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Determination of the preferred epitaxy for lll-nitride
semiconductors on wet-transferred graphene
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Transferred graphene provides a promising lll-nitride semiconductor epitaxial platform for fabricating multi-
functional devices beyond the limitation of conventional substrates. Despite its tremendous fundamental
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and technological importance, it remains an open question on which kind of epitaxy is preferred for single-
crystal lll-nitrides. Popular answers to this include the remote epitaxy where the lll-nitride/graphene interface
is coupled by nonchemical bonds, and the quasi-van der Waals epitaxy (quasi-vdWe) where the interface is
mainly coupled by covalent bonds. Here, we show the preferred one on wet-transferred graphene is quasi-
vdWe. Using aluminum nitride (AIN), a strong polar llI-nitride, as an example, we demonstrate that the
remote interaction from the graphene/AIN template can inhibit out-of-plane lattice inversion other than in-
plane lattice twist of the nuclei, resulting in a polycrystalline AIN film. In contrast, quasi-vdWe always leads to
single-crystal film. By answering this long-standing controversy, this work could facilitate the development of llI-
nitride semiconductor devices on two-dimensional materials such as graphene.

INTRODUCTION

Wafer-scale single-crystal graphene can be mass-produced on
several kinds of substrates, such as Cu(111) (I, 2), Cu-Ni alloy
(3), and Cu(111)/A1,05(0001) (4). The graphene can then be trans-
ferred to a target substrate surface (5-7), providing an attractive
platform for fabricating III-nitride semiconductor devices. On
such a platform, graphene can be used to alter the epitaxial relation-
ship between the IIl-nitride semiconductor and the substrate,
leading to single-crystal films on arbitrary substrates such as
single-crystal Al,O; (8, 9) and polycrystalline diamond (10). In ad-
dition, graphene enables intact interfacial separation of the film
from the substrate, providing a simple method for developing flex-
ible light-emitting devices (11, 12) via hetero-integration on
epitaxy-incompatible functional templates. It is well known that
high-quality single-crystal III-nitride films are required for the fab-
rication of high-performance devices (13, 14). To realize such III-
nitride films on graphene, three different methods have been
studied in recent years, namely, van der Waals epitaxy (vdWe)
(15, 16), remote epitaxy (17, 18), and quasi-vdWe (8, 19). VdWe
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is a process in which an upper film and substrate are combined
by van der Waals forces, which is different from traditional
epitaxy, where interfacial chemical bonding forms between the
film and substrate (20, 21). However, the bond strength of van
der Waals forces is normally one to two orders of magnitude
lower than that of chemical bonds (22, 23). Therefore, it is difficult
to achieve highly oriented nucleation and growth of single-crystal
II-nitride films on graphene through van der Waals forces. The re-
ported crystallinity and crystal quality of III-nitride films grown on
graphene by vdWe are not as good as expected (24). In the case of
remote epitaxy, interfacial interactions (nonchemical bonds) form
between polar crystals and a graphene layer, and these interactions
are stronger than van der Waals forces, resulting in a regular atomic
arrangement of polar films (17). The lattice orientation coherence
between the polar film and the polar template/substrate can be
maintained even in the presence of a subnanometer-thick graphene
interlayer. As previously reported (25), the remote epitaxy of single-
crystal GaN films appears to have been realized on polar templates
such as GaN(0001)/Al,05(0001). In contrast, quasi-vdWe introduc-
es covalent bonds at the interface, and this process takes advantage
of defects on the graphene surface that provide unsaturated dan-
gling bonds as nucleation sites to initiate highly oriented nucleation
(26-28). The aligned nucleation islands expand and coalesce to
form a single-crystal III-nitride film. In this case, the epitaxial
film is coupled to the graphene interlayer via a combination of co-
valent bonds and van der Waals forces. Interfacial covalent bonds
determine the epitaxial relationship between the upper layer and
graphene (19, 29, 30). It seems that both quasi-vdWe and remote
epitaxy can be used to place single-crystal III-nitride films on gra-
phene. However, it is still a debate that which type of epitaxy is pre-
ferred for this application.

To answer this issue, we studied the growth of aluminum nitride
(AIN) on a wet-transferred ultraflat graphene/AIN template. Here, a
graphene/AIN template is chosen as an example because AIN is
more polar than other III-nitrides (25, 31) and thus can provide a
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stronger interfacial interaction for III-nitride remote epitaxy. In this
case, it is found that the remote interaction from the graphene/AIN
template can trigger nucleation and form AIN grains with the same
lattice polarity as the underlying AIN template. However, remote
epitaxy fails to suppress the in-plane twists of grains, leading to
twisted III-nitride grains and polycrystalline films. On the other
hand, quasi-vdWe leads to a single-crystal III-nitride film on trans-
ferred graphene with an epitaxial relationship of AIN(1010)||gra-
phene(1010) and AIN(1120)||graphene(1120). This is attributed
to that interfacial covalent bonds facilitate the maintenance of the
epitaxial registry of the upper IlI-nitride layer and graphene. This
work indicates that quasi-vdWe is the preferred method for the
growth of single-crystal III-nitride films on wet-transferred two-di-
mensional materials such as graphene.

