEM  images  and  full  XPS  survey  spectrum  of
the β-Ga2O3 film grown on h-BN/sapphire substrate) is available in
the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907129. 
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