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The successful growth of non–van der Waals (vdW) group-III nitride epilayers on vdW substrates not
only opens an unprecedented opportunity to obtain high-quality semiconductor thinfilm but also raises a
strong debate for its growth mechanism. Here, combining multiscale computational approaches and
experimental characterization, we propose that the growth of a nitride epilayer on a vdW substrate, e.g.,
AlN on graphene, may belong to a previously unknown model, named hybrid vdW epitaxy (HVE).
Atomic-scale simulations demonstrate that a unique interfacial hybrid-vdW interaction can be created
between AlN and graphene, and, consequently, a first-principles-based continuum growth model is
developed to capture the unusual features of HVE. Surprisingly, it is revealed that the in-plane and out-of-
plane growth are strongly correlated in HVE, which is absent in existing growth models. The concept of
HVE is confirmed by our experimental measurements, presenting a new growth mechanism beyond the
current category of material growth.
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Introduction—The ability to epitaxially grow large-scale
crystalline thinfilm is not only critical to explore the intrinsic
electronic and optoelectronic properties ofmaterials, but also
holds great promise for devicemanufacturing in the industry.
In particular, tremendous efforts have been made to grow
high-quality group-III nitride thinfilms [1–12], which are
important candidates for developing advanced electronic and
optoelectronic devices in the postsilicon age [13–18]. In
parallel with the rapid experimental progress, significant
interest has been made to understand the growth mechanism
or optimize the growth model, to achieve epitaxial thinfilms
with better quality and larger size [5–12].
The traditional models for thinfilm growth can be

classified based on the principles of wetting or nonwetting
[19,20], which are mainly determined by the binding
energy (Ebinding) between substrate and epilayer. For
example, when the lattice mismatch between the epilayer
and substrate is sufficiently small [Fig. 1(a)], the Ebinding is
negative and will increase (i.e., more negative) with the
increased epilayer area size [Fig. 1(e)]. It means that the
film first wets the substrate along the in-plane direction and

then grows in a layer-by-layer style [Fig. 1(a)], denoted as
the Frank-van der Merwe (FV) model [20–22]. Oppositely,
when the lattice mismatch between epilayer and substrate is
sufficiently large [Fig. 1(b)], the film cannot wet the
substrate and, consequently, the 3D islands instead of a
continuous thinfilm will be formed. In this situation, the
Ebinding that is positive will increase (i.e., more positive)
with the increased size [Fig. 1(e)], denoted as the Volmer-
Weber (VW) model [19,20,23]. In reality, an intermediate
case may exist between the FVand VWmodels, denoted as
the Stranski-Krastanow (SK) model [Fig. 1(c)] [20,24], in
which the trend of Ebinding is similar to that of the FV one
but with a smaller slope [Fig. 1(e)], indicating a lesser
wetting effect. Consequently, the thinfilm will grow in the
FV model at a smaller thickness but transfer to the VW
model at a larger thickness [25,26]. Overall, as shown in
Fig. 1(f), the existing models grow along either the in-plane
or out-of-plane direction, i.e., the size (L) and the thickness
(h) of the epilayer is always decoupled during growth.
Recently, intensive interest has arisen to develop a new

type of growth mediated by the weak interfacial van der
Waals (vdW) interaction, denoted as the vdW epitaxy (VE)
[27–30], in which the requirement of a lattice match is lifted.
Inspired by the VEmodel, the epitaxial growth of nitrides or
halides on 2D substrates (e.g., graphene [4–12] or h-BN
[2,12]) is proposed, opening a new door toward growing a
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high-quality non-vdW system on a vdW substrate. However,
its growthmechanism raises great controversies:While some
believe it belongs to the VE-like model with weak interfacial
interaction [5–8], others believe it is an FV-like model with
much stronger chemical bonding [10,11]. It is urgent to
clarify the microscopic mechanism if people want to extend
this new approach to grow many other thinfilms.
Here, combining multiscale simulations and experimen-