RESULTS

Theoretical model of lll-nitride remote epitaxy

Wourtzite III-nitrides are non-centrosymmetric along the ¢ axis, and
they are two kinds of atomic arrangements along the <0001> direc-
tion that result in metal and nitrogen (N) lattice polarity. To study
the remote epitaxy of AIN, eight atomic configurations/supercells
were constructed (Fig. 1A and fig. S1). In configurations I and V,
epitaxial AIN has the same atomic arrangement as the underlying
AIN bulk. Keeping the spatial positions of the one-monolayer
(ML) graphene and the AIN bulk unchanged, we performed the fol-
lowing operations on the epitaxial AIN in configurations I and V in
sequence to obtain the other six configurations: an in-plane inver-
sion (I and VI), an out-of-plane inversion (III and VII), and
another in-plane inversion (IV and VIII). Please see Materials
and Methods and Supplementary Materials (S1) for more details.
To explore the effect of remote interaction on the atomic arrange-
ment of the upper AIN, we then calculated the binding energies of
the entire epitaxial AIN in eight configurations (Fig. 1B). It is shown
that the binding energies of the epitaxial AIN in configurations I, II,
V, and VI are considerably larger than those in configurations III,
IV, VII, and VIIL The epitaxial AIN and AIN bulks in configura-
tions I and II have Al lattice polarity, and the epitaxial AIN and
AIN bulks in configurations V and VI have N lattice polarity, sug-
gesting that the remote interaction tends to induce the growth of
AIN films with the same lattice polarity as the bottom AIN template.
That is, out-of-plane lattice inversion of remote epitaxial AIN is pro-
hibited. Then, the contributions of van der Waals forces from gra-
phene and remote atomic interactions in the form of nonchemical
bonds from AIN bulk were estimated. The binding energies of ep-
itaxial AIN on one-ML graphene/AIN bulk in configurations I, I, V,
and VI (above —2 eV) are ~2 times larger than those driven only by
remote atomic interactions (about —0.9 eV) and ~20 times larger
than those driven only by van der Waals forces (about —0.1 eV),
as shown in Fig. 1 (B and C). This demonstrates that the combina-
tion of graphene and AIN bulk provides a stronger driving force in
the form of nonchemical bonds for AIN epitaxy than pure graphene
or AIN bulk. This is because the electronic wave function of gra-
phene is redistributed under the electrostatic field from the AIN
bulk (32-34) when one-ML graphene is coupled to the AIN tem-
plate. It is also found that the binding energies of epitaxial AIN
(Fig. 1, B and C) in configurations I and II and in configurations
V and VI are almost the same. This indicates that van der Waals
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forces and remote atomic interactions are insensitive to the in-
plane lattice inversion of epitaxial AIN, leading to their coupling
being insensitive to it as well. Switching the epilayer and the
bottom bulk from AIN to GaN (fig. S2), or one-ML graphene to
one-ML h-BN (fig. S3), did not affect the tendency of the epilayer
and the bulk layer to have the same lattice polarity. This is because
the II-nitride represented by GaN and AIN is a polar material with
a nonzero net electric dipole moment along the [0001] direction.
The dipole of the metal polar III-nitride points along the opposite
direction with the dipole of the N-polar III-nitride. The interaction
between the dipoles in the two III-nitride layers is strongest when
they are orientated along the same direction (25, 35).

Next, the effect of graphene interlayer thickness on the remote
epitaxy of AIN was explored. As shown in Fig. 1D, the binding
energy of epitaxial AIN is the largest when one-ML graphene is
used. As the number of graphene layers increases from one to
three MLs, the binding energy decreases, showing that the remote
interaction becomes weak. Notably, the binding energies of epitax-
ial AIN in configurations I, II, V, and VI are consistently larger than
those in configurations III, IV, VII, and VIII, indicating that such
remote interaction can still induce the growth of AIN grains with the
same lattice polarity as the AIN bulk. Note that the binding energy
of epitaxial AIN in configurations I, II, VII, and VIII is larger when
the graphene thickness is greater than three MLs, indicating that the
epitaxial AIN tends to have Al lattice polarity regardless of the lattice
polarity of the AIN bulk. This phenomenon is attributed to the fact
that the graphene/AIN bulk interaction cannot constrain the epi-
layer's lattice polarity, and van der Waals forces from graphene
became dominant (fig. S1B). In this case, the effect of the polar
AIN bulk is masked, and the growth pathway of upper AIN
changes from the remote epitaxy to vdWe. The critical thickness
of graphene that allows remote epitaxy is three MLs. Although
the graphene has in-plane rotation with respect to the AIN bulk,
the binding energy of epitaxial AIN is slightly affected, and the crit-
ical thickness of the graphene is not changed (fig. S4).

