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ABSTRACT
We summarize our recent progress in Metal organic vapor phase epitaxy (MOVPE) van der Waals epitaxy of wafer-scale 2D layered hexagonal
boron nitride (h-BN) on sapphire and subsequently grown III-N materials. This one step growth process allows for mechanical transfer of
GaN-based devices from h-BN on sapphire to various supports. We first review the growth of h-BN on unpatterned and patterned sapphire
templates. Second, we describe h-BN growth on dielectric pre-patterned sapphire templates, which enables dicing-free GaN-based device
structures’ pick-and-place heterogenous integration of III-N devices. Third, we review the growth of self-assembled 1D GaN-based nanowire
light emitting diode (LED) structures on layered 2D h-BN for mechanical transfer of nanowire LEDs. Together, these results illustrate the
potential of wafer-scale van der Waals h-BN MOVPE to enhance the III-N device functionality and to improve III-N processing technology.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0049306

Hexagonal boron nitride (h-BN) is currently attracting interest
for use in a wide range of electronic and optoelectronic applica-
tions.1–12 Due to its wide bandgap and potentially strong light emis-
sion, it can find applications in Deep ultraviolet (DUV) as an active
layer, as an intrinsic p-type material, and as a photodetector.6–8 Due
to good lattice matching with graphene, it can find application as
a substrate, as protection/passivation, and as a gate dielectric in
graphene electronics.4 Because of its layered nature, 2D–2D het-
erostructures with exotic properties can be formed.9–11 In addition
to this, h-BN has a high neutron capture cross section and so finds
application as efficient neutron detectors.12 Outside of these areas,
one of the most important applications of h-BN is for heteroge-
nous integration of III-nitride devices. This is driven by the need

for devices with flexible, stretchable, and large-area form factors for
wearable devices.13 Compared with conventional laser or chemical
lift-off processes, mechanical lift-off using hexagonal boron nitride
(h-BN) as a release layer for subsequent transfer is fast, inexpensive,
and non-destructive, so the substrate can be re-used, lowering cost.
When compared to graphene,14,15 the key advantage of using layered
h-BN for realizing III-nitrides is that it can be grown at wafer scale
in the same reactor, even in the same epi-run with other III-nitrides.
Even though there is room for improvement, considerable progress
has been made in fundamental understanding of the growth of this
interesting material and its emerging III-nitride device integration
and lift-off. This paper summarizes recent progress in the growth of
h-BN by MOVPE and realization of 3D and 1D configurations of
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III-nitride device structures on h-BN/sapphire substrates and their
characteristics and performances. This is especially interesting for
the pick-and-place transfer process, which is useful for some key
applications such as in displays and photogenetics with the need of
a matrix of LEDs with different wavelengths or the integration of
optoelectronic and electronic devices on silicon.

