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Remote Epitaxy of Cubic Gallium Nitride on
Graphene-Covered 3C-SiC Substrates by Plasma-Assisted

Molecular Beam Epitaxy

Mario Littmann,* Dirk Reuter, and Donat Josef As*

Remote epitaxy is a relatively new area of research that offers several advan-
tages, including the potential to reduce the influence of lattice mismatch and
the ability to exfoliate films easily. This work is focused on adapting this growth
method for the epitaxy of cubic gallium nitride (c-GaN), a metastable phase.
However, one faces challenges in enforcing the nucleation of the metastable
cubic phase due to the weaker interactions between the substrate and the

epitaxial layer compared to conventional epitaxy. Initially, only polycrystalline
wurtzite gallium nitride could be grown. However, by optimizing the growth
conditions and adding a cubic aluminum nitride buffer layer, predominantly
cubic gallium nitride layers can be grown. High-resolution X-ray diffraction

measurements confirm that the percentage of hexagonal inclusions is reduced

mismatch. A high mismatch can lead to the
formation of defects in the grown film,
which can reduce the efficiency of devices
based on the material. One possible solu-
tion to this is the use of remote epitaxy.*!

The process of remote epitaxy has been
an area of intense research in recent years
due to its potential to overcome some of
the limitations of traditional heteroepitaxy.
Several studies have demonstrated the
advantages this growth process provides.”
Besides the advantage of reducing the influ-
ence of the lattice mismatch, it also allows
the possibility of an easy-to-perform lift-off

from 80% to 23%.

1. Introduction

Group I1I nitrides are a class of semiconductor materials that are
widely used in the electronics industry due to their unique phys-
ical and chemical properties."! For example, they have a wide
bandgap, which makes them useful for optoelectronic devices
such as light-emitting diodes (LEDs) and lasers, as well as for
high-power electronic devices.*! However, the wurtzite crystal
structure of group III nitrides can lead to the quantum-confined
Stark effect (QCSE), which can reduce the device efficiency.
To avoid the QCSE, some researchers have explored the use of
the metastable cubic GaN instead. However, growing group III
nitrides is difficult because they can only be synthesized by
heteroepitaxy.

One challenge of heteroepitaxy is that it is always limited by
the availability of suitable substrate materials with a small lattice
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process. This allows either the reuse of
expensive substrates or the transfer of thin
epitaxial layers to host substrates in systems
where no selective etching process for
releasing the layer exists, for example, the GaN/AIN system.
The remote heteroepitaxy approach has been shown to be effective
for various materials, including wurtzite, nitrides,’ and arsen-
ides,”® using growth techniques such as metal-organic chemical
vapor deposition (MOCVD) and molecular beam epitaxy (MBE).
In this study, we report on the successful adaption of the
remote epitaxy process for the cubic zinc blende gallium nitride
(c-GaN), which is a novel application of this process to grow a
metastable phase. Cubic GaN has typically been grown on
(001) zinc blende silicon carbide (3C-SiC), which has the smallest
possible lattice mismatch of 3.2%. This mismatch is still high
enough to result in the formation of a large number of defects
in the grown film. To address this problem, we explored the use
of remote epitaxy, using a thin layer of the 2D material graphene
as an intermediary layer between the substrate and the epitaxial
layer. The use of the 2D material allows for a significant reduc-
tion in interactions between the substrate and the epitaxial layer,
as the graphene is only bonded to the substrate by van-der-Waals
forces rather than covalent bonds. This may help to reduce the
formation of defects in the grown film, improving the efficiency
of devices based on c-GaN.[**!

2. Experimental Section

In a first step, a single layer of graphene was transferred onto the
substrate material. We used a 3C-SiC/Si (001) pseudosubstrate
from the company NovaSiC. The substrate consisted of a
10 pm 3C-SiC layer on top of a 500 pm silicon (001) wafer. To
cover them with a graphene monolayer, we used the
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“Trivial Transfer” graphene from the company ACSMaterial.
This graphene was created by a CVD process on copper foils.”!
The graphene was delivered on a polymer and covered with a
polymethyl methacrylate (PMMA) photoresist. To separate
the graphene from the polymer, it can be placed in water.
The photoresist-covered graphene will float on the surface while
the polymer sinks to the bottom.