Next, to explore the effect of remote interactions on the in-plane
orientation of AIN grains, we simplified the epitaxial AIN on one-
ML graphene/AIN bulk in configurations I, I, V, and VI (Fig. 1A) to
AIN clusters (R-AINs) and thus obtained configurations RI, RII, RV,
and RVI (Fig. 1E). Other parameters and periodic boundary condi-
tions remain unchanged. It is found that the R-AIN in these config-
urations has the largest binding energy when there is 30° in-plane
rotation relative to the AIN bulk (Fig. 1, F and G). When the R-AIN
is rotated by 60° in-plane relative to the underlying AIN bulk (in
configurations RI and RVI) or not rotated (in configurations RII
and RV), its binding energy is minimal. This indicates that the
atomic arrangement of AIN nuclei tends to have an in-plane rota-
tion angle of 30° with the bottom AIN bulk to establish stronger in-
terfacial coupling. However, since the energy gap between the
maximum and the minimum is very small, ~0.095 eV (in configu-
rations RI and RII) and ~0.140 eV (in configurations RV and RVI),
the actual atomic arrangement in the upper AIN and the bottom
AIN template may not exhibit a perfect in-plane 30° rotation relative
to one another. Here, the rotational energy barrier of the R-AIN is
defined as the minimal energy required for 30° in-plane rotation,
which is approximately 0.077 eV in configurations RI and RII
(yellow region, Fig. 1F), and approximately 0.099 eV in configura-
tions RV and RVI (yellow region, Fig. 1G). It is well known that the
growth temperature of single-crystal III-nitrides in metal-organic
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Fig. 1. Remote epitaxy model of AIN. (A) Density functional theory-modeled atomic structure of a remote epitaxial AIN layer on one-monolayer (ML) graphene (Gr)/AIN
bulk. Top and side views are provided here. The AIN bulk in configurations | to IV has Al lattice polarity, while that in configurations V to VIIl has N lattice polarity. The
epitaxial AIN in configurations |, Il, VII, and VIII has Al lattice polarity, while that in configurations IlI, IV, V, and VI has N lattice polarity. (B) Calculated binding energies of
epitaxial AIN in configurations | to VIII. (C) Calculated binding energies of epitaxial AIN driven by either the remote atomic interaction from the AIN bulk (depicted in cyan)
or the van der Waals force from the one-ML Gr (depicted in blue). (D) Binding energies of epitaxial AIN as a function of Gr interlayer thickness. The thickness of Gr
interlayers is one to five MLs. (E) Atomic models of AIN nuclei (R-AIN) on one-ML Gr/AIN bulk. The R-AIN structure is in-plane rotated clockwise by 0° with respect to
the underlying AIN bulk. (F and G) Calculation results of the rotational energy barrier of R-AIN with Al lattice polarity (F) or N lattice polarity (G) on a one-ML Gr/AIN bulk.

Since AIN has sixfold symmetry, a clockwise rotation of R-AIN with respect to the bottom AIN bulk in the range of 0° to 60° is considered.

chemical vapor deposition (MOCVD) typically exceeds 1000°C (14,
36, 37). The corresponding thermal energy (kpT, where kg is the
Boltzmann constant, and T is the growth temperature) of AIN
nuclei (~0.110 eV) exceeds the calculated rotational energy barriers
for R-AIN. Even if the growth temperature is decreased to 600°C,
the corresponding thermal energy of the AIN nucleus still exceeds
0.070 eV. Such a small energy gap (Fig. 1, E to G) means that the in-
plane rotation of nuclei is difficult to control spontaneously, i.e., the
twist of the nuclei may be very large, which results in the formation
of a polycrystalline III-nitride film composed of twisted grains. The
epitaxial GaN/one-ML graphene/GaN bulk system (fig. S2) and ep-
itaxial AIN/one-ML h-BN/AIN bulk system (fig. S3) show a similar
trend to epitaxial AIN/one-ML graphene/AIN bulk system. In addi-
tion, to study the size effect of the remote interaction on the in-
plane orientation of AIN nuclei, a big configuration RI is construct-
ed (fig. S5). It was found that big AIN nuclei also tend to in-plane
rotate with AIN bulk for greater binding energy. These results indi-
cate that the spontaneous formation of highly oriented nuclei seems

Liu et al., Sci. Adv. 9, eadf8484 (2023) 2 August 2023

to be difficult, and the remote epitaxy of single-crystal III-nitrides
needs to break through certain technical barriers.

Remote epitaxy of AIN films

Considering that the surface wrinkles and point defects of the gra-
phene layer are preferred nucleation sites for quasi-vdWe (27), we
choose ultraflat single-crystal graphene MLs grown on Cu(111)/Al,_
0;(0001) as the interlayer for remote epitaxy. Compared with the
one-ML graphene grown on Cu(111) foil, the ultraflat graphene
ML after the wet transfer has a flatter surface (fig. S6). It should
be acknowledged that even when the graphene material was opti-
mized, a small number of breakages were still observed in one-
ML graphene after the transfer, and structural imperfections such
as wrinkles and bubbles were observed in two- to three-ML gra-
phene. This is the common morphology of wet-transferred gra-
phene (37, 38). Then, the MOCVD growth temperature of 500
nm thick AIN films on wet-transferred ultraflat graphene/AIN tem-
plates was kept at 1000°C to suppress the point defects which may
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markedly increase when the graphene/AIN template is heated to a
higher temperature in the MOCVD chamber (fig. S7).

