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ABSTRACT: Free-standing crystalline membranes are highly
desirable owing to recent developments in heterogeneous
integration of dissimilar materials. Van der Waals (vdW) epitaxy
enables the release of crystalline membranes from their substrates.
However, suppressed nucleation density due to low surface energy
has been a challenge for crystallization; reactive materials synthesis
environments can induce detrimental damage to vdW surfaces, often
leading to failures in membrane release. This work demonstrates a
novel platform based on graphitized SiC for fabricating high-quality
free-standing membranes. After mechanically removing epitaxial
graphene on a graphitized SiC wafer, the quasi-two-dimensional
graphene buffer layer (GBL) surface remains intact for epitaxial
growth. The reduced vdW gap between the epilayer and substrate
enhances epitaxial interaction, promoting remote epitaxy. Significantly improved nucleation and convergent quality of GaN are
achieved on the GBL, resulting in the best quality GaN ever grown on two-dimensional materials. The GBL surface exhibits excellent
resistance to harsh growth environments, enabling substrate reuse by repeated growth and exfoliation.
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The free-standing membranes of wide-bandgap semi-
conductors can provide extra degrees of freedom in

their functional implementations, while the planar form factor
is compatible with modern electronic processing allowing
production scalability. For example, on-chip strain and
acceleration sensing is achieved by using a free-standing
GaN-based transistor, with which device output can be
modulated by deformation.1 Without the substrate’s restraint,
high magnetostriction and piezoelectricity are achieved by the
heterointegration of free-standing complex oxide membranes.2

Additionally, the adoption of free-standing membranes instead
of bulk materials provides significant cost savings to produce
electronics, of which the major cost is usually material related.
Producing free-standing crystalline thin-film semiconductors
requires the separation of epitaxial crystalline thin films from
their substrates. Previously, van der Waals epitaxy emerged as a
solution, as the weak van der Waals interface provides a
mechanism for the release of crystalline membranes.3,4

However, it is challenging for van der Waals epitaxy to realize
high-quality crystallization on two-dimensional (2D) materials
while having releasable epitaxial films, especially in the case of
non-polar 2D material such as graphene. During van der Waals
epitaxy, nucleation density and crystalline alignment on the van
der Waals surface are significantly suppressed due to the low

surface free energy, leading to poor convergence or even failure
in film formation. For example, directly growing GaAs or GaN
on graphene tends to produce micro- and nanorods.5−7 The
orientation of GaAs or GaN unit cells is observed not strictly
aligned to that of graphene unit cells during the van der Waals
epitaxy process due to the weak interactions.8,9 In the reports
that show GaN layer exfoliation, rough surface morphology
and polycrystalline structure are often observed.10−12 More-
over, 2D materials are susceptible to damage due to the harsh
ambient where crystalline semiconductor thin films are
produced. Damaged 2D materials and the associated defective
van der Waals surfaces can lead to failure in releasing the
membranes. For example, the graphene used for GaN growth
can be damaged by H2 carrier gas during growth at high
growth temperature13 and by NH3 or nitrogen plasma during
metal organic chemical vapor deposition (MOCVD) or
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molecular beam epitaxy (MBE) growth.14,15 Simultaneously
achieving a high-quality epilayer and maintaining a robust van
der Waals surface, which is the key to fabricating free-standing
single-crystalline semiconductor membranes, has been one of
the greatest challenges faced by the community.
In this study, we reveal a new mechanism of having high-

quality single-crystalline membranes on a 2D interface while
allowing a high yield release of membranes without damaging
the wafer to ensure reusability of the substrate. First of all, to
achieve high-quality crystalline thin films on 2D materials, an
enhanced seeding effect from the substrate is desirable.
Meanwhile, to ensure the substrate is reusable without
damaging the van der Waals surface, strong adhesion of the
2D material to the substrate is needed in harsh material growth
environments. We discovered that these conditions can be
simultaneously satisfied by a modification of a graphitized
SiC(0001) wafer which consists of epitaxial graphene (EG) on
top of an interfacial graphene buffer layer (GBL) on the SiC
wafer.16 The GBL contains a graphene-like honeycomb lattice
with lateral sp2-bonded carbon atoms, while it bonds to the
SiC substrate by sp3-hybridized covalent bonds.17−21 Mean-
while, the GBL is fully covered by EG, which is connected to
the substrate only via van der Waals force. Our previous study
experimentally determined that the adhesion energy between
EG and the SiC substrate is 106 meV/atom.22 Although no
exact value of the bond energy between the GBL and SiC
substrate has been reported, it should fall within the range of
2−5 eV/atom, which is the typical energy for a covalent bond.
This stark contrast in bonding strength enables us to
mechanically remove the EG from the wafer, allowing the