The new target substrate could be used to pick the graphene
out of the water. Afterward, the sample must naturally dry for
30min and then be baked for 20 min at 100 °C on a hotplate.
The last step was to remove the photoresist. The 500 nm-thick
photoresist can be mostly removed by immersing the sample
into 50 °C hot acetone. However, small micrometer-sized photo-
resist residues remained on the sample surface (Figure 1a). The
work of Pirkle et al.™ suggests a thermal vacuum annealing step
to remove the residues. Therefore, we performed a second ther-
mal cleaning step. By heating the sample to 900 °C for 15 min in
a vacuum chamber, we were able to remove the photoresist
completely. The result is shown in Figure 1b. The sample was
ready for the epitaxy after this.

It is worth noting that the scanning electron microscope
(SEM) images of the graphene in Figure 1b showed dark lines
corresponding to domain boundaries, which matched the
description of the nucleation process of the graphene CVD pro-
cess provided by Xiang et al.'l. The average domain size of our
samples was about 1 pm in diameter. In comparison, the average
size of antiboundary domains (ABD) in the used 3C-SiC sub-
strates was ten times larger."? According to the manufacturer,
the thickness of the graphene was guaranteed to be one mono-
layer. We confirmed this using Raman spectroscopy measure-
ments after the transfer, which showed compliance with the
characteristics of monolayer graphene,!** including the presence
of a G peak at ~1580 cm™" and a 2D peak at 2680 cm ™'

The epitaxy of GaN in this work was performed with a
plasma-assisted MBE (PAMBE). A gallium flux of 3.6 x 10™*
atoms [cm? s] ! was used for every sample. The nitrogen plasma
source was operated with a radio-frequency (RF) power of 260 W
and an N, flux of 0.5 sccm. These conditions corresponded to a
growth velocity of 150nmh™" or 0.4As™" for our standard
growth conditions on the pure 3C-SiC substrate.

Postgrowth characterization of the surface was done with SEM
and atomic force microscopy (AFM). In addition, we used
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high-resolution X-ray diffraction (HRXRD) and photolumines-
cence (PL) measurements to analyze the crystal quality and phase.

The PL measurements were performed with an Nd:YAG laser
with a wavelength of 266 nm and a power of 5 mW. The samples
were mounted inside a cryostat to cool them down to a tempera-
ture of 13 K.

3. Results

We started by growing c-GaN under standard conditions used on
pure 3C-SiC substrates with a substrate temperature of 745 °C.
Even though we could grow GaN, the grown films were polycrys-
talline and hexagonal. While other publications® about remote
epitaxy suggest a better result by starting the growth under colder
conditions, we observed that this method only enhanced the for-
mation of the hexagonal phase. Figure 2a shows an SEM image
of the surface of the resulting polycrystalline GaN layer. Due to
the fact that the lower substrate temperature enhances the nucle-
ation probability too strongly, the atoms no longer align them-
selves with the underlying crystal structure. Noteworthy is the
fact that the nucleation around the graphene domain boundaries
seems to be enhanced. In comparison, the areas between the
domain boundaries show a more uniform growth. However,
after a longer growth time, these areas also turn hexagonal
and polycrystalline (see Figure 2b).

We used HRXRD measurements to analyze the crystal orien-
tations. In Figure 3a, the reciprocal space map (RSM) of the sym-
metrical (002) reflection is shown for the sample shown in
Figure 2b. As described by Frentrup et al.,!"” the area around
the (002) reflection is not only containing the (0002) reflection
of the wurtzite and cubic GaN but also the (10-11) and (-1011)
reflections originating from wurtzite GaN. The last two reflec-
tions correspond to the wurtzite GaN grown on top of the
(111) facets of the zinc blende crystal. This allows for an easy
comparison of the different phase compositions inside the epi-
taxial layer. The most intense GaN reflection of the map in
Figure 3a is the (0002) reflection corresponding to the hexagonal
phase. By comparing the intensities of the reflections, we can
conclude that the epitaxial layer consists of 80% wurtzite GaN,
which is consistent with the conclusions from the SEM image
in Figure 2b. Every sample was measured two times by rotating

