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Control of the Mechanical Adhesion of IlI-V Materials Grown on

Layered h-BN

Phuong Vuong, Suresh Sundaram, Adama Mballo, Gilles Patriarche, Stefano Leone, Fouad Benkhelifa,
Soufiane Karrakchou, Tarik Moudakir, Simon Gautier, Paul L. Voss, Jean-Paul Salvestrini,

and Abdallah Ougazzaden™

ABSTRACT: Hexagonal boron nitride (h-BN) can be used as a p-doped
material in wide-bandgap optoelectronic heterostructures or as a release
layer to allow lift-off of grown three-dimensional (3D) GaN-based devices.
To date, there have been no studies of factors that lead to or prevent lift-oft
and/or spontaneous delamination of layers. Here, we report a unique
approach of controlling the adhesion of this layered material, which can
result in both desired lift-off layered h-BN and mechanically inseparable
robust h-BN layers. This is accomplished by controlling the diffusion of Al
atoms into h-BN from AIN buffers grown on h-BN/sapphire. We present
evidence of Al diffusion into h-BN for AIN buffers grown at high
temperatures compared to conventional-temperature AIN buffers. Further
evidence that the Al content in BN controls lift-off is provided by
comparison of two alloys, Alj;B,¢;N/sapphire and Al ;,B,¢;N/sapphire.

i

Moreover, we tested that management of Al diffusion controls the mechanical adhesion of high-electron-mobility transistor
(HEMT) devices grown on AIN/h-BN/sapphire. The results extend the control of two-dimensional (2D)/3D hetero-epitaxy and

bring h-BN closer to industrial application in optoelectronics.

KEYWORDS: 2D boron nitride, IIl-nitrides, semiconductors, mechanical transfer, flexible (opto) electronics, transferrable nanodevices

B INTRODUCTION

Optoelectronic and electronic applications of hexagonal boron
nitride (h-BN), a two-dimensional (2D) ultrawide-bandgap
semiconductor, have attracted extensive attention in the last
decade. Van der Waals (vdW) epitaxial growth of 2D h-BN
layers and subsequent three-dimensional (3D) Il-nitride
device structures-based h-BN has been demonstrated.'”’
Kobayashi et al. demonstrated the successful transfer of
GaN-based blue light-emitting diodes (LEDs) from h-BN
onto foreign substrates using h-BN as a mechanical release
layer." A goal of subsequent research was the wafer-scale
transfer of III-N devices to flexible substrates. Transfers of
different device structures such as AlIGaN/GaN high-electron-
mobility transistors (HEMTs),”® AlGaN/GaN-based gas
sensors,’ InGaN/GaN multi-quantum-well LEDs, and solar
cells*™'” have been then demonstrated at the wafer scale.
Ultrawide-bandgap (UWBG) h-BN also reveals a new
generation of integration between 2D materials and bulk
materials for physical coupling, such as deep ultraviolet (DUV)
sources,'"'> neutron detectors,"”'* and a hybrid III-N/2D
ultraviolet (UV) photodetection.'”'® In these cases, the h-BN
layer should adhere to the neighboring layers. However, it has
been challenging to control spontaneous delamination and the
degree of force needed for lift-off of III-N device hetero-

structures on h-BN.'»'"7'? Researchers have reported
spontaneous delamination of h-BN during growth owing to
the mismatch in the thermal expansion coefficient between h-
BN and substrates during cooldown.'**’
h-BN is also observed during front-end device processing with
some liquids during cleaning steps.'”'” These issues influence
the performance of the devices and may ultimately block the
route to large-scale commercial device fabrication on h-BN.
An essential component of III-N on h-BN is the use of
aluminum-based buffer layers on h-BN for growth of high-
quality GaN device structures.”’ It has been demonstrated that
an AIN buffer greatly improves the surface morphology and
crystalline quality of subsequent nitride layer growth,
compared to an AlGaN buffer.””~>* However, the conflict in
the mechanical lift-off of AIN/h-BN structures emerges, where
the lift-off process is not always successful.”* Further research

The delamination of
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Figure 1. Photograph, optical microscope, and SEM images of GaN/conventional AIN/BN (a—c) and GaN/high-temperature AIN/BN (d—f)
grown on sapphire, respectively. Insets of (a) and (d): schematic illustration of the grown structures.