exposure of the GBL. Strong adhesion of the GBL to the
substrate leads to resistance to harsh growth conditions of
GaN or ZnO, while the quasi-2D surface permits the release of
the epilayer. The GBL can endure multiple growth−release
cycles to ensure the release of epitaxial films with 100% yield
from the SiC substrate with possible substrate reuse.
Meanwhile, the proximity of the GBL to SiC substrate
enhances the potential field transmitted through the GBL so
that remote epitaxy can be facilitated, since the strength of the
remote interaction is inversely proportional to the distance
between the substrate and the epilayer.23,24 Through this
process, we successfully demonstrated releasable GaN epitaxial
films on a GBL substrate with the best crystalline quality ever
reported for releasable GaN thin film, with a dislocation
density of 2.1 × 107 cm−2. We further proved that the quasi-2D
surface of the GBL can endure O2 plasma introduced during
ZnO growth, in which case either EG or transferred graphene
would be etched away completely.

■ RESULTS AND DISCUSSION
While van der Waals epitaxy of GaN on graphene has been
extensively studied, high-quality single-crystalline growth and
exfoliation of GaN on graphene has not been widely reported.
This is a result of the weak interaction and non-polar nature of
C−C bonding in graphene.24 First, we investigated the
feasibility of graphene as a seeding layer for GaN epitaxy. A
monolayer single-crystalline EG was exfoliated from a
graphitized SiC and transferred on a Si thermal oxide wafer,
which has an amorphous SiO2 layer on top. To prevent
nucleation at defect sites, the EG had not undergone any

Figure 1. Seeding capability of graphene. Schematic (a), scanning electron microscopy (SEM) image (b) and electron backscatter diffraction
(EBSD) map (c) of GaN grown on graphene transferred on SiO2/Si. Schematic (d), SEM image (e), and EBSD map (f) of GaN grown on
graphitized SiC substrate with monolayer EG. Schematic (g), SEM image (h), and EBSD map (i) of GaN grown on graphitized SiC substrate with
three layers of EG.
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intentional damaging processes.25−27 Given the amorphous
nature of the SiO2 substrate, the crystalline orientation can
only be seeded from the transferred EG. Subsequently, we
deposited GaN on the transferred graphene surface. The
structure of the sample is illustrated in Figure 1a. As shown in
the scanning electron microscopy (SEM) image of the as-
grown surface (Figure 1b) and the electron backscatter
diffraction (EBSD) mapping (Figure 1c), we confirmed that
the GaN grown on EG/SiO2 is polycrystalline. This result
indicates that EG fails to induce epitaxial orientation at the
initial stage of growth due to its weak surface interactions. As a
comparison, we also deposited GaN directly on a monolayer
EG surface, where a crystalline SiC substrate is beneath the
monolayer graphene (structure shown in Figure 1d). As shown
in Figure 1e and f, the GaN grown on the EG/SiC substrate
exhibits well-aligned crystalline planes. The contrasting results
from this set of experiments suggest that the orientation of the
GaN epilayer originates from the underlying substrate, rather
than the EG. As further confirmation, we deposited GaN on
three monolayers (3 ML) of EG as-grown on SiC (structure
shown in Figure 1g). In this case, the GaN epilayer and SiC
substrate are decoupled by the gap consisting of three to four
layers of EG. As parts h and i of Figure 1 show, the deposited
GaN showed polycrystalline formation, confirming the fact that
pristine graphene is not the source of epitaxial seeding to GaN,
but the potential field transmitted through graphene from the
substrate is responsible for single-crystalline GaN growth on
EG substrate.24 The results also suggest that single-crystalline
GaN grown on EG previously reported is likely caused by
remote epitaxial seeding from the substrate rather than van der
Waals epitaxial seeding from the graphene.28