Figure 1. SEM images of the surface of a 3C-SiC/Si sample covered with graphene. a) After the acetone cleaning step with the visible PMMA residues.

b) After the thermal vacuum annealing step (900 °C for 15 min).
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Figure 2. SEM images of the surface of several 3C-SiC samples covered with graphene and overgrown with GaN: a) GaN layer grown on top of a graphene
layer (Tgub =745 °C). b) Thicker GaN (T, =745 °C). c) Thin GaN layer grown (T, = 840°C). d) Thicker GaN layer (T, = 840 °C).
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Figure 3. RSM containing the cubic (002) and the hexagonal (0002),(10-11), and (-1011) reflections of three samples grown on a graphene monolayer:
a) 350 nm-thick GaN grown on a 3C-SiC/Si substrate at Ty, = 745 °C (SEM, see Figure 2b). b) 260 nm-thick GaN grown on a 3C-SiC/Si substrate at
Tsub = 840°C (SEM, see Figure 2d). c) 300 nm-thick GaN grown on a thin c-AIN buffer layer at T, = 845 °C (SEM, see Figure 5b).

the sample by 90°. This high amount of hexagonal inclusions is
primarily caused by the changed growth condition due to the
introduction of the graphene monolayer. It is possible to grow
phase-pure c-GaN with less than 1% hexagonal inclusions
directly on the 3C-SiC substrate under these conditions.

Phys. Status Solidi B 2023, 260, 2300034 2300034 (3 of 7)

This means that for the remote epitaxy of a metastable phase
like zinc blende GaN, it is not possible to use a low-temperature
buffer layer. On the contrary, the opposite is the case. By increas-
ing the substrate temperature to about 845 °C, we could grow par-
tial cubic GaN. The used temperature is only 10 °C under the
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maximal possible growth temperature since our experiments
showed no nucleation at a substrate temperature over 855 °C.

Figure 2¢,d shows the SEM images of two samples grown with
a substrate temperature of 845 °C. Two main improvements in
the quality are visible. First, nucleation along the domain bound-
aries seems to be suppressed under these conditions. Figure 2c
shows gaps inside the layer which run along the domain bound-
aries. The second improvement is the fact that the surface is
more homogeneous and only contains slight polycrystalline
inclusions. AFM measurements confirm a smooth surface with
a root mean square (RMS) roughness of 5 nm.

Furthermore, the HRXRD results show a significant reduction
of the (0002) phase (Figure 3b), and the RSM shows an increased
intensity at the (10-11) and (-1011) reflections. These reflections
also correspond to the hexagonal phase. However, they only form
on the (111) facets of the cubic crystal. By comparing the inten-
sities of the reflections, it can be concluded that the GaN layers
are composed of 60% cubic phase. Therefore, we were able to
grow a predominant cubic GaN layer.

These results demonstrate that the growth at lower tempera-
tures leads to direct nucleation in the hexagonal (0002) phase. In
contrast, increasing the substrate temperature during growth
helps to increase the formation of the cubic (002) phase. This
correlation is believed to be due to the reduced nucleation prob-
ability at higher temperatures, which enhances the interaction
with the dangling bonds of the underlying substrate. Notably,
only layers grown with low nucleation probability showed align-
ment with the substrate crystal structure. The results highlight
the importance of controlling nucleation in the remote epitaxy
process.

However, the amount of hexagonal inclusions is significantly
too high for device applications, and further optimizations of the
growth process are necessary. It can be concluded that a solution
is needed to increase the influence of the substrate material
underneath the graphene layer to foster the nucleation of cubic
GaN. It can be expected that the influence of the dangling bonds
of the substrate surface depends on the chemical polarity of the
atomic bonds in the crystal."® In the case of 3C-SiC, the differ-
ence in the electronegativity values is 0.76.'”) Since silicon and
carbon are both in the fourth group of the periodic table, this is a
relatively small value. By introducing an additional thin buffer
layer underneath the graphene, it is possible to increase the
chemical polarity. The PAMBE used in this study also contains
an aluminum cell, which allows for the growth of a cubic alumi-
num nitride layer (c-AIN). In comparison, the difference in
electronegativity is with a value of 1.45, significantly higher than
for 3C-SiC. Furthermore, the lattice mismatch of c-AlN to 3C-SiC
is only 0.3%,'® which allows the growth of a low-defect layer.

