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To investigate the mechanism of remote epitaxy, where the overlayer can follow the same crystalline structure as
the underlying semiconductor substrate through a thin two-dimensional interlayer, we systematically study the potential
fluctuations of graphene covered Si, GaAs, and GaN substrates from first-principles. We find that the uneven semiconductor
surface, the distorted graphene, and the non-uniform interface charge transfer make significant contributions to the potential
fluctuation. The semiconductor substrate with different surface reconstructions and orientations will generate different
potential fluctuations through the graphene interlayer. We also calculate and compare the adsorption of adatoms on graphene
covered substrates. The adsorption energies of adatoms not only depend on their distances to the underlying semiconductor
surface, but are also sensitive to the direction of the charge transfer at the graphene/substrate interface. Changing the
semiconductor reconstruction or orientation could even reverse the order of the adsorption energies of cation and anion
adatoms by reversing the interface charge transfer direction, leading to a change in the growth orientation of the overlayer.
Our study improves the understanding of the mechanism of remote epitaxy, and reveals that it is possible to control the
initial nucleation and orientation of overlayers by changing the semiconductor reconstructions and/or orientations in remote
epitaxy.

Keywords: interface, adsorption, remote epitaxy, first-principles
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1. Introduction

Epitaxy growth has been widely used to produce high-
quality single-crystalline films or nanostructures required for
high-performance electronic and optoelectronic devices.[1–3]

In conventional epitaxy, strong covalent bonds are formed at
the interface between the substrate and the overlayer.[4,5] The
lattice mismatch in a heteroepitaxy system inevitably induces
crystalline defects such as dislocations in the overlayer above
a critical thickness, severely degrading the performance of the
devices.[6–8] Several methods have been developed to address
this problem in highly lattice-mismatched heteroepitaxy sys-
tems. However, pseudomorphic growth can avoid the forma-
tion of dislocations only in thin films.[9–11] Introducing buffer
layers or surfactants can lower the density of dislocations but
requires complicated processes.[6–8,12]

In recent years, van der Waals (vdW) epitaxy has at-
tracted considerable interest as a promising method to grow
high-quality three-dimensional (3D) materials by introducing
two-dimensional (2D) materials as an interlayer.[13–15] Due to
the absence of dangling bonds on the 2D material surface and
the weak vdW interaction at the interface, the requirement of
lattice match can be greatly released in vdW epitaxy.[13,15]

Various thin films with large lattice mismatch have been
successfully synthesized on 2D coated substrates.[15–19] Re-
cently, Kim et al. reported that the overlayer could follow

the crystalline structure of the underlying substrate since the
2D interlayer is transparent to the remote interactions be-
tween the substrate and the overlayer,[20] which is referred
to as remote epitaxy.[20,21] Remote epitaxy has been applied
to the growth of single crystalline GaAs,[20,21] nitrides,[22–26]

ZnO,[27–29] and other 3D materials.[30–33] These films show
good quality with small interface stress and low disloca-
tion densities compared to those synthesized by conventional
heteroepitaxy.[20,24] Moreover, the overlayer can be exfoli-
ated from the substrate, which is suitable for flexible de-
vice fabrication.[34,35] The fabricated devices exhibited com-
parable or even better performance than their conventional
counterparts.[20,25,26] Therefore, remote epitaxy via a 2D inter-
layer allows the growth of high-quality, strain-free, and flexi-
ble single crystalline films on various substrates.

However, the mechanism of remote epitaxy has not been
fully understood. Kong et al. explained remote epitaxy as the
transparency of the 2D interlayer to the potential generated by
the underlying substrates.[21] The potential fluctuations pene-
trating through the thin 2D interlayer can determine the favor-
able adsorption sites of the coming adatoms, the nucleation,
and the growth of the overlayer. Kong et al. demonstrated
that remote epitaxy can be governed by the polarities of the
2D interlayer and the substrate. Substrates with stronger po-
larities can generate a larger potential fluctuation through the
2D interlayer.[21] On the other hand, Jeong et al. attributed re-
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mote epitaxy to the interface charge transfer and the interface
dipole.[27,28] The interface charge transfer induces an interface
dipole and electric field, which can penetrate the thin 2D inter-
layer and attract adatoms. By combining experiments and cal-
culations, they showed that stronger interface interactions in-
duced stronger interface charge transfer, and thus the interface
dipole could penetrate through thicker graphene layers.[27,28]

However, the relationship between the potential fluctuation
and the interface charge transfer is unclear. The effects of
substrate reconstructions have not been considered in previous
studies. Moreover, the adsorption of adatoms at the initial nu-
cleation stage has not been systematically studied in detail.[21]