Figure 2. Cross-sectional high-resolution TEM and bright-field HAADF-STEM images, and energy-dispersive X-ray spectroscopy (EDX) elemental
mappings of Al of GaN/conventional AIN/h-BN (a—c) and GaN/high-temperature AIN/h-BN (d—f) grown on sapphire, respectively. Insets of (a)

and (d): schematic illustration of the grown structure.

on this topic is required to clearly understand the mechanism
and conditions needed for lift-off.

In this article, we report a growth technique that eliminates
spontaneous delamination and prevents lift-off of 3D III-N
layers grown on h-BN. This is accomplished by controlling the
diffusion of Al atoms into h-BN from AIN buffers grown on
thin (<5 nm thick) h-BN on sapphire substrates. First, we
study mechanical lift-off of GaN/AIN/h-BN structures with
AIN layer grown conventionally (1100 °C) and at a high
temperature (1280 °C). Detailed structural analysis of these
samples was performed using high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
and energy-dispersive X-ray spectroscopy (EDX) measure-
ments, allowing for characterization of crystal structure and Al
content. We also test lift-off with two BAIN alloys,
Al 03Bo.o;N/sapphire and Al ;B g;N/sapphire. Then, we test
lift-off and measure Al content in 3 nm thick h-BN and 25 nm
thick h-BN topped with high-temperature AIN to show the
role of diffusion. Finally, we tested that management of Al

diffusion controls the mechanical adhesion of HEMT devices
grown on AIN/h-BN/sapphire.

B RESULTS AND DISCUSSION

We first address the mechanical lift-off of the GaN/AIN/h-BN
structures grown on sapphire with different growth temper-
atures of the AIN layer. One set is grown at 1100 °C
(conventional AIN). The second set is grown at 1280 °C
(high-temperature AIN). The mechanical lift-off comparison
between the two sets of samples is presented in Figure 1, which
involves camera photograph, optical microscope, and scanning
electron microscope (SEM) images. The GaN/conventional
AIN/h-BN structure enables to lift from their substrates using a
transparent scotch tape, as seen in Figure la—c. A high
contrast between lifted and no-lifted areas is clear from the
camera photograph and optical microscope (Figure 1a,b). The
SEM image clearly shows the three-dimensional (3D)
morphology of the top GaN layer compared to the flat surface
of the released area (Figure 1c). On the other hand, using the
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Figure 3. Atomic force microscopy (AFM) images for the BAIN alloys grown on sapphire after lift-off with different Al contents: (a) 3.5% and (b)

17%.

same procedure with scotch tape, the lift-off of the GaN/high-
temperature AIN/h-BN structures was not possible despite
several attempts. Figure 1d—f presents photograph, optical
microscope, and SEM images showing the uniform surface of
the sample after lift-off attempts. The improved morphology
smoothness of the GaN layer compared to the previous case is
due to the better quality of the buffer layer with improved AIN
grown at high temperatures, as demonstrated in refs 1, 22, 26.
The high-resolution X-ray diffraction (HR-XRD) scans of the
two sets of samples are shown in Section 1 in the Supporting
Information. These adhesion behaviors of h-BN as a function
of buffer layer has never been reported and raises questions
about the role of AIN layer in the lift-off mechanism of III-V
structures.

Detailed structural analyses of the conventional (Figure 2a)
and high-temperature (Figure 2d) AIN on h-BN were
performed using transmission electron microscopy (TEM),
showing different areas of interest in the structures. In two sets
of samples, a two-dimensional (2D) h-BN layer with the lattice
oriented along the c-axis was observed. The insets of Figure
2a,d present the fast Fourier transform (FFT) pattern,
corresponding to the selected areas (green boxes), identifying
clearly a single-crystalline hexagonal phase. The interlayer
distance of the h-BN layers is calculated to be 0.349 + 0.003
nm, which is larger than the reported value (d = 0.33 nm™").
This 5.7% increase can be attributed to residual strain.