Although the field from the SiC can induce orientation
alignment across monolayer EG to form epitaxial GaN, the
epitaxial interaction attenuates with an increasing distance. The
reduced epitaxial interaction in turn can weaken the seeding

effects, in terms of nucleation density and quality, thus forming
a high density of crystalline defects.24 Excessive defects
severely degrade the performance of electronic devices. Here
we developed a method to substantially enhance the epitaxial
interactions between the epilayer and the substrate to obtain
high-quality GaN epitaxial films on graphitized SiC. It is well-
known that the growth of monolayer EG on SiC is mediated
by the formation of an interfacial GBL on SiC substrates upon
graphitization and the GBL also has graphene-like hexagonal
lattices, maintaining its in-plane sp2 bonding properties on the
surface while it strongly adheres to the substrate via sp3 bonds.
Thus, if the GBL can be exposed to directly interact with
adatoms during growth without having an EG layer, the
epilayer−substrate distance could be substantially reduced.
Thus, it will enhance the epitaxial interaction and crystal-
lization quality, while the epitaxial layers may still be released
from the sp2 bonded GBL surface. We theoretically
investigated the hypothesis by DFT calculations of the
potential distribution from the SiC substrate penetrating
through the GBL. The atomic structures of SiC surfaces
without and with EG are illustrated in Figure 2a and d,
respectively. Compared with the van der Waals interaction
between EG and the GBL, the GBL is connected with the SiC
substrate via Si−C covalent bonding, which suggests the
robustness of the GBL in harsh environments. Given the
desired lattice matching between SiC crystal and EG, slight
distortion is observed in the GBL with its planar structure
almost preserved. Figure 2b and e show maps of potential
fluctuation (the difference between potential energy maxima
and minima along the surface of the substrate) contributed by
the substrate (SiC and GBL) at a distance to the epitaxial GaN
layer (3.5 Å) on both the GBL and as-graphitized SiC. The
calculation indicates that the atomic interaction between the
epilayer and the SiC substrate is well maintained at the GBL
surface by preserving the strong potential fluctuation from the

Figure 2. Density functional theory (DFT) calculation for field penetration. (a) Modeled atomic structures of the buffer layer on SiC, (b) potential
fluctuation (meV) maps on the GBL, and (c) potential fluctuations across the horizontal direction on the GBL. (d) Modeled atomic structures of
as-graphitized SiC. (e) Potential fluctuation (meV) maps on EG. (f) Potential fluctuations across the horizontal direction on EG.
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substrate (Figure 2c). In contrast, the epilayer−substrate
interaction at the EG surface is substantially reduced (Figure
2f), as a result of the drastic decay of potential fluctuation with
increasing distance.
The above DFT calculation supports our experimental

investigation of utilizing the surface of the GBL instead of EG,
in order to strengthen the interactions between the epitaxial
layer and the SiC substrate. Achieving a full coverage GBL on
SiC is challenging, because the conventional graphitization
process tends to self-terminate with complete EG coverage. We
obtain the GBL through a different approach by mechanically
removing the EG from a graphitized SiC surface with a metal-
induced 2D material transfer process (Figure 3a).22 The EG
was exfoliated by a layer of tensile-stressed Ni. Because the
adhesion of Ni to EG is greater than that of EG to the
substrate, the EG can be repeatedly exfoliated by the Ni
stressor with a yield of over 95%.22 As shown in Figure 3b, the
Raman spectrum of the substrate shows the absence of the EG
after peeling, but the GBL remains on the surface, as evidenced
by the C 1s core level X-ray photoelectron spectroscopy (XPS)
spectrum (see Figure 3c,d). The peak labeled SiC is attributed
to the Si−C bonds in the SiC substrate. The components S1
and S2 respectively correspond to sp2 and sp3 hybridized C
atoms within the GBL and EG layers. The XPS spectra of the
substrate after EG removal (Figure 3d) show a significantly
reduced S1 component and a consistent S2 component,
indicating that the GBL still remains. The selective removal of
EG is explained by the weaker adhesion of EG to the substrate
by van der Waals force than that of the GBL by covalent
bonding to the substrate.
After removing the EG, we deposited GaN on the GBL and

observed the nucleation process. We found that nucleation
density was substantially enhanced on the GBL/SiC substrate
compared to that on the EG/GBL/SiC substrate, as shown in
Figure 4a and b. The subsequential growth of 5 μm of GaN on
GBL/SiC shows improved crystalline quality compared to that
on EG/GBL/SiC. The atomic force microscopy (AFM) image

in Figure 4c shows a smooth as-grown surface of the GaN
grown on GBL/SiC with a root-mean-square (RMS) rough-
ness of 0.18 nm. The triple-axis high-resolution X-ray
diffraction (HRXRD) ω-scan of GaN(002) and (105) peaks
for the GaN epilayer on the GBL are reduced from 328 to 141
arcsec and from 279 to 193 arcsec in comparison to those of
GaN grown on EG/GBL/SiC, as shown in Figure 4e and f.
The corresponding screw dislocation density and edge
dislocation density estimated from the fwhm are reduced
from 2 × 108 to 4 × 107 cm−2 and from 5 × 108 to 2 × 108