In scanning transmission electron microscopy (STEM) and
scanning electron microscopy (SEM) measurements (Fig. 2 and
figs. S9 and S10), after excluding the obstruction of nonremote ep-
itaxial AIN components, it is found that remote epitaxial AIN has a
polycrystalline structure on wet-transferred one- to three-ML gra-
phene, regardless of the lattice polarity of the upper layer and the
AIN template. The remote epitaxial AIN (figs. S9 to S11) appears
to consist of grains. The orientation relationship between the AIN
grain and the AIN template is studied. It is found that when the
AIN(0001)/A1,05(0001) template is used, the atomic arrangement
of the remote epitaxial AIN along the growth direction, i.e., [0001]
direction, is the same as that of the AIN template layer, even when
the thickness of the graphene layer is increased from one to three
MLs (Fig. 2A). It means that out-of-plane lattice inversion of
nucleus is prohibited, and the expansion of the nucleus into the
grain results in Al lattice polarity. However, although the one-ML
graphene/AIN template provides strong remote interactions for
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remote epitaxy (Fig. 1D), the upper film has a polycrystalline struc-
ture consisting of misoriented grains (figs. S9 and S10). The de-
formed AIN grains do not have a fixed in-plane orientation
relationship with the AIN(0001) template, making it difficult to
obtain clear atomic-resolution images of the upper AIN grain and
bottom AIN template layer simultaneously with high-angle annular
dark-field STEM (HAADEF-STEM). Next, the twist angles of the
upper AlN relative to the AIN template are measured. In the inter-
facial region below four randomly selected grains, the in-plane twist
angles of the upper AIN are 0.8° (Fig. 2B), 6.5° (Fig. 2C), 26.9°
(Fig. 2D), and 0° (Fig. 2E) with respect to the bottom AIN template.
The upper AIN (Fig. 2, B to D) has almost no out-of-plane tilt at the
one-ML graphene—covered flat AIN template position. At the one-
ML graphene-covered trenched AIN template position (Fig. 2E),
the upper AIN has an out-of-plane tilt angle of 18.5° with respect
to the AIN template. This tilt angle is close to the angle between gra-
phene and the underlying AIN template along the ¢ axis, and AIN
has the same [0001]-axis direction as one-ML graphene (fig. S11D).
Thus, AIN growth here is more likely to be controlled by one-ML
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Fig. 2. STEM measurement results of remote epitaxial AIN with Al lattice polarity. (A) High-angle annular dark-field STEM (HAADF-STEM) images of remote epitaxial
AIN on one- to three-ML Gr/AIN(0001) template. Both the upper and bottom AIN layers have Al lattice polarity, and the thicknesses of the Gr interlayers are one, two, and
three MLs. The growth direction of the upper AIN is parallel to the [0001] axis of the AIN(0001) template. (B to E) HAADF-STEM images and corresponding atomic models
of different remote epitaxial AIN/one-ML Gr/AIN interface regions. It is difficult to obtain clear atomic resolution images of two AIN layers simultaneously in HAADF-STEM
images because the upper AIN and AIN templates have in-plane twist. By adjusting the lamella zone axis, a clear atomic resolution image of the upper AIN can be
obtained. The twist angles of the AIN grain relative to the underlying AIN template are 0.8° (B), 6.5° (C), 26.9° (D), and 0° (E). In the flat template region, the upper
AIN (B to D) and underlying AIN templates have the same lattice polarity, and the tilt angle is always less than 0.5°. In a small number of trenched template regions,
the tilt angle of the AIN grain (E) is 18.5° relative to the underlying AIN template.
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graphene than by a combination of one-ML graphene and AIN tem-
plate. It should be pointed out that the spacing between graphene
MLs in some interface areas may slightly deviate from the values in
the atomic model (fig. SIA). This mainly comes from the imperfec-
tion of wet transfer. But even in the near-ideal interface region, the
AIN grain still has in-plane rotation with respect to the bottom AIN
template (fig. S11B). On the other hand, the surface fluctuation of
graphene may cause the epitaxial AIN to have a small-angle tilt with
respect to the AIN template. These results indicate that the remote
interaction from the transferred graphene/AIN(0001) template is
not strong enough to spontaneously constrain the random twist
of grains at the planar template position or the tilt at a specific
angle at the trenched template position, resulting in a polycrystal-
line film. This claim was further confirmed. It is found that remote
epitaxial AIN on one- to two-ML graphene/AIN(0001) template can
be stripped from the AIN template to the blue tape. Both the elec-
tron backscattered diffraction (EBSD) measurement before tape-as-
sisted stripping and the x-ray diffraction (XRD) measurement after
stripping (figs. S12 and S13) show that the film does have a c-axis
orientation, but no in-plane preferred orientation.

To explore the effect of an N-polar AIN template on the remote
epitaxial AIN, 500 nm thick AIN films grown on graphene/
AIN(0001) templates are studied. As depicted in fig. S12 (B and
C), the remote epitaxial AIN is also composed of grains. It is
found that the remote epitaxial AIN (Fig. 3A) and GaN (Fig. 3B)
grains near the graphene interlayer have the same lattice arrange-
ment along the growth direction as the underlying AIN(0001) tem-
plate, that is, both have N lattice polarity. This indicates that remote
interactions from the graphene/AIN(0001) template can drive the
nucleation of III-nitrides with N lattice polarity. As a special case,
the lattice polarity of the AIN film with initial N lattice polarity may
be inverted in the subsequent growth process. As we previously re-
ported (19), the formation of a thin AION transition layer leads to
lattice polarity reversion in AIN grown by MOCVD. Hence, the
remote epitaxial AIN grains invert to have Al lattice polarity
(Fig. 3A), while the remote epitaxial GaN grains maintain their N
lattice polarity (Fig. 3B). Subsequently, the in-plane orientation of
AIN grains is evaluated. It is found that when the thickness of the
graphene interlayer is one ML, the AIN grain exhibits twists of 0.1°
(Fig. 3C), 4.8° (Fig. 3D), 16.6° (Fig. 3E), and 29.8° (Fig. 3F) relative
to the bottom AIN template at four different interface regions. This
suggests that the remote interaction provided by the graphene/N-
polar AIN template also fails to constrain the in-plane orientation
of AIN nuclei and grains. The above results show that the remote
epitaxial AIN on wet-transferred graphene tends to have a polycrys-
talline structure consisting of twisted grains, which is independent
of the lattice polarity of AIN (Figs. 2 and 3) and regardless of
whether the graphene interlayer thickness is one, two, or three
MLs (figs. S9 and S12). Thus, clear domain structures can be ob-
served on the stripped AIN surface (fig. S13, C and F), i.e., the un-
derside of the AIN near the graphene layer.