tal synthesis (see all the details in Method in the
Supplemental Material [31]), surprisingly, we conclude
that the growth of group-III nitride on a 2D substrate
belongs to a previously unknown mode, denoted as hybrid
vdW epitaxy (HVE). As shown in Fig. 1(d), due to the
chemical inertness of 2D materials, the chemical bonds
between the central area of nitride thinfilm and the 2D
material will spontaneously break, leaving the bonds solely
at the corners during growth. Consequently, an interfacial
hybrid-vdW interaction can be formed, playing a key role
in forming the HVE. Owing to this unique hybrid-vdW
interaction, the deposit can effectively wet the substrate
without a lattice match requirement [Fig. 1(d)]. Meanwhile,
since the vdW gap leaves the high unsaturation of a non-
vdW epilayer, the growth tendency in the out-of-plane
direction is significantly larger than that of the FV or VE
model. As a result, the growth in plane and out of plane
occurs simultaneously. The L and h of the epilayer are
strongly correlated in the HVE model, different from the
existing models [Fig. 1(f)].
First epilayer growth—We select AlN grown on gra-

phene with the (0001) surface as a representative case to

demonstrate the HVE model. For the standard growth
process, the steps of adatom adsorption-diffusion, nucle-
ation, and growth have been extensively studied (the details
of first epilayer growth can be found in Figs. S1-S13 of
Sec. I in the Supplemental Material [31]). Overall, for the
first epilayer, the shape of growth island is determined by
the symmetry: When the symmetry of the substrate
(graphene) and epilayer [AlN(0001) plane] is C6v and
C3v, respectively, the shape of the epilayer will satisfy the
C3v symmetry [32]. Interestingly, the formation energy of
the N-terminated zigzag edge (N ZE) (∼3.71 eV=atom) is
significantly larger than that of the Al-terminated zigzag
edge (Al ZE) (∼0.62 eV=atom), indicating that, for the first
epilayer, the island with Al ZE prefers to form during
growth (Fig. S7 in the Supplemental Material [31]). As
shown in Fig. 2(a), to reveal the growth mechanism of
HVE, a triangular island with Al ZE is performed to capture
the major features.
During the in-plane growth, owing to the chemical

inertness of a graphene surface, the chemical bonds
between the central area of nitride thinfilm and graphene
will spontaneously break, and only the N atoms at the
corner of an AlN island can form chemical bonds with the
substrate [Fig. 2(a)], no matter what size of the island
[Fig. 2(b)]. Except for these corner N atoms, there is a vdW
gap with a distance of about 3 Å in the central region
between first epilayer and graphene, forming an interesting
hybrid-vdW interaction [Fig. 2(b)]. This can effectively lift
the requirement of the lattice match between the AlN

FIG. 1. Different growth models. (a) FV model. (b) VW model. (c) SK model. (d) HVE model. L and h indicate the edge length and
thickness of growth islands, respectively. (e) Growth phase diagram as a function of Ebinding (binding energy between substrate and
epilayer) and L2 (epilayer area size). FV, VW, SK, and HVE models are formed under different interfacial interactions. (f) Relationship
between L and h for different growth models. In the FV model, the values of island size L and height h are adopted from CoO grown on
MgO(100) at 673 K [21]. In the VW model, the values of columnar length Lcol and height h are adopted from Ni grown on Si(100) at
300 K [23]. In the SK model, the values of island size Lisland and height h are adopted from Ge grown on Si(100) at 600 K [24]. In the
HVE model, the values of in-plane size L and height h are adopted from AlN grown on graphene. We note that it is more convenient for
the VW model to be characterized by the formation of columnar structures. In the SK model, the increase of h may also affect the L of
initial layers, as a result of the strain relaxation effect, which is not shown here.
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epilayer and graphene. The imbalanced stress occurs solely
at the corner site and will not increase as the island becomes
larger, i.e., this stress can be treated as a constant.
Consequently, to reveal the growth mechanism, we can
construct a continuum model to calculate the island
formation energy ΔG, which can be written as