cm−2, respectively.29 The HRXRD ϕ-scan in Figure 4g
confirms a well-aligned in-plane 6-fold symmetry. In Figure
4d, the electron channeling contrast imaging (ECCI) image of
the GaN grown on the GBL shows a total threading dislocation
density of 2.1 × 107 cm−2, correlating well with the HRXRD
analysis. To the best of our knowledge, the GaN grown on the
GBL demonstrated in this work has the lowest dislocation
density reported for GaN directly grown on 2D materials or
other van der Waals surfaces.
Although the GBL is covalently bonded to SiC, the

graphene-like quasi-2D surface still provides the van der
Waals surface for the release of epilayers from the substrate.
We demonstrated the complete release of GaN membranes
from the surface of the GBL, as shown in Figure 4h. After
releasing GaN, the XPS spectra of the substrate confirmed that
the GBL remained on the surface (Figure 4i), while the surface
of the substrate remains undamaged with a smooth
morphology, as shown by the AFM image in Figure 4j. This
makes a clear contrast to the case where the GaN was grown
on graphene transferred onto a host substrate, which has been
the prevalent approach for previous studies on GaN-on-
graphene. Although we adopted the same growth conditions
for GaN on the GBL, GaN grown on transferred graphene by
MOCVD was not exfoliated for repeated trials. This could be
attributed to the poor resistance of transferred graphene to
harsh MOCVD growth conditions which typically involves a
corrosive ambient with NH3 and H2 at high temperature.13 To

Figure 3. GBL substrate fabrication. (a) Schematic of the process of EG exfoliation. (b) Raman spectrum of graphitized SiC before (blue) and after
(black) removing the EG. (c) X-ray photoelectron spectroscopy (XPS) C 1s spectra of EG. (d) X-ray photoelectron spectroscopy (XPS) C 1s
spectra of the GBL after the EG is removed.
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better understand the damaging process of graphene, we
simulated the MOCVD growth environment with an annealing
test at 1100 °C in H2 ambient; we found that transferred
graphene was completely etched away after 10 min (see the
Raman results before and after H2 treatment in Figure 4k).
These findings indicate that the covalent adhesion of the GBL
to the substrate prevents the etching of sp2-bonded carbon on
the surface in the harsh MOCVD growth environment,
resulting in repeatable exfoliation.22 While MOCVD con-
ditions could damage transferred graphene, such damage can
be mitigated by performing the growth using MBE. As shown
in Figure S1, MBE-grown GaN was successfully exfoliated from
transferred graphene because H2 gas is not involved and the
substrate temperature is much lower in MBE growth.
However, it is difficult to avoid the formation of defects and
holes in graphene during the manual graphene transfer process.
Thus, the GaN growth through the defects and holes forms
direct contacts with the substrate, resulting in spalling marks
through the holes/defects of the graphene during exfoliation,
causing severe damage of the substrate (Figure S1c,d). The
situation was much improved for the case of the GBL, as
shown by the XPS spectrum in Figure 4i, where the surface of
the substrate after epilayer exfoliation is still well covered with
the GBL, indicated by the unchanged S2 component. In Figure

4j, the AFM image of the reused substrate shows an
undamaged surface due to the full coverage of the robust
GBL on SiC. This enables us to reuse the same substrate three
times without re-graphitizing or any polishing process. Only a
standard wafer cleaning process is required between two GaN
growths (see the Supporting Information). The photographs of
the three-times-reused substrate and the exfoliated epilayers
are shown in Figure 4l.
In addition, we proved that the GBL can even endure highly

reactive O2 plasma environments, in which case typical
graphene, even EG, would be immediately damaged or
removed completely. As shown in Figure 5b, the C 1s XPS
spectra of the GBL after a 10 min O2 plasma treatment show
an unchanged S2 component compared with the one before
the treatment (Figure 5a), indicating the sp3 bonds between
the GBL and SiC are unchanged and thus an undamaged
GBL/SiC interface. In contrast, the Raman spectrum of the EG
before and after the same O2 plasma treatment shown in
Figure 5c indicates that the EG was etched during the O2
plasma treatment. As a demonstration, we performed remote
epitaxy of ZnO on the GBL substrate by using magnetron
sputtering with O2 plasma. Figure 5d shows the AFM image of
the surface of the as-grown ZnO on the GBL. The HRXRD
2θ−ω and the ϕ-scan of as-grown ZnO on the GBL indicate