Quasi-vdWe of llI-nitride films

Here, graphene interlayers with thicknesses of one, two, and three
MLs were transferred to the surface of AIN(0001) templates. The
graphene/AIN templates were irradiated by atomic N to form unsat-
urated C—N dangling bonds on the surface (8, 26, 28, 29). The dan-
gling bonds serve as nucleation sites to initiate III-nitride growth.

Liu et al., Sci. Adv. 9, eadf8484 (2023) 2 August 2023

The radiation parameters of graphene need to be finely regulated
to ensure adequate graphene integrity (figs. S15 and S16, A and
B). Then, 500 nm thick AIN films were grown by MOCVD at
1000°C with the same growth parameters as those of the remote
epitaxy process. Figure 4A shows the EBSD measurement results
of quasi-van der Waals epitaxial AIN films. The color distribution
in the inverse pole figure (IPF) map is monochromatic, which indi-
cates the single-crystal structure of the film. XRD measurements
(fig. S16D) further confirm the good crystal quality of the film.
This suggests that interfacial covalent bonds are beneficial for main-
taining the epitaxial registry of upper AIN film and graphene as ex-
cepted. Notably, quasi-van der Waals epitaxial AIN films on one- to
three-ML graphene can be stripped. When the graphene thickness
was one ML, the graphene ML was not perfect (39, 40) due to trans-
fer damage and high-temperature damage, resulting in that the film
cannot be fully stripped (fig. S15B). When the graphene thickness is
larger than one ML, the AIN film can be almost completely separat-
ed from the substrate to the blue tape (fig. S15, C and D). This is
because a thicker graphene layer has better structural integrity
during MOCVD growth (fig. S9D). The fact that III-nitride films
grew on one- to three-ML graphene/polycrystalline molybdenum
(figs. S17 and S18) demonstrates that the III-nitride film forms an
epitaxial relationship with graphene instead of the substrate, which
is AIN(1010)||graphene(1010) and AIN(1120)||graphene(1120). It
can be inferred that when graphene has in-plane rotation with
respect to the AIN template, the epilayer follows graphene.
Thicker graphene, such as three MLs, is beneficial for this as the
key is to ensure the crystallinity and integrity of the graphene inter-
layer. This is because when thin graphene is used, such as one ML,
upper I1I-nitrides may have a mixed growth mode consisting of
quasi-vdWe and thru-hole epitaxy (fig. S15). The orientation rela-
tionship between the transferred graphene and the bottom AIN
template must be well controlled (i.e., there is almost no in-plane
rotation) to guarantee the crystal quality of the epitaxial film. As a
result, those AIN grains obtained by quasi-vdWe and thru-hole
epitaxy exhibit the same orientation, allowing rapid coalescence
to form a continuous single-crystal film (Fig. 4A). When the gra-
phene thickness increases to three MLs, the thru-hole epitaxy
mode is almost completely shielded, and transferrable single-
crystal III-nitride films can be obtained on arbitrary substrates by
quasi-vdWe. To prove it, we transferred three three-ML graphene
interlayers onto a 2-inch AIN(0001) template, and then grew 500
nm thick AIN films. The rotation angles of the graphene interlayer
relative to the bottom AIN template are 8.4°, 75.3°, and 89.2°, re-
spectively. The in-plane and out-of-plane orientations of those
AIN films (Fig. 4B) were estimated using XRD 20-w and ¢ scans.
The AIN (0002) Bragg diffraction peak can be identified at 36.0°
for all films (Fig. 4C), confirming the fine out-of-plane orientation
of the film. The in-plane ¢ scan of the upper AIN (1012) plane
shows sixfold symmetric diffraction from its single-crystal wurtzite
structure (Fig. 4, C and D). As expected, the diffraction peaks of the
(1012) plane of epitaxial AIN on the three graphene regions are
shifted by 8.4°, 15.3°, and 29.2° with respect to the diffraction
peaks of (1012) plane of the underlying AIN template. This indi-
cates that similar to a twisted graphene bilayer (2), the designed
growth of two single-crystal III-nitride layers with arbitrary twist
angles can also be achieved.
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Fig. 3. STEM measurement results of remote epitaxial IlI-nitride films on N-polar AIN templates. (A) HAADF-STEM and integrated differential phase contrast
(iDPC)-STEM images (red box) of remote epitaxial 500 nm thick AIN on the three-ML Gr/AIN(000T) template. The remote interaction drives the nucleation of N-polar
AIN, but the formation of a thin AION transition layer inverts the lattice polarity of the upper layer to Al lattice polarity (79). Graphene is simply labeled Gr. (B) HAADF-STEM
and iDPC-STEM images (red box) of remote epitaxial 500 nm thick GaN on a two-ML Gr/AIN(000T) template. The GaN layer has N lattice polarity. The growth direction of
the upper layer (A and B) is parallel to the [0001] axis of the N-polar AIN template. Electron beam irradiation damage during STEM measurement results in a certain degree
of lattice damage near the Gr interlayer. (C to F) HAADF-STEM images and corresponding atomic models of the epitaxial AIN/one-ML Gr/AIN interface below four AIN
grains. STEM measurement conditions are the same as those in Fig. 2 (B to E). The in-plane twist angles of the upper AIN relative to the bottom AIN template are 0.1° (C),
4.8° (D), 16.6° (E), and 29.8° (F). This suggests that the remote epitaxial AIN on the wet-transferred Gr/AIN (0007) template is also composed of randomly twisted grains.