However, the h-BN layer of conventional AIN/h-BN
structures is found to be continuous in contrast to the
discontinuous h-BN layer of high-temperature AIN/h-BN
structures. In the second set of samples, we detect the presence
of w-AIN within the h-BN layer, as proved by the FFT (inset of
Figure 2d—red box), and the calculation of interlayer distance
(~0.25 nm—comparable with the reported value®). A
possible interpretation is that Al diffusion into the h-BN
layer causes the discontinuous h-BN layer as well as the w-AIN
inclusions. Previous studies reported that high growth
temperature of AIN (>1100 °C) causes Al diffusion into
other materials such as GaN or GaAs’*°** In particular,
Haneda et al. have demonstrated that the diffusion coeflicient
of Al (D)) is increased by 2 orders of magnitude when the
growth temperature is increased by 100 °C.>* In our study,
high-temperature AIN/h-BN structures, which were grown at
1280 °C (almost 200 °C higher than conventional AIN/BN
structures), enable Al atoms to have more kinetic energy and
diffuse into h-BN layers, increasing the Al concentration there.
The decomposition rate of AIN is very low at temperatures

below 1300 °C, as reported in ref 31. Therefore, in our study,
the Al diffusion into h-BN layer may occur from the atomic Al
on the surface during the AIN growth and not from the AIN
layer. We speculate that the diffused Al atoms create some
bonding between Al and h-BN, changing the structure of h-BN
and h-BN/sapphire interface. In some areas, with a high Al
concentration, a w-AlIN layer can be formed, as seen in Figure
2d. w-AIN inclusions may act as a “glue”, which anchors the h-
BN layer and thus the full structure on the substrate disabling
the mechanical lift-off and any delamination during processing.
In the same way, thick high-temperature AIN will lead to
longer growth, and more time consequently leads to more Al
atoms diffusing into the h-BN layer, thus making lift-off more
difficult. On the other hand, the mechanical lift-off of III-
nitride devices on 2D h-BN on the AIN template with
successful lifting was reported in refs 5, 27. To control the lift-
off of such a structure, AIN should be subjected to
temperatures higher than 1300° C for Al to diffuse into h-BN.

In addition, it is interesting to note that the sapphire/h-BN
interfaces between the two sets of samples are different. For
the conventional AIN/h-BN structures, a 1—2 nm amorphous
AlOxN layer is observed, as identified by the FFT pattern
(Figure 2a—vyellow box). A similar observation has been
mentioned and studied by Amano’s group.” Conversely, the
high-temperature AIN/h-BN structures exhibit a clearly
ordered crystalline arrangement of a few w-AIN layers (2—3
nm in thickness) at the interface of the layered h-BN and
sapphire substrate (Figure 2d). The diffraction pattern (inset
of Figure 2d—vyellow box) and the 0.25 nm of interlayer
distance indicate the wurtzite crystal structure of this AIN
layer. We believe that the AIN at the interface sapphire/h-BN
is due to the nitridation and its structural quality probably
deeply depends on the growth temperature of the above
structure, which will need further study to confirm.

To better understand the different impact of the AIN growth
temperature on the AIN/h-BN structures, the complementary
cross-sectional high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) image and the
energy-dispersive X-ray spectroscopy (EDX) element map-
pings of Al have been performed for conventional AIN growth
(Figure 2b,c) and for high-temperature AIN growth (Figure
2e,f). The Al concentration in the 3 nm h-BN region of the
high-temperature AIN/h-BN structure is 19 atom %, whereas
the Al concentration of the h-BN region in the conventional
sample is less than 3 atom %. This provides strong support that
temperature-dependent diffusion of Al explains the Al content
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in the h-BN region. It also provides direct proof for the role of
Al concentration in the lift-off process. At a low Al
concentration, 2D-layered h-BN still exhibits a uniform
crystalline structure that enables the mechanical lift-off of the
GaN/conventional AIN/h-BN structures. When the Al
concentration is increased to the critical value, some bonding
between Al, B, and N can be created and the layered structure
of h-BN has been changed.