ΔG ¼ Eedge−surface þ Eelastic þ Ebinding; ð1Þ

where Eedge−surface is the energy cost for forming the edge
(surface) for the 2D (3D) case. Eelastic is the interaction
energy induced by elastic forces on the edge or surface,
including the interaction between point forces and force
monopoles. Ebinding is the energy for binding the epilayer to
the substrate, which plays a critical role to distinguish
different growth models.
For HVE growth, the Ebinding can be written as a constant

for approximation [Fig. 1(e)]. Based on the formula

derivation (see details in Method in the Supplemental
Material [31]), we can obtain the formation energy of
the first epilayer per area for the HVE model as

ΔG
S

¼ 1

L

�
C1 − C2 ln

L
ea0

þ C3

L

�
; ð2Þ

where C1, C2, and C3 are constants related to Young’s
modulus, the Poisson ratio, edge energy, and energy cost by
stress in the corners. L is the length of the island, and a0 is
the cutoff length below which the continuum theory is no
longer suitable [42]. The parameters in Eq. (2) can be fitted
by the density functional theory (DFT) calculations (see
Table S1 in the Supplemental Material [31]). As shown in
Fig. 2(c), L shows a good linearity with the number of AlN
hexagonal rings, indicating that the growth island has the
same triangular shape with the increase of size. Meanwhile,
the additional DFT-calculated values for L and ðΔG=SÞ also
well verify the model. As shown in Fig. 2(d), when ðΔG=SÞ
reduces to zero, the L0 is solved to be 32.37 Å. This means
that when L < L0, the process of nucleation costs energy;
whenL > L0, the islandwill grow irreversibly. Interestingly,
when the length reaches Lmin ¼ 89.57 Å, the ðΔG=SÞ
reaches a minimum, which indicates that the island will
be energetically most favorable. WhenL is further increased
to about 1 mm (Fig. S11 in the Supplemental Material [31]),
ðΔG=SÞ is close to zero again, which means that the first
epilayer canbegrownas large as 1mm. Inpractice, the size of
islands can be controlled by specific growth conditions
(Fig. S12 in the Supplemental Material [31]).
For comparison, we also select the homogeneous AlN

epilayer on AlN(0001) and heterogeneous AlN epilayer on
Al2O3ð0001Þ to simulate the FV and VW models, respec-
tively (Fig. S13 in the Supplemental Material [31]). In these
simulations, the major difference of ðΔG=SÞ comes from
the Ebinding term in Eq. (1), Ebinding ¼ αL2, where α is the
binding coefficient. For the FV model, the AlN epilayer is
strong bonded with the AlN(0001) substrate, leading to a
large negative binding coefficient α ¼ −0.124 eV=Å2.
Therefore, when the size of the epilayer increases,
ðΔG=SÞ is always negative, preferring an in-plane growth
[Fig. 2(d)]. However, for the VW model, there is a large
lattice mismatch (about 20%) between AlN epilayer growth
and Al2O3ð0001Þ substratec, which leads to a positive
binding coefficient, α ¼ 0.023 eV=Å2. As a result,
ðΔG=SÞ is always positive, which means in-plane growth
is energetically unfavorable [Fig. 2(d)]. Consequently, the
3D islands instead of a continuous thinfilm will be formed.
Out-of-plane growth—Since the vdW gap leaves a

high unsaturation (free bonds at the center of island) of
the non-vdW epilayer, the growth tendency in the out-of-
plane direction is significantly larger than that of the FVor
VE model. While the free bonds at the center of the island
mainly affect the growth of subsequent layers, the excess
charge at the corners will influence the island-substrate