DISCUSSION

So far, we propose a simple model for the remote epitaxy and quasi-
vdWe of IlI-nitrides on wet-transferred graphene. The remote in-
teraction from graphene/IlI-nitride templates can constrain the
out-of-plane orientation of III-nitride nuclei but not the in-plane
orientation, resulting in the formation of twisted grains (Fig. 5A).
The misoriented grains expand and form a polycrystalline film,
which is confirmed by planar STEM measurement (Fig. 5C). Con-
sidering that AIN is more polar than other III-nitrides and thus can
provide the strongest known remote interaction to start remote
epitaxy, it is reasonable to speculate that the remote interaction
tends to drive twisted nucleation and then form a polycrystalline
film for all III-nitrides on wet-transferred graphene/III-nitride tem-
plates. It should be pointed out that the structural integrity of the
graphene interlayer has a substantial impact on the remote
epitaxy of III-nitride because the III-nitride film will grow on the
III-nitride template at graphene breakages (figs. S9 and S10). As
growth proceeds, the nonremote epitaxial component with a
faster growth rate will gradually dominate and cover the remote

Liu et al., Sci. Adv. 9, eadf8484 (2023) 2 August 2023

epitaxial one, resulting in a single-crystal micrometer-thick film
(fig. S14B). This process is no longer remote epitaxy but a special
kind of epitaxial lateral overgrowth (ELOG) (41). As previously re-
ported (17, 25, 42—45), remote epitaxy is a promising method for
fabricating transferable III-nitride films and light-emitting
devices. Remote epitaxy of single-crystal GaN(0001) films on gra-
phene/GaN(0001) templates has been reported at a growth temper-
ature of ~700°C by MBE (18, 24). This may be due to that the
relatively low growth temperature limits the in-plane twist of the
remote epitaxial grains to some extent, and MBE had a stronger
ability to regulate the growth kinetics of III-nitride than MOCVD
at low growth temperature. The structural damage caused by the N-
plasma source in MBE (46) and the interference of the interfacial
oxidation layer (47, 48) can be avoided by using MOCVD since
the latter growth is performed at high temperatures as high as
~1000°C under hydrogen-containing ambient. In this case, the
remote epitaxial grains on graphene show spontaneously twist
and thus form a polycrystalline film (Figs. 2 and 5C). Our results
are not inconsistent with previous results, as they both suggest
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Fig. 4. Quasi-vdWe of single-crystal AIN films on irradiated graphene/AIN templates. (A) EBSD and in situ SEM images of 500 nm thick single-crystal AIN films grown
on one- to three-ML Gr/AIN(0001) templates. Epitaxial AIN is coated with a conductive carbon layer with a thickness of 10 nm. Thus, the coarsening of SEM images is
produced. The color distribution of the IPF images of the films is monochromatic, which is attributed to the films having a single-crystal structure. The IPFX, IPFY, and IPFZ
images show the crystal orientation of the AIN film along the [2110], [1010], and [0001] axes, respectively. These Gr layers have no in-plane rotation with respect to the
underlying AIN template. All scale bars are 5 pm. (B) Schematic diagram of quasi-van der Waals epitaxial AIN films on three three-ML Gr regions on an AIN(0001) template.
The Grin the green, blue, and orange regions are in-plane rotated by 89.2°, 75.3°, and 8.4° with respect to the bottom AIN template, respectively. (C and D) XRD 26-w scans
(C) and ¢ scans (D) of 500 nm thick AIN grown on three-ML Gr/AIN(0001) templates. Epitaxial AIN films above the green, blue, and orange regions have in-plane rotation
angles (A) of 29.2°,15.3°, and 8.4° with respect to the underlying AIN template, respectively. This confirms that it is the wet-transferred Gr rather than the AIN template that
determines the lattice orientation of the quasi-van der Waals epitaxial film. Graphene is simply labeled Gr. Atomic N irradiation times of one-ML, two-ML, and three-ML Gr
are 1, 2, and 3 min, respectively. Please see Materials and Methods and fig. S15 for more details.

that the realization of single-crystal remote epitaxial III-nitride
films requires excellent integrity and flatness of the graphene and
optimizing the regulation of III-nitride growth kinetics. In addition,
further study is needed on how to eliminate the interference of thru-
hole epitaxy (49), pinhole-seeded lateral epitaxy (50), and quasi-
vdWe (19) to achieve pure remote epitaxy of III-nitride by MBE
or MOCVD.