Hexagonal BN (h-BN) epitaxial layer 2′′ and 4′′ sapphire
substrates were grown using a close coupled showerhead (CCS)
3 × 2′′ MOCVD reactor using triethylboron (TEB) source and
ammonia (NH3) as boron and nitrogen precursors, respectively.
The layers were grown at 1280 ○C in hydrogen ambient at 85 mbar.
The NH3/TEB ratio of 1000 was maintained. BN layers were grown
directly on the 2′′ and 4′′ sapphire substrates with preflow of TEB
but without any buffers. The TEB flow rate was 60 μmol/min for
both the preflow step (5–10 s) and the BN growth step using hydro-
gen as the carrier gas. The total flow rate into the reactor is 20 SLPM
(standard liter per minute). The growth rate of h-BN on sapphire
is 15 nm/h. On patterned and reference unpatterned sapphire sub-
strates, h-BN was grown under the same conditions. The dielectric
patterns of SiO2 and SiN were fabricated by a photolithography-
based process. First, a 400 nm thick dielectric layer was deposited
by plasma-enhanced chemical vapor deposition (PECVD) on a
2 in. sapphire wafer. Then, the patterns were defined by pho-
tolithography. Finally, the dielectrics were etched with hydrofluo-
ric (HF) acid to open the device locations. Subsequently, the III-
nitride device structures were grown in the same run as h-BN
using standard growth conditions. Trimethyl-aluminum (TMAl),
trimethyl-gallium (TMGa), trimethylindium (TMIn), and ammo-
nia (NH3) were used as precursors for aluminum, gallium, indium,
and nitrogen, respectively. AlGaN interfacial buffers were further
used to grow GaN-based device structures. No particular limitation
is seen in scaling up beyond 2′′ as GaN templates on hBN up to
4′′ have already been realized. Detailed growth conditions of the
h-BN and device structures realized on h-BN can be found else-
where.16–18 The crystallographic properties of the device structures
on h-BN grown on patterned and unpatterned sapphire substrates
were analyzed by high-resolution x-ray diffraction (HR-XRD) mea-
surements in a Panalytical X’pert Pro Materials Research Diffrac-
tometers (MRD) system with Cu Kα radiation. Surface morphology
was analyzed by scanning electron microscopy (SEM). For the fab-
rication of LEDs, a standard photolithography-based process was
employed. First, mesa etching isolation was achieved by inductively
coupled plasma with BCl3/Cl2/Ar chemistry. Ti/Al/Ni/Au, Ni/Au,
and another Ti/Al/Ni/Au stack were used for the n-contact, the
p-contact, and the pads, respectively. All the metal layers were
deposited by thermal evaporation. N-contact annealing was carried
out at 850 ○C for 30 s under N2; the p-contact was annealed at 600
○C for 60 s under an O2/N2 atmosphere. Dark I–Vs was measured
by an automated probe station. Resist development, resist stripping,
and metal lift-off step were performed with gentle agitation of the
liquids to limit the delamination risk.

MOCVD growth of large-area h-BN layers with high struc-
tural quality and uniform morphology has been reported by our
group.16–18 A topographic transition of BN thin layers has been
observed, as shown in Fig. 1. SEM images of the BN samples show
that it is atomically flat up to a thickness less than 10 nm and devel-
ops surface pleats with increasing thickness. However, the atomic
force microscope (AFM) images show pleat formation on the surface

FIG. 1. SEM (on the left) and AFM (on the right) images of h-BN with different
thicknesses: (a) 1.9 nm, (b) 3.3 nm, (c) 10 nm, and (d) 20 nm.

of the h-BN samples above 3 nm thick [Figs. 1(b)–1(d), right panels].
These pleats are characteristics of 2D materials and are now impor-
tant in determining the quality of the grown material.16,19–24 We
observe that the rms roughness values increase linearly from 0.2 to
3 nm with h-BN thickness. To analyze the continuity of the thinnest
(1.9 nm thick) h-BN layer, the line scan from the AFM image [the
inset of Fig. 1(a)] was further examined. The extracted maximum
depths of the pits are less than 1 nm, which are much lower than the
total thickness of the h-BN layer, confirming that the h-BN layer is
continuous on a sapphire substrate. The continuity of the h-BN layer
is important for avoiding direct seeding of III-nitrides or other het-
eronuclei on sapphire substrates, which may hinder complete lift-off
of the grown layer.25

The Raman spectrum of the thin BN film clearly displayed a
peak at 1370 cm−1 that is attributed to the h-BN first-order Raman
E2g vibrational mode.26–28 The variation of the full width at half max-
imum (FWHM) of the peak and the peak position with respect to
the thickness of the layer is plotted and is shown in Fig. 2. The
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FIG. 2. Raman peak position and peak full width at half maximum (FWHM) of h-BN
with different thicknesses of h-BN.

peak FWHM varies from 34 to 52 cm−1 on increasing the thick-
ness from 3 to 60 nm. These FWHM values are comparable with
those observed for single crystal BN flakes fabricated by MBE29 and
by CVD.30 Very narrow FWHM was also reported in the literature
for bulk h-BN (11.7 cm−1) or few layer h-BN flakes (15.6 cm−1).26

The relatively broad peak obtained here might be caused by the spa-
tial strain variation in the layer. Non-uniform strain would split the
E2g peak as has been observed for other 2D materials,31–33 leading
to a broader peak. In particular, for 2-in. wafer-scale continuous
thin films on a substrate, the thermal strain from the cooling pro-
cess after the epitaxial growth cannot be effectively released. The
pattern of the pleats presented in the morphology studies is also
related to the localized strain in the layer. The strain variation across
the pleats produces phonon shifts and, hence, Raman peak disper-
sion.34–36 A further increase in the thickness of the h-BN layers
leads to the formation of misoriented islands of h-BN or turbostratic
insertions with thickness and then complete transformation to 3D
turbostratic BN.21,37