Figure 4. GaN growth on EG and the GBL. (a) SEM image of GaN nucleation grown on EG. (b) SEM image of GaN grown on the GBL. (c)
Atomic force microscopy (AFM) image of the surface of the GaN grown on the GBL. The RMS roughness is 0.18 nm. (d) Electron channeling
contrast imaging (ECCI) image of GaN grown on the GBL, showing a total threading dislocation density of 2.1 × 107 cm−2. (e) High-resolution X-
ray diffraction (HRXRD) rocking curves of GaN(002) on the GBL and EG. (f) HRXRD rocking curves of GaN(105) on the GBL and EG. (g)
HRXRD ϕ-scan of GaN grown on the GBL. (h) Photograph of exfoliated GaN on the GBL thin film on a flexible substrate (thermal release tape).
(i) C 1s XPS spectrum of the GBL substrate after GaN epilayer exfoliation, and the inset shows its Raman spectrum. (j) AFM image of the GBL
substrate after GaN epilayer exfoliation. (k) Raman spectra of transferred graphene on SiC before and after treating in H2 at 1100 °C. (l)
Photograph of the three-times-reused GBL substrate and the exfoliated GaN epilayers.
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the 6-fold symmetric ZnO lattices free of polycrystalline phase,
as shown in Figure 5e and f, confirming the single crystallinity
of remote epitaxial ZnO. Furthermore, the ω-scan rocking
curve (Figure 5g) shows a narrow fwhm of 105 arcsec,
indicating high crystalline quality of ZnO thin film on the GBL.
The undamaged GBL surface was evidenced by the complete
exfoliation of the ZnO epilayer, as shown in Figure 5h. Finally,
the AFM scan (see Figure 5i) of the released surface of the
GBL substrate remains atomically flat. Note that, in Figure 5b,
a reduced S1 component and an additional CO peak are
observed after the O2 plasma exposure. It suggests a partial
oxidation of sp2 C−C bonds in the GBL, but this has not
affected the growth and exfoliation of single-crystalline ZnO
thin films, proving that the GBL could be a robust epitaxial
template for a range of wide-bandgap materials, most of which
require harsh synthesizing conditions.

■ CONCLUSIONS
In summary, we discovered that, after mechanically removing
the monolayer EG on a graphitized SiC(0001) wafer, the GBL
surface remains intact on the wafer, which provides a quasi-2D
surface. The reduced van der Waals gap due to the removal of
EG enhances the epitaxial interaction between the epilayer and

the SiC substrate, promoting remote epitaxy. This method
allows us to achieve 100% releasable high-quality GaN and
ZnO thin films. This finding suggests that the GBL substrate
could potentially be a universal platform for fabricating free-
standing thin films of a wide range of materials. Due to the
strong epitaxial interaction between the epilayer and substrate,
the suitable materials for growing on the GBL substrate are
similar to those that are suitable for heteroepitaxy on SiC
materials with hexagonal lattices and similar lattice parameters
and thermal expansion coefficients to SiC are preferred. It also
means that the challenges of heteroepitaxy on SiC still exist
when growing materials on the GBL substrate. For example,
due to the large thermal expansion coefficient mismatch
between GaN and SiC, the cracking of GaN film on the GBL is
observed during the post-growth cooling if GaN growth
exceeds a certain thickness.30 It remains to be further
investigated if the critical cracking behavior of GaN on the
GBL varies compared to that of GaN directly on SiC.
Furthermore, we have proved that the GBL surface exhibits
excellent resistance to the harsh growth environments
involving H2 at high temperature or O2 plasma, enabling the
consistent reuse of the substrates.

Figure 5. ZnO growth on the GBL. XPS C 1s spectrum of the GBL before (a) and after (b) a 10 min O2 plasma treatment. (c) Raman spectra of
EG on SiC before and after a 10 min O2 plasma treatment. (d) AFM scan of the surface of as-grown ZnO deposited on the GBL substrate. (e)
XRD 2θ-ω-scan of epitaxial ZnO showing single out-of-plane alignment. (f) XRD ϕ-scan epitaxial ZnO showing single in-plane alignment. (g) ω-
Scan rocking curve of epitaxial ZnO showing a fwhm of 105 arcsec. (h) Photograph of the released ZnO film on a flexible substrate (thermal release
tape). (i) AFM image of the released surface of the GBL substrate, with a 0.4 nm RMS roughness.
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