FIG. 2. First epilayer growth. (a) Structure of Al-terminated
triangular AlN island on graphene, formed by five AlN hexagonal
ring (hr AlN) along the edge (Fig. S10 in the Supplemental
Material [31]). Shadowed regions indicate the formation of
chemical bonds between AlN and graphene around the corner
sites. (b) Top to bottom: side views of AlN islands with edge
lengths of 4, 5, and 6 hr AlN rings during in-plane growth,
respectively. (c) Edge length as a function of hr AlN (green) and
formation energy per area as a function of edge length for the first
AlN epilayer (orange). Orange squares and green circles are DFT-
calculated results, which are used to fit the continuum model
(dashed lines). Purple pentagons and purple triangles are calcu-
lated by DFT to verify our fitted model. (d) Formation energy per
area for the first epilayer as a function of island size for HVE, FV,
and VW models, which are simulated by triangular epilayers on
graphene, AlN(0001) and Al2O3ð0001Þ surfaces, respectively.
Formation energy of AlN along the out-of-plane direction in
HVE (Ec;HVE) and FV (Ec;FV) models is also plotted here for
comparison.
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interaction. To reveal the process of the growth in the out-
of-plane direction, the steps of adatom climbing, diffusion,
nucleation, and growth along the out-of-plane direction
have also been extensively investigated (the details of out-
of-plane growth can be found in Figs. S14-S19 of Sec. II in
the Supplemental Material [31]). The calculated out-of-
plane formation energy (Ec) for AlN is −0.013 eV=Å2 and
−0.124 eV=Å2 in HVE and FV growth, respectively. As
shown in Fig. 2(d), the values of out-of-plane and in-plane
formation energy are very comparable in the HVE model,
indicating that growth can be carried out along both
directions simultaneously. Meanwhile, the small energy
barriers of adatom climbing from underneath the graphene
to the first epilayer and diffusion on the epilayer make the
out-of-plane growth kinetically favorable (Fig. S14 in the
Supplemental Material [31]). On the other hand, for the FV
model, because ðΔG=SÞ is always much lower than that of
out-of-plane Ec;FV, the in-plane growth is always more
energetically favorable.
While the shape of the first epilayer on the graphene is

triangular, interestingly, it converts to hexagonal starting
from the second epilayer (Fig. S17 in the Supplemental
Material [31]). This is mainly because the N ZEs that are
energetically unstable in the first AlN epilayer become
stable in the second AlN epilayer. The shape and size of the
second epilayer can be determined by Wulff construction
[43,44]. The energy cost in the HVE model mainly comes
from the stress in the corners, and the out-of-plane growth
is largely independent of the interaction of substrate. In
particular, the edge length and number of epilayers in the
[0001] direction with the optimal state can be solved and
written as

ΔG ¼ ð3aEa þ 3bEbÞnh þ ðnh − 1ÞSEc; ð3Þ

where Ea and Eb are the edge/surface energy of Al ZEs and
N ZEs per area and layer, respectively. a and b are the edge
lengths of these two kinds of edges, satisfying aþ 2b ¼ L.
The aspect ratio R can be defined as b=a, which is related to
the shape of the island. nh is the number of epilayers in out
of plane, which is related to the thickness as h ¼ nh × c (c
is the distance between epilayers). S and Ec are the area of
the hexagonal epilayers and interlayer binding energy per
area per layer between the two epilayers, respectively.
When the formation energy reaches the minimum, the
following equations should be satisfied: ð∂ΔG=∂aÞ ¼ 0
and ð∂ΔG=∂hÞ ¼ 0. For a given deposition area-volume
V ¼ hSðL;RÞ ¼ constant, a can be solved by the equation

3asðEa − 2EbÞV
−3a2s þ L2

þ 3EbLV
−3a2s þ L2

−
3

ffiffiffi
3

p

4
a2sEc

�
−1þ V

−3a2s þ L2

�
þ

ffiffiffi
3

p

4
L2Ec

�
−1þ V

−3a2s þ L2

�
¼ 0; ð4Þ

where as indicates the energetically favorable edge length
of Al ZE (see Method for details in the Supplemental
Material [31]). The model for the growth in the [0001]
direction is fitted with our DFT-calculated results well
(Fig. S18 in the Supplemental Material [31]). Interestingly,
as shown in Figs. 3(a) and 3(b), at different V, the formation
energy is strongly dependent on L and R, which means that
the in-plane and out-of-plane growth are strongly corre-
lated. For a given V, we can obtain the energetically
favorable hmin, Lmin, and Rmin. Importantly, at different
growth stages with different V, Eqs. (3) and (4) will give
rise to different hmin, Lmin, and Rmin. For example, at the
initial growth stage with small V [Fig. 3(a)], the Lmin ¼
22.9 Å and Rmin ¼ 1.00 (i.e., 3=3); however, at a later
growth stage with large V [Fig. 3(b)], Lmin is greatly
enlarged to 875.0 Å and Rmin is reduced to 0.6, indicating a
shape change. The change of shape R mainly results from

the difference of interlayer binding energy in the out-of-
plane direction, which is related to the deposition volume V
(Fig. S19 in the Supplemental Material [31]). Again, the
unusual growth feature, the strong correlation between L
and h, mainly comes from the specific interfacial binding
energy. We note that the potential distortions, i.e., structural
distortion or defects, in the lower layers of AlN might
influence the out-of-plane growth, altering the L and h
curves; however, the HVE model developed here could be
general and valid.
Experimental verification—To confirm our proposed