High-resolution transmission electron microscopy (HR-TEM)
reported elsewhere confirmed that these thin layers of BN are
layered.16–18 A further study of the stacking sequence also con-
firmed that the layered structure is hexagonal. In addition, cross-
sectional scanning transmission electron microscopy (STEM) is
used to explain the origin of these surface pleats. Thin layer buck-
ling occurs in order to release the thermal compression energy that
is generated during cooling. In the pleated area, the stacks of the
as-grown basal planes are still highly oriented, but they are bent fol-
lowing the pleats’ waviness. The local decohesion of the h-BN layer
was also observed at the maximum height of a pleat. The local deco-
hesion could be caused by the weaker van der Waals forces between
h-BN and the substrate in this area due to the direct growth on the
sapphire substrate without any 3D bonded nucleation/buffer layers.
Recently, different high-quality GaN-based device structures, such
as InGaN and AlGaN light emitting diodes (LEDs) and high elec-
tron mobility transistors (HEMTs), were grown on h-BN, and the
transfer to arbitrary substrates has been demonstrated.18,38,39 GaN
on BN was structurally similar to GaN on graphene reported else-
where,15 and the total threading dislocation density was around

1 × 109 cm−3. The quality of GaN is improved by reducing the
h-BN thickness. The minimum thickness is limited by the entire
coverage of the sapphire surface. In our growth conditions, the min-
imum thickness is around 1 nm. These experiments showed that
by a suitable choice of the support receiving the substrate, device
operating temperature may be raised, leading to more efficient gas
detection, or lowered, leading to the lower temperature operation of
LEDs.

At the same time, it may be possible to better reduce poten-
tial delamination. Controlling the stress induced decohesion and its
evolution in h-BN may lead to many reliable and reproducible appli-
cations, especially in the van der Waals epitaxial growth of the other
III-nitrides where self-delamination during growth and delamina-
tion during the front-end process are reported and seen as serious
issues. To attempt to control and to study its evolution and char-
acteristics, h-BN was grown on patterned sapphire substrates. It is
worth noting that, generally, the growth of III-nitrides at a relatively
higher temperature may be before the evolution of the surface pleats
on thin h-BN.

A first attempt to grow h-BN on patterned substrates resulted
in h-BN grown on sub-micrometer-sized dome patterned sapphire
substrates. BN covered both the c-plane and the domes uniformly.
A typical pleated surface of h-BN was observed on c-plane sap-
phire, confirming that this h-BN is crystalline and layered. More
pleats of h-BN were formed on the domes. Detailed structural stud-
ies using HR-TEM on these areas showed that h-BN continuously
covers the domes like a blanket of snow. At the intersections of
the domes and the c-plane, strain generated stacking faults and few
h-BN islands were seen, evidence of strain localization induced by
the misorientations. This study suggested that it could be possible
to achieve local control of the structural and optical characteristics
of h-BN.23

Better control was anticipated if dielectric patterned sapphire
substrates with different geometries were utilized. Hence, high-
quality thicker h-BN layers were grown on dielectric patterned
sapphire substrates. As expected, on the un-patterned area, h-BN
formed semi-hexagonal pleats, which matched the quality of stan-
dard high-quality h-BN, as shown in SEM images of Fig. 3(a). BN
deposits on the dielectric region were difficult to detect. However,
the presence of BN on the dielectric patterns was identified and con-
firmed with localized SIMS measurements and found to be of com-
parable thickness to h-BN on the un-patterned area. As the thickness
was comparable, we conclude that h-BN growth under this growth
condition is non-selective. Further cross-sectional TEM studies on
the samples are shown in Figs. 3(b) and 3(c). BN on SiO2 presented
a layered structure when compared to BN on c-plane sapphire. How-
ever, the fast Fourier transform (FFT) pattern of this high-resolution
TEM image shown in Figs. 3(d) and 3(e) clearly showed the dif-
ferences between these layers. It gave a diffused ring pattern for
BN on SiO2, indicating that this BN has only a short-range order,
whereas BN on c-plane sapphire displayed diffraction spots corre-
sponding to the hexagonal structure of BN, confirming that they
are completely crystalline. This demonstrates that h-BN grows non-
selectively, but there is a radical difference in quality between BN on
dielectric SiO2 and on sapphire substrates, which can be exploited
for growing selectively III-nitride device structures.