New samples were prepared with an AIN buffer layer below
the graphene layer to investigate this. The cubic AIN layer was
grown with an Al flux of 1.4 x 10'* atoms [cm?s]™* and had a
thickness of ~10 nm, which was confirmed by X-ray reflection
measurements. This is below the critical thickness, that is, the
AIN layer should have grown pseudomorphically and, therefore,
should have low defect density. After the AIN buffer growth, the
samples were again covered with a monolayer of graphene in the
same procedure as described before.

A sample series with different growth durations were grown to
further analyze the growth procedure. Figure 4 shows results for
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(a) 5 min (0 nm) (b) 15 min (0 nm)
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Figure 4. RHEED pattern and SEM images of a sample series with
different growth durations from a) 5min to f) 6 h. The samples were
all grown on a c-AIN buffer layer with a substrate temperature of 845 °C.

the sample series with different growth times from 5 min to 6 h.
The figure contains the reflection high-energy electron
diffraction (RHEED) pattern at the end of each growth and an
SEM image of the surface. The SEM images show delayed nucle-
ation in the first minutes of the deposition. After the first 5 min
(see Figure 4a), the graphene layer is still uncovered, which indi-
cates that GaN does not nucleate. Ten minutes later (see
Figure 4b), small dots form. However, these islands only cover
a small part of the surface area. It takes another 15 min (see
Figure 4c) for GaN to cover the graphene layer completely.
The RHEED pattern at the beginning also shows a point pattern,
which consistently indicates a 3D surface morphology.™”’
The most significant change in the characteristics happens in
the second half of the first hour (see Figure 4d). The RHEED
pattern transitions from the 3D point pattern to the 2D line
pattern. This is consistent with the SEM image, which also shows
a more uniform layer. Further growth results in an additional
qualitative improvement. The dots of the RHEED pattern
further transform into a distinct line pattern, and the surface
morphology changes into a smooth layer with cubic facets
(see Figure 4e,f).
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Figure 5. SEM images of GaN layers grown on top of a graphene-covered AIN buffer layer: a) 50 nm-thick GaN layer with visible gaps caused by the
graphene domain boundaries; b) 300 nm-thick GaN layer; c) side view of an overgrown domain boundary; and d) side view of a polycrystalline defect

indicated exemplarily by the red circle in (b).

Even though the samples show a uniform and smooth layer
surface, this is only the case for small areas. AFM measurements
in a small defect-free 5 pm-large square confirm an RMS rough-
ness of 3 nm for the 260 nm sample (SEM, see Figure 4e) and
4nm for the 580nm sample (SEM, see Figure 4f). These
values are comparable to c-GaN layer grown without graphene.
Due to the characteristics of the CVD graphene layer, different
defects are included in the layer. First, the nucleation under
the used conditions is prevented along the domain boundaries
of the graphene layer. This results in the formation of gaps
throughout the layer, as shown in Figure 5a. However, these
are only visible up to a layer thickness of 100 nm. After a longer
growth duration, these gaps begin to become overgrown from
the sides.

An example of this is shown in the cross-section SEM image in
Figure 5c. The second kind of defect is the formation of
small polycrystalline inclusions. These tiny dots are visible in
Figure 5b). These are suspected of forming on top of the
graphene monolayer defects. Due to the transfer process, it is
impossible to prevent the thin film from being damaged. A
cross-section image of these defects is shown in Figure 5d.
The density of these defect points is about 107 cm™2.