Liu et al., Sci. Adv. 9, eadf8484 (2023) 2 August 2023

On the other hand, quasi-van der Waals epitaxial III-nitride
films can establish an epitaxial relationship with irradiated single-
crystal graphene through interfacial covalent bonds (Fig. 5B),
leading to nucleation islands with near-consistent orientation and
forming a single-crystal film (Fig. 5D). The importance of interfa-
cial chemical bonds in the formation of the epitaxial registry
between the III-nitride film and graphene is emphasized. In this
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Fig. 5. Schematic illustration of lll-nitride films grown on wet-transferred graphene. (A) Remote epitaxy of lll-nitrides on Gr/lll-nitride templates. In this case, the
remote interaction is not sufficient to constrain lll-nitride nuclei to inherit the in-plane orientation of the polar lll-nitride template, resulting in the formation of randomly
twisted nuclei. Here, nuclei with clockwise rotation are labeled blue and those with counter clockwise rotation are labeled green. As growth progresses, these misoriented
nuclei expand to form twisted grains, eventually forming a polycrystalline film. (B) Quasi-vdWe of llI-nitrides on single-crystal Gr. The substrate can be, for example, a
single-crystal AIN template or a polycrystalline Mo. In this case, unsaturated dangling bonds on the Gr surface act as nucleation sites, triggering highly oriented lll-nitride
nucleation. These nucleation islands coalesce precisely and eventually form a single-crystal lll-nitride film. (C) Planar HAADF-STEM image of AIN grown on a wet-trans-
ferred one-ML Gr/AIN(0001) template by remote epitaxy. Because of the substantial difference in orientation, the twisted remote epitaxial grains cannot coalesce to form
a continuous AIN film. Besides, the surface fluctuation of Gr may cause the upper AIN to have a small tilt angle (less than 1°) with respect to the bottom AIN template. Off-
axis grains generate a different contrast than on-axis grains because of channeling effect. (D) Planar HAADF-STEM image of AIN film grown on a wet-transferred three-ML
Gr/AIN(0001) template by quasi-vdWe. The aligned grains nearly coalesce to form a single-crystal film. Here, the atomic N irradiation time of three-ML Gr is 3 min. The

thickness of AIN films (C and D) is ~500 nm, and the planar STEM position is ~200 nm from the interface.

case, the single-crystal ITI-nitride film grows on wet-transferred gra-
phene and is no longer strictly constrained by the underlying sub-
strate (figs. S15 to S18). The lattice polarity of single-crystal films
can be manipulated by adjusting the interfacial atomic configura-
tion, i.e., interfacial covalent bond form (19, 28, 29, 51). Because
of the stronger effect of chemical bonds on the superstructure
than the effect of remote interactions (nonchemical bond form),
quasi-vdWe is more inclusive in the choice of graphene and sub-
strate materials, making it easier to achieve high-quality transferra-
ble III-nitride films (figs. S14D and S16, E and F). It should be noted
that when graphene is not thick enough, the growth mode of epi-
layers may not be pure quasi-vdWe, i.e., thru-hole epitaxy may
happen as well. Fortunately, through modulating the orientation
of the quasi-van der Waals epitaxial grains, we are able to control
them to exhibit almost the same orientation as those thru-hole ep-
itaxial grains, resulting in a single-crystal film. Thus, it can be con-
cluded that quasi-vdWe is the preferred route for the growth of
single-crystal III-nitride films on wet-transferred graphene.

In conclusion, we report remote epitaxy and quasi-vdWe of
polar III-nitride films on wet-transferred graphene and illustrate
that quasi-vdWe is the preferred strategy of growth for single-
crystal films. Here, using highly polar AIN as an example, it is
found that the remote interaction from the graphene/AIN template
can constrain the out-of-plane lattice inversion of nuclei but not
their twist, resulting in a polycrystalline AIN film. This indicates
that remote epitaxy is a promising method for realizing transferable

Liu et al., Sci. Adv. 9, eadf8484 (2023) 2 August 2023

II-nitride thin films, but there is a certain technical threshold. Fine
manipulation of III-nitride growth kinetics and higher-quality gra-
phene interlayers is necessary to achieve single-crystal films. In the
case of quasi-vdWe, III-nitride is mainly coupled with graphene
through interface covalent bonds and establishes an epitaxial rela-
tionship, resulting in a single-crystal film. The interfacial chemical
bond plays an important role in the formation of the epitaxial reg-
istry between the III-nitride film and graphene. Thence, the quasi-
vdWe has a better tolerance for the quality of transferred graphene
and the selection of the underlying substrate. The results of this
work settle the debate about the preferred epitaxy and will
promote the development of advanced III-nitride semiconductor
devices on wet-transferred two-dimensional materials such as
graphene.

MATERIALS AND METHODS

Computational model

Ab initio calculations were used in the density functional theory
(DFT) framework with projector-augmented wave basis sets using
the Vienna Ab Initio Simulation Package. The Perdew-Burke-Ern-
zerhof exchange-correlation functional was used with a 400 eV
kinetic energy cutoff and a I'-only k-point grid. The DFT-D3
method with Becke-Jonson damping was used to explicitly
include the van der Waals interaction. We created a supercell con-
sisting of 3 x 3 x 3 wurtzite AIN to simulate the AIN bulk, 3 x 3 x 1
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AIN and 4 x 4 x 1 graphene to simulate the epitaxial AIN and the
graphene ML. The configuration (i.e., supercell) is periodic with no
boundaries in the (0001) plane, and a 20 A thick vacuum gap was
adopted to avoid the interaction between periodic images in the
[0001] direction. Here, to explore the effect of remote interactions
of graphene ML/AIN bulk on the atomic structure of epitaxial AIN,
the binding energies (E},) of the 3 x 3 x 1 AIN in eight configurations
(Fig. 1A) were calculated. The binding energy is defined by the
overall epitaxial structure in each configuration. The more negative
E,, is, the more stable the structure is. Four preferred configurations
(I, 1L, V, and VI; Fig. 1A) and corresponding atomic structures of
epitaxial AIN were found. Next, the contribution of the number
of graphene layers to the remote interaction was demonstrated by
increasing the graphene thickness from one to five MLs (Fig. 1D).
We selected a one-ML graphene/AIN bulk case, which can provide
the strongest remote interaction, as an example, to explore the in-
fluence of remote interaction on the in-plane orientation of AIN
nuclei. Here, epitaxial AIN in configurations I, II, V, and VI
(Fig. 1A) was simplified to a cluster structure (R-AIN) consisting
of six Al atoms and six N atoms to simulate the AIN nuclei and
formed four configurations (R-I, R-II, R-V, and R-VI; Fig. 1E).
On the basis of the same periodic boundary conditions, the
binding energies of entire R-AIN at different rotation angles from
0° to 60° along the [0001] axis across its center were calculated
(Fig. 1, F and G). Other details and more are shown in figs. S1 to
S5. Computational resources were provided by the Supercomputer
Center of Peking University.