Subsequently, III-nitride device structures were grown on h-BN
on patterned sapphire substrates along with control samples. These
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FIG. 3. (a) Top-view SEM image of BN on
SiO2 dielectric patterns and on c-plane
sapphire along with the cross section
of the structure in the inset. [(b) and
(c)] HR-TEM images of BN deposits on
the SiO2 pattern and c-plane sapphire,
respectively. The scale bar is 10 nm. FFT
patterns [(d) and (e)] captured from the
area shown in (b) and (c), respectively,
indicate that BN on SiO2 is nanocrys-
talline, whereas BN on c-plane sapphire
is perfectly crystalline.

samples were characterized to study the selectivity of III-nitrides. To
study the structural characteristics of these device structures, non-
destructive XRD measurements were made on the sample on h-BN
templates. High-Resolution X-ray Diffraction (HR-XRD) 2θ-ω scans
of five period InGaN/GaN blue LEDs on h-BN on SiO2 and SiN pat-
terned sapphire substrates in comparison with h-BN on unpatterned
sapphire substrates are shown in Fig. 4. This measured scan is similar
to the one reported previously and is comparable with our standard
LED on sapphire.18

The XRD scans clearly presented the MQW satellite peaks up
to the fourth order and the peaks from the GaN and Al0.14Ga0.86N
layers, confirming high interface quality in the InGaN/GaN MQW
structure. Comparing the measured scans on the unpatterned sam-
ple to scans of the patterned, it can be observed that there is no
considerable peak shift or peak broadening, which further confirms
that the patterning process does not affect the structural quality
of LEDs on BN. This is unexpected because the van der Waals
epitaxial growth of boron nitride is not likely completely selective
since it is theoretically substrate independent growth. On the other
hand, the quality of BN on randomly oriented SiO2 patterns may
be significantly different when compared to h-BN on highly ori-
ented c-plane sapphire since the substrate orientation controls the
quality of these van der Waals layers.23,40 This cross-quality BN on
SiO2 patterns should lead to non-uniform III-nitride growth due
to the difference in surface growth kinetics that may alter the XRD

FIG. 4. HR-XRD 2θ-ω scans measured from GaN-based blue LEDs on h-BN
grown on patterned and unpatterned sapphire templates.

scans unless otherwise the GaN device structures are growing selec-
tively avoiding BN on SiO2. To first confirm these insights, surface
morphology of the GaN LEDs on patterned samples was studied
with SEM.

The SEM image in Fig. 5(a) vividly shows the selective growth
of the GaN-based LED structure in regions where layered h-BN is
deposited, avoiding the growth on randomly oriented BN on SiO2.
The higher magnification SEM image shown in Fig. 5(b) depicts a
clear boundary and very sharp side walls of the LED structure in
each side of the mask, which are required to guarantee the separation
between the devices after the fabrication process. It is also observed
from other higher magnification images shown in Fig. 5(c) that there
are some nanocrystalline deposits on the surface of the SiO2 masks,
which can be cross-quality BN and other polycrystalline material
deposits of III-nitride. Similar selectivity has also been observed in
SiN patterned sapphire substrates.