We have recently studied 2D boron-rich BAIN alloys and
found phase separation for an Al content above 17% in the
presence of wurtzite Al-rich BAIN phases in a matrix of layered
hexagonal B-rich BAIN together with the pure w-AIN.*
Checking lift-oft in BAIN alloys would be expected to confirm
that the presence of aluminum content would prevent lift-off
and delamination. We examined the mechanical lift-off of
single hexagonal phase boron-rich BAIN alloys with Al
contents of 3.5 and 17%. The Al content was estimated by
secondary-ion mass spectrometry (SIMS), as reported in ref
36. We found that only BAIN alloys with 3.5% Al could be
lifted off, whereas samples with an average Al content of 17%
could not be lifted off. Figure 3 displays the atomic force
microscopy (AFM) images of these alloys after lift-off. The
thickness difference between the lift-off part and the non-lift-
off part of 3.5% Al BAIN alloys was measured to be 18 + 1 nm.
The morphology of these alloys exhibits honeycomb-like
wrinkles on the surface, which is comparable to the standard
morphology of un-alloyed 2D h-BN.>” In additional to
wrinkles, particles (white spots) were observed on the surface
of the two samples (more pronounced in 17% Al BAIN alloys),
confirming the Al incorporation. When the presence of Al in h-
BN is high (>17%), h-BN is no longer a layered structure and
mechanical lift-off is impossible. These results are in agreement
with 3 atom % (19 atom %) of Al concentrations of
conventional (high-temperature) AIN/h-BN structures, as
mentioned in the previous section, confirming the role of Al
content in the mechanical lift-off. This study brings the unique
approach of controlling the mechanical adhesion of this layered
material, which can result in both lift-off controllable-layered h-
BN and robust h-BN layers.

If the hypothesis that lift-off is disabled by Al diffusion at
high temperatures into the h-BN layer is correct, then it should
be possible to have lift-off for high-temperature AIN buffer
growth if the h-BN layer is sufficiently thick to prevent Al from
diffusing completely through the h-BN layer. To test this, we
grew the GaN/high-temperature/AIN/h-BN structure with an
h-BN thickness of 25 nm (other growth conditions are kept the
same) and then studied the mechanical lift-off of this set of
samples. Figure 4 displays a camera photograph of the sample
after lift-off, TEM and HAADF-STEM images, and EDX
mapping for detailed structural analysis. In contrast to the
GaN/high-temperature AIN/3 nm h-BN structures, the GaN/
high-temperature AIN/25 nm h-BN structures had been
successfully lifted from the sapphire substrate. Identification
of homogeneous and continuous h-BN layers comes from the
HAADF-STEM FFT pattern (Figure 4a,b). The bright-field
HAADF-STEM image (Figure 4c) shows a high contrast
between h-BN, AIN layers and sapphire substrate. A
quantitative analysis of various positions (green rectangles in
Figure 4c) of this structure was done. The Al concentrations at
the sapphire/h-BN interface and inside the h-BN layer are
estimated at 2.0 atom % (zone 1) and 1.2 atom % (zone 2),
respectively. However, at the h-BN/w-AIN interface up to 4
nm, a high Al content was found with the estimation of 26.7

Figure 4. Cross-sectional high-resolution TEM and bright-field
HAADEF-STEM images, and the energy-dispersive X-ray spectroscopy
(EDX) elemental mappings of Al of GaN/high-temperature AIN on
25 nm h-BN grown on sapphire, respectively. Inset: schematic
illustration of the grown structure and the photograph of the sample

after lift-off.

atom % (zone 3). This large value of Al content indicates the
presence of Al at this interface, confirming the limited diffusion
of Al

We first conclude that high-temperature growth directly
affects Al diffusion, which plays an important role in the
control of mechanical lift-off of the h-BN layer in particular
and of Il-nitride semiconductor in general. In addition,
variation of the thickness of h-BN can open a new, flexible
approach on the control of the lift-off process, expanding
potential applications in mechanical transfer with the quality
improvement of IIl-nitride device-based h-BN. These inves-
tigations can provide valuable insights into the remote control
of the epitaxy growth of III-device-based h-BN using AIN as a
buffer layer.

This understanding of the mechanism lift-off process further
points out the way to avoid the h-BN delamination problem
during growth and processing and to control mechanical lift-off
of devices. With the intention of illustrating this, AlGaN/GaN
HEMTs/high-temperature AIN/3 nm h-BN structures were
grown. A set of these devices were subjected to mechanical lift-
off, and we could not be able to accomplish it as seen in the
inset of Figure Sa (left). Figure S displays the cross-sectional
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image and the energy-dispersive
X-ray spectroscopy (EDX) element mappings of Al of this
sample, focusing on high-temperature AIN/h-BN/sapphire
areas in the structure. The HAADF-STEM images (Figure Sa)
clearly show the high contrast between sapphire substrate, h-
BN, and AIN. Furthermore, at the sapphire/h-BN interface, we
observed a 1—1.5 nm thick w-AIN layer. Besides, EDX element
mappings of Al (Figure Sb) indicate the presence of Al in the
h-BN layer and at the h-BN/sapphire interface. The Al
concentrations at different areas (green rectangles in Figure
5b) were estimated at around 26, 10, and 18 atom %,
corresponding to zones 1, 2, and 3. The high value of Al
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Sapphire