HVE model, we have performed experimental measure-
ments on the AlN island grown on graphene. First, the
single-crystalline graphene was grown by chemical vapor
deposition and then transferred to the SiO2=Si substrates.
Second, the graphene=SiO2=Si templates were loaded to a
MOCVD reactor for the growth of AlN nuclei (more details

(a) (b)

FIG. 3. Out-of-plane growth. Model-calculated formation en-
ergy as a function of both R and L at the deposition volumes of
(a) V ¼ 6 × 102 arb. units and (b) V ¼ 1.5 × 108 arb. units for
thin and thick AlN epilayers, respectively. Insets show the
enlarged area around the minimum of ΔG.
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can be found in Method and Sec. III in the Supplemental
Material [31]). Both the atomically resolved annular bright-
field scanning transmission electron microscopy image and
the atomically resolved STEM image of the AlN nuclei
indicate that the AlN nuclei show a good single crystalline
(Fig. S20 in the Supplemental Material [31]).
For all time points (from 4 s to 10 min), the in-plane edge

length and thickness in the [0001] direction are measured by
using atomic forcemicroscopy (AFM), as shown in Fig. 4(a).
Scanning electron microscopy (SEM) is used to investigate
the evolution of the surface morphology and aspect ratios of
N ZEs and Al ZEs under three different growth times (1, 3,
and 10 min), as shown in Fig. 4(b) (i to iii), respectively.
Furthermore, a statistical analysis of the relationship between
h, L, and R for these islands can be obtained, as plotted in
Fig. 4(c) (i to iii), (Figs. S21, S22 in the Supplemental
Material [31]). Consequently, the relationship betweenL and
h and betweenL andR can be plotted, as shown in Figs. 4(d)
and 4(e), respectively. In general, these data can bewell fitted
by our model in Eq. (4). For example, for the in-plane L
between 20 and 140 nm, the [0001] thickness h almost
linearly depends on the L [Fig. 4(d)]. The islands of the
highest frequency have an aspect ratio of about 0.6 for almost
all time points, which agrees with the value (about 0.61)
determined by our theoretical model [Fig. 4(e)]. Again, these
available experimental data support the key feature of the
HVEmodel, that is, the in-plane and out-of-plane growth are
strongly correlated.

Outlook and summary—We note that whereas the
development of the HVE model in the present study is
mainly focused on the initial growth of an individual island,
another important process is the coalescence of islands
forming a continuous sheet. In the latter process, the
substrate below graphene may play a key role in forming
a continuous single-crystalline film but in a case-by-case
way [5–8]. Importantly, our HVE model may still be valid
in consideration of the island coalescence (see Figs. S23
and S24 of Sec. VI in the Supplemental Material [31]). In
addition, we find that the HVE model can also be applied to
describe other similar systems, such as GaN grown on
h-BN (see Fig. S25 of Sec. V in the Supplemental Material
[31]). Interestingly, since the Ea, Eb, and Ec in the HVE
model may be tunable for different non-vdW-vdW systems,
our study provides a way to control the L and h and R
relationship for diverse device applications.
In summary, we propose that the growth of a nitride

epilayer on a vdW substrate belongs to the HVE model.
The atomic-scale simulations demonstrate a unique inter-
facial hybrid-vdW interaction that can be created between
AlN and graphene, and, consequently, a first-principles-
based continuum growth model reveals that the in-plane
and out-of-plane growth is strongly correlated, which is
absent in the existing growth models. The concept of HVE
is further confirmed by our experimental measurements,
opening a new way to control the shape and thickness of
nitrides.
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