To prevent these defects from forming, it would be necessary
to use a different process for graphene preparation without the
transfer step. A possible second method for future experiments
could be the thermal decomposition of SiC. The work of Ouerghi
et al.* confirms that this is possible for 3C-SiC (100). By heating
the SiC to a high temperature of 1300 °C in a vacuum, the surface
silicon atoms will sublimate, and the remaining carbon atoms
will form a graphene monolayer. This would result in the best
possible quality graphene. However, in this case, it is no longer
possible to use the AIN buffer layer, which showed a significant
improvement in the layer quality. Another method could be the
epitaxial growth of the graphene monolayer directly on top of the
cubic AIN layer.”” This method may produce lower-quality gra-
phene than the thermal decomposition. But it can still eliminate
the defects from the transfer process, which may be the most
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significant ones. Furthermore, this method still provides
the possibility to use the AIN layer to reduce the hexagonal
inclusions.

Furthermore, the samples grown on a c-AlIN buffer layer were
also characterized by HRXRD and PL measurements. The RSM
shown in Figure 3c indicates a reduction of the hexagonal inclu-
sions to about 23%. Compared to the 40% without the AIN buffer
layer, it can be concluded that the buffer layer had the anticipated
effect. Compared to Figure 3b, the intensities have shifted
further from the facets to the (002) reflection.

Alongside the HRXRD measurements, PL measurements can
be performed to gain information about phase composition. This
is because the difference in the crystal phase also affects the
bandgap energy. For example, the bandgap energy of wurtzite
GaN at 0K is 3.47 eV, which is higher than the bandgap of
zinc blende GaN with a bandgap energy of 3.293 eV.[*! This
makes it possible to compare the luminescence caused by the
different phases. Furthermore, the penetration depth of the used
laser is only about 100nm.?*! The PL measurements can
therefore be used to obtain information about the surface area
of the layer.

Figure 6 shows the PL spectra of three different samples with
increasing sample thickness. Besides the different growth times,
the samples were grown under the same conditions on a
graphene/c-AIN substrate. Consistent with the HRXRD mea-
surement, the spectra show a higher intensity for the cubic exci-
tonic peak (X). Furthermore, the cubic-to-hexagonal intensity
ratio increases with the film thickness. Considering the penetra-
tion depth, it can be concluded that the formation of the hexago-
nal phase occurs mainly at the beginning of the growth, that is,
the nucleation phase. This coincides with the previous observa-
tions in Figure 4. Since the growth at the beginning is 3D, the
possibility of nucleation on the (111) facets is increased,
which results in the formation of hexagonal inclusions. This con-
clusion is additionally supported by the high intensity corre-
sponding to the basal stacking faults (BSF)!**! at an energy of
about 3.42eV.
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Figure 6. PL spectra of three GaN layers grown on an AIN buffer layer with
different thicknesses. The measurements were performed at 13 K. The
peaks correspond to the donor—acceptor transition (D°AP), the excition
transition (X), and the BSF.

4, Conclusion

In summary, we reported on the remote epitaxy of a metastable
material system, zinc blende GaN, on transfer graphene-covered
substrates. The transfer process was successfully performed, and
with the adjusted thermal cleaning process, we were able to
remove the PMMA residues from the graphene layer completely.
Furthermore, we investigated different growth conditions. In
contrast to previous works on remote epitaxy on other material
systems, we observed that it is essential to increase the substrate
temperature rather than decrease it. This resulted in the forma-
tion of the desired cubic phase. However, for the growth on
graphene-covered 3C-SiC/Si (001) substrates, we were only able
to grow 60% phase pure cubic GaN. A further reduction of the
hexagonal inclusion was possible by increasing the chemical
polarity of the used substrate material. To achieve this, we added
an additional c-AIN buffer layer underneath the graphene.
This step resulted in a further reduction of the hexagonal inclu-
sions to 23%.

Two factors currently limit the quality of the GaN layer. First,
the initial formation of islands at the beginning of the growth
increases the hexagonal formations on the (111) facets of the
cubic crystal. The second factor is the quality of the used gra-
phene transfer process, which introduces many defects in the
epitaxial layer. To improve the graphene quality, we suggest
two alternative methods. The first method could be the graphiti-
zation of the 3C-SiC substrate. The second method would be the
epitaxial growth with a carbon effusion cell directly on top of the
c-AIN.
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