Following this study, a full front-end lithography, etching, and
metal deposition process was applied on the LED wafer to cre-
ate devices on the as-grown wafer, as shown in Fig. 6(a). Thanks
to the patterning with the SiO2 mask, the fabricated devices are
already physically isolated from each other. The discrete LEDs can
be released and transferred individually without the need for a dic-
ing step. In this work, a particular set of devices has been released
from the matrix of processed devices by means of a water-dissolvable
tape and transferred to a flexible aluminum tape. The mechanical
exfoliation transfer process is relatively fast (only takes few seconds)
after pressing the tape on the layer for proper contact, and peel off
involves shear force on the interface. The water-dissolvable tape has
a 20 μm thick adhesive layer on it.41,42 The tape is attached to a car-
rier for the release. Then, once the device is placed on the final sup-
port platform, the tape is simply removed by dissolving it in water
for around 1 min. The pick-and-place capability is demonstrated in
Fig. 7(a) where we clearly see that specific aimed devices have been
lifted off from sapphire, leaving their locations empty, while other
untargeted LEDs remained on the growth wafer. During the trans-
fer process, device structures remained completely intact and free
from cracks and metallic contact damage. I–V measurements for
the released LEDs were performed after its transfer to confirm the
preservation of the device functionality, as shown in Fig. 7(b), and
the inset of Fig. 7(b) shows a photograph of the blue light emission
from the LED after its release from the substrate and transfer to the
aluminum tape.
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FIG. 5. SEM image of the surface of InGaN-based blue LEDs grown on SiO2 patterned h-BN templates in various magnifications (a) 500X, (b) 10 KX, and (c) 39.31 KX,
clearly showing a selective epitaxial lateral growth of GaN device structures on h-BN on c-plane sapphire substrates only.

The growth of 1D nitride device structures on h-BN is also pos-
sible by self-assembly on layered BN. h-BN was first grown after
nitridation and surface smoothing by AlN deposition on sapphire
substrates since the direct growth of GaN resulted in the formation
of sparsely distributed isolated discrete polycrystalline GaN lumps.13

Uniform nucleation on dangling bond-free h-BN was induced using
short pulse of AlN growth before successive GaN growth. AlN
islands on h-BN serve as nucleation sites for the uniform growth of
GaN. Immediately after AlN nucleation, GaN was grown under con-
ventional GaN growth conditions, forming vertical GaN nanorods.
Figure 8(a) shows the tilted scanning electron microscopy (SEM)
image of the formed GaN nanorod arrays with the hexagonal sixfold
arrangement of the wurtzite lattice structure on sapphire substrates.
The inset of Fig. 8(a) shows the cross-sectional SEM image of the
GaN nanorods, confirming vertical alignment. This first growth of
GaN nanorods on layered h-BN in a single step with wafer-scale
uniformity is the result of the combination of the van der Waals
epitaxial growth of the h-BN layer and nanoseeding of crystals by
AlN. We note that control over the density and aspect ratio of the
GaN nanorods can be achieved by adjusting the density and size of
the AlN islands on h-BN. Islands of varying sizes and densities were
grown by changing the AlN growth time on 2D h-BN, after which
the GaN nanorods were grown. As the AlN nucleation layer growth
time increases, the nanorod density increases almost linearly and the
size of the rods decreases. The variation of nucleation density and
the average size with respect to the AlN seeding or nucleation layer

FIG. 6. (a) Photograph and (b) optical microscope image of devices with a 1 mm2

contact area of the full front-end processed GaN-based blue LEDs on h-BN grown
on patterned sapphire templates. Source: Ayari et al.42

growth time is shown in Fig. 8(b). An increase in the nucleation den-
sity beyond a certain limit (18 s of AlN growth) resulted in coalesced
GaN nanorod structures increasing in size.

Having established the high-quality growth and control of GaN
nanowires’ dimension and density on h-BN templates, the feasibility
of growing nanodevice structures on 2D layered h-BN was explored.
PIN nanodevice structures as shown in the inset of Fig. 9(a) were
grown. The initial GaN nanorod on h-BN buffered sapphire tem-
plates was doped with silane to form an n-type rod. In addition to
this, nanostructures, InGaN layers, and p-GaN layers with Mg dop-
ing were added on top of it. Figure 9(a) shows the low magnification
tilted view SEM image of the resulting p-GaN/i-InGaN/n-GaN PIN
nanodevices. Figure 9(b) shows the cross-sectional high magnifica-
tion image of a few PIN nanodevice structures on the AlN/h-BN
buffered sapphire substrates. These nanoLED structures are uni-
form in shape with flat top and have the hexagonal sixfold arrange-
ment, confirming the single crystalline wurtzite lattice structure.
Even though the p-GaN/i-InGaN/n-GaN PIN device structures were
grown on layered h-BN, the hexagonal shape of these nanorod-based
structures is similar to those of GaN nano- and microrods reported
on single crystal substrates.43–45 We envision that the tilt component
of the nanorods structures can be further controlled by improving
the quality of the AlN nucleation layer and h-BN layer. Under elec-
trical injection, the PIN nanodevice structures emitted blue light,
as shown in Fig. 9(c), which demonstrates the full functionality of
the as-grown nanodevice structures. The formation of the core–shell
structure and the presence of the h-BN were confirmed by high-
resolution cross-sectional transmission electron microscope studies
and reported separately elsewhere.46