Fabrication of single-crystal AIN templates

For the AIN(0001) templates, Al-polar AIN films were grown on 2-
inch Al,O05(0001) substrates by MOCVD. The thickness of the Al-
polar AIN layer was about 1.5 um. The detailed procedure is de-
scribed in our previous reports (36). For the AIN(0001) templates,
AIN films with N lattice polarity were grown on 2-inch 4H-
SiC(0001) substrates by plasma-assisted MBE (SVT Associates
MBE). The thickness of the N-polar AIN layer was about 120 nm
(fig. S8). During N-polar AIN growth, the N, flow rate was 1.0 stan-
dard cubic centimeters per minute (sccm), the plasma power was
480 W, and the beam equivalent pressure of the Al atom beam
was 4.0 x 10”7 mbar.

Wet-transfer of graphene

The growth of ultraflat single-crystal graphene ML on Cu(111)/Al,.
05(0001) was performed as described in previous reports (4-6). The
graphene ML was transferred to the AIN template surface by a
poly(methyl methacrylate) (PMMA)-mediated transfer process.
First, a layer of PMMA was spin-coated on graphene/Cu/Al,Os,
and was then cured at 130°C to form a supporting film. The
PMMA/graphene film was then detached from the growth substrate
by etching the Cu film (500 nm in thickness) in an aqueous solution
of (NH),S,05 (1 mol/l). After being cleaned with deionized water,
the PMMA/graphene film was attached to the target substrate, dried
at room temperature, and baked at 180°C for 3 hours. Then, the
PMMA layer was removed by hot acetone, leaving one-ML gra-
phene on the target substrate. The two- to three-ML graphene
samples were obtained by a layer-by-layer transfer method (52).
The transferred graphene/AIN templates were annealed under an
ambient of hydrogen (100 sccm) and argon (300 sccm) at 350°C
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for 3 hours to remove organic and oxide residues. The size of the
graphene was about 10 x 10 mm? or 20 x 20 mm?,

Remote epitaxy of lll-nitrides

Remote epitaxy of III-nitrides was performed by MOCVD
(AIXTRON 19 x 2 inches). The AIN growth was performed at
1000°C with hydrogen as the carrier gas, and the flow rates of tri-
methylaluminum and ammonia were 157 umol/min and 1000 sccm,
respectively. On the other hand, for GaN growth performed at
1000°C, the flow rates of trimethylgallium and ammonia were 673
pumol/min and 18000 sccm, respectively.

Quasi-vdWe of lll-nitrides

Quasi-vdWe of Ill-nitride films were performed by MOCVD
(AIXTRON 19 x 2 inches) or MBE (PREVAC MBE). Transferred
graphene was activated by a N-plasma source at 800°C in the
MBE chamber (fig. S15A). Atomic N irradiation was applied for
1, 2, and 3 min with an N, flow rate of 0.8 sccm and a forward
radio frequency plasma power of 350 W for one-ML, two-ML,
and three-ML graphene, respectively, to form unsaturated C—N
dangling bonds on the surface. The MOCVD growth parameters
of III-nitrides on activated graphene were the same as those of the
remote-epitaxial case. The MBE growth temperature was 800°C, the
N, flow rate was 0.8 sccm, the plasma power was 350 W, and the
beam equivalent pressures of Al and Ga atom beams were 3.5 X
1077 mbar and 8.0 x 10~ mbar, respectively.

Characterization

The surface morphologies of graphene and III-nitrides were mea-
sured by atomic force microscopy in ScanAsyst mode (Bruker Di-
mension ICON). The structural quality of graphene was
characterized by Raman scattering spectroscopy (Horiba LabRAM
HR Evolution Raman system; 532 nm laser excitation with a laser
spot diameter of 1 pm). The surface morphology of IlI-nitride
films was also measured by high-resolution SEM (Thermo Fisher
Scientific, Helios G4 UX). Bruker CrystAlign EBSD and in situ
SEM (not high-resolution mode) were used to determine the
crystal orientation of the film. Before SEM and EBSD measure-
ments, a conductive carbon film with a thickness of 10 nm was de-
posited on the insulated AIN at room temperature. Spherical
aberration-corrected STEM (FEI Titan Cubed Themis G2 60-300)
was used to determine the atomic arrangement of the III-nitride/
graphene interface. The STEM samples were prepared by a
focused ion beam system (Thermo Fisher Scientific, Helios G4
UX). For planar STEM measurements, 60 nm thick lamellas were
extracted from the near intermediate region of the 500 nm thick
AIN film. In planar HAADF-STEM images (Fig. 5C), the contrast
generated by off-axis grains is different from that generated by on-
axis grains due to channeling effects (53). XRD measurements were
performed by an X'Pert3 MRD system using a Cu Kal x-ray source.
Here, for quasi-van der Waals epitaxial III-nitride films (Fig. 4 and
figs. S16 to S18) and GaN films obtained by ELOG (fig. S14), the
sample needs to be cut before XRD testing to remove the regions
without graphene. To eliminate the interference of other growth
paths as much as possible, the stripped remote epitaxial films are
tested by XRD (fig. S13).
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