Figure 5. Cross-sectional bright-field HAADF-STEM image (a) and
energy-dispersive X-ray spectroscopy (EDX) elemental mappings of
Al (b) of HEMTs/high-temperature AIN/3 nm h-BN grown on
sapphire. Inset in (a): schematic illustration of the grown structure

photograph of the device after attempted lift-off.

concentration in the h-BN layer region is similar to the one of
GaN/high-temperature AIN/3 nm h-BN, as presented above.
Comparing with the study of the HEMTs device as reported
earlier by Hiroki et al.,” this result is completely opposite. They
grew and fabricated AlGaN/GaN HEMT on AIN (grown at a
low temperature, ~1000 °C) on h-BN/sapphire substrates and
successful lifted and transferred them from the host substrates
to copper plates. This study further supports the important
role of the growth temperature of AIN on the ability to control
lift-off. Our investigation can open new perspectives in
controlling and fabricating III-V devices grown on h-BN
and further on other 2D materials. It can actually boost the
device performance of heterostructures, bringing them close to
industrial applications.

B CONCLUSIONS

In conclusion, we have shown how to control the adhesion of
2D h-BN layers, which can result in either lift-off of layered h-
BN and devices grown on h-BN or mechanically inseparable
robust h-BN(Al) layers. We found that high-growth-temper-
ature (~1280 °C) AIN on h-BN leads to Al diffusion into h-
BN, which enhances the surface and interface dangling bonds
and anchors the layered h-BN. Detailed structural analyses of
these samples were performed using TEM measurements to
explore the lift-off mechanism. The effect of Al concentration
into h-BN layers on the mechanical lift-off is verified by
studying carefully BAIN alloys with different Al contents. It has
been observed that for an Al content above 17%, the layered
BAIN sample cannot be lifted off, supporting our investigation.
The control of the mechanical adhesion of different device
structures such as HEMT-based h-BN layers has been
examined to confirm the important role of Al diffusion for
controlling the lift-off of the subsequent device structure grown
on h-BN. These results reveal the perspective in understanding
layered materials and controlling this layer-transfer technique.
Moreover, they break through the blocked route to the large-
scale fabrication of III-V devices grown on h-BN, bringing
them close to industrial applications.

B METHODS

Sample Preparation. The growth was performed in an Aixtron
MOVPE close-coupled showerhead (CCS) reactor on the (0001)
sapphire substrate. Triethylboron (TEB), trimethylaluminum
(TMAL), trimethylgallium (TMG), and ammonia (NH;) were used
as B, Al, Ga, and N precursors, respectively. First, an h-BN layer (3
nm) was grown on the sapphire substrate at 1280 °C and 90 mbar

pressure. Then, an AIN layer (200 nm) was grown directly on the h-
BN layer at high temperature (1280 °C) and low temperature (1100
°C) to study the impact of AIN layer on mechanical lift-off under
different growth conditions. A 300 nm GaN layer was subsequently
grown on top of the AIN layer. In addition, to have a comprehensive
understanding, the BAIN alloys were grown directly on the c-plane
sapphire substrate with the variation of TMAI/III ratio. Detailed
growth conditions of these heterostructures have been reported
elsewhere.’® Finally, full heterostructures of AlGaN/GaN HEMTs
were grown on the GaN/AIN/h-BN buffer for the mechanical lift-off
final test. After growth, the transparent scotch was used to verify the
mechanical lift-off possibility of all of the samples.

Characterizations. Scanning electron microscopy (SEM) and
atomic force microscopy (AFM) were used to study the surface
morphology of the samples before and after mechanical lift-off. For
the crystallography studies, high-resolution transmission electron
microscopy (HR-TEM) characterizations were performed on an
aberration-corrected JEOL 2200FS electron transmission microscope.
Prior to this study, cross-sectional lamellae were prepared using
focused ion beam (FIB) thinning and ion milling after coating a 100
nm thick carbon for layer protection.
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