Nanorods on a 2 in. sapphire substrate were then lifted off by a
simple mechanical peeling technique using a copper tape. After tap-
ing the surface of nanorods, the tape was peeled off holding the sap-
phire substrates, which prompted a shear stress at the nanorods/h-
BN interfaces separating them. The SEM images of the top surface of
the lifted-off planarized nanorods in the Cu metallic tape are shown
in Figs. 10(a) and 10(b). The SEM image clearly displays damage-free
bases of the nanorods with flat surfaces and no visible breakage or
cracks on the nanorod structures. Backside surfaces of the nanorods
are smooth and similar to the surface of h-BN covered with misori-
ented AlN or AlGaN islands with some nanovoids on it, which fur-
ther confirms that the lift-off occurred at the h-BN/sapphire inter-
faces. This simple mechanical exfoliation technique allows for the
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FIG. 7. (a) Optical microscope images
showing two LEDs with a 1 mm2 con-
tact area and empty locations of two
lifted-off LEDs on h-BN grown on the
patterned sapphire, demonstrating pat-
terning induced isolation and specific
device lift-off. (b) I–V characteristics of a
device after its transfer with its blue light
emission shown in the inset. Source:
Ayari et al.42

FIG. 8. SEM images. (a) Tilted view of
the GaN nanorod structure on the sap-
phire substrates with a clear hexagonal
symmetry, and the inset shows a higher
magnification cross-sectional view of the
GaN nanostructures vividly displaying
the vertical alignment. (b) Variation of
nucleation density and average size
(diameter) of GaN nanorods with AlN
seeding time. Source: Sundaram et al.46

transfer of the nanorods to any appropriate platform without any
interface damage, preserving structural and optical quality. Even
though BN is highly resistive, the sacrificial layer is very thin; hence,
the carriers are expected to tunnel through them. If required, this
thin layer can be removed completely using a smooth dry etch pro-
cess right after the lift-off step so that bottom Ohmic contact to GaN
nanowires can be formed without any issues in both cases. In addi-
tion, combining dielectric patterning and growing GaN nanowires
on BN with GaN self-nucleation may lead to the position-controlled
growth of nanowires that can, consequently, result in addressable
integrated/active-matrix devices.

In summary, significant progress in the MOCVD growth of
GaN-based device structures on h-BN epilayers has been made.

The modified front-end process applied to device structures on
h-BN on the patterned sapphire substrate showed continued oper-
ation without degradation of the structural integrity of the layers. A
dramatic self-assembly of GaN nanorods and nanoLED structures’
growth was also demonstrated with blue light emission. Both of
these approaches improve the GaN material quality by reducing
threading dislocation density and associated issues and by avoid-
ing self-delamination occurring during the growth and front-end
process. We have also demonstrated III-nitride device structures on
BN on patterned templates with in situ device isolation and self-
assembled nanoLEDs, which allowed for the smooth, crack-free, and
interface damage-free mechanical release of specific pixel from the
matrix. The characterization performed on the transferred device

FIG. 9. SEM image of (a) p-GaN/i-InGaN/n-GaN nano-PIN structures on h-BN/sapphire substrates, and the inset shows the designed structure. (b) High magnification cross-
sectional SEM image of nano-PIN on the h-BN/sapphire substrates showing the vertical alignment and flat-topped hexagonal columns of the nanorods and (c) blue light
emission from the nano-PIN structure under electrical injection. Source: Sundaram et al.46
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FIG. 10. (a) Lifted-off core–shell nanorods using the copper tape (bottom view)
and (b) higher magnification SEM image, confirming the retention of the core–shell
nanorods after the lift-off. Source: Sundaram et al.46

structures after lift-off showed that the structural, optical, and elec-
trical functionalities of the devices have been preserved, which is
interesting for realizing pick-and-place assembly technology, which
suits the next generation highly efficient and flexible opto-electronic
devices.
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