In this work, we systematically investigate the remote epi-
taxy of different semiconductor substrates (subs) covered by a
graphene (Gr) monolayer. We choose Si, GaAs, and GaN with
different polarities as substrates, and consider different sur-
face reconstructions and/or different orientations. We find that
the potential fluctuation of the Gr/sub compound substrates
highly depends on the structures of the semiconductor surface
and graphene. Flat substrate surfaces and a graphene mono-
layer generate relatively small potential fluctuation. Rough
surfaces generate large potential fluctuation. If the graphene
monolayer is distorted due to the interface interaction, it will
also make a remarkable contribution to the potential fluctu-
ation. In addition, the nonuniform interface charge transfer
will locally modify the potential distribution, further chang-
ing the potential fluctuation. We also study the adsorption of
adatoms on Gr/sub compound substrates. The adsorption en-
ergies of adatoms highly depend on the charge transfer at the
Gr/sub interface. Changing the reconstruction and orientation
of the semiconductor substrates can change the adsorption en-
ergies of cations and anions, or even reverse the sequence of
the adsorption energies. This will change the nucleation and
the growth orientation of the overlayer. Our studies provide
a better understanding of the mechanism of remote epitaxy,
and demonstrate that it is possible to control the nucleation
and orientation of overlayers by changing the semiconductor
substrates in remote epitaxy.

2. Computational methods
Our first-principles calculations based on density func-

tional theory are performed using the Vienna ab initio simu-
lation package (VASP).[36] We adopt the projector-augmented
wave potential (PAW)[37] and the generalized-gradient ap-
proximation of Perdew–Burke–Ernzerhof (PBE)[38] for the
exchange–correlation functional. The energy cutoff of the
plane wave basis set is 400 eV. All surfaces are modeled using
thick slabs of six (for GaAs and GaN) or eight (for Si) bilay-
ers with the bottom passivated by pseudohydrogen atoms. To
minimize the in-plane strain in graphene, the Si(001) 2× 2,

GaAs(001) 4×2, and GaN(1010) 2×4 surface cells are cho-
sen to match the 3× 2, 6× 2, and 4× 3 rectangular unit cells
of graphene, respectively, while the 3×3 surface cells of both
GaN(0001) and GaN(0001) are matched to the 4×4 unit cell
of graphene. A vacuum layer larger than 15 Å thick is intro-
duced along the surface normal direction (z direction) to avoid
unphysical interactions between images. The first Brillouin
zone is sampled with a 12×12×12 Monkhorst–Pack[39] grid
for bulk semiconductors. A similar k-point density in the xy
plane is used for the surface and interface calculations. All the
systems are fully relaxed until the Hellmann–Feynman forces
on each atom are less than 0.01 eV/Å. The DFT-D3 method
is adopted to calculate the vdW interactions.[40] Dipole cor-
rection along the z direction is also considered in this work.
The calculated lattice constants for zinc-blende Si and GaAs
are 5.41 Å and 5.63 Å, respectively. The lattice constants for
wurtzite GaN are a = 3.21 Å and b = 5.24 Å. All the structure
parameters are in good agreement with previous theoretical
and experimental results.[41–44]

3. Results and discussion
3.1. Gr/Si(001) compound substrates

First, we study the remote epitaxy of the graphene cov-
ered Si(001) surface as a prototype of non-polar substrates. We
consider the Si(001)-(1× 1) truncated surface and (2× 1) re-
constructed surface to investigate the effects of surface recon-
structions. The optimized configurations of the two Gr/Si(001)
interfaces are shown in Figs. 1(a) and 1(b). The Si(001)-
(1×1) truncated surface is unstable, since each surface Si dan-
gling bond is unsaturated and reactive. The distance between
graphene and the surface Si atoms is 3.55 Å, in good agree-
ment with previous calculations of 3.5 Å.[21] The Si(001)-
(2× 1) reconstructed surface is one of the stable reconstruc-
tions due to the formation of asymmetric Si–Si dimers.[45] On
the (2×1) reconstructed surface, the distances from graphene
to the higher and lower surface Si atoms are 3.38 Å and 3.99 Å,
respectively. The large interface distances indicate weak vdW
interactions between graphene and the Si(001) surface, regard-
less of the surface reconstructions. We compare the interface
interactions per area of the two systems, which are calculated
using

Einterf = (EGr/sub −Esub −EGr)/A. (1)

Here, EGr/sub, Esub, and EGr are the energies of the Gr/sub
compound substrate, the isolated semiconductor substrate,
and the isolated graphene monolayer, respectively, and A is
the inplane area of the supercell. The interface interactions
are calculated to be −14.28 meV/Å2 and −11.26 meV/Å2

for Gr/Si(001)-(1 × 1) and Gr/Si(001)-(2 × 1), respectively.
Clearly, the unstable (1× 1) truncated surface has a stronger
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interaction with graphene than the stable (2×1) reconstructed
surface.

To further analyze the interface interaction, we plot the
difference charge densities of the two Gr/Si(001) interfaces in
Fig. 1(b). The difference charge density ∆ρ is defined as

∆ρ = ρGr/sub −ρsub −ρGr, (2)

where ρGr/sub, ρsub, and ρGr are the charge densities of the
Gr/sub compound substrate, the semiconductor substrate, and
the graphene monolayer in frozen coordinates, respectively.
The yellow and cyan colors denote electron accumulation and
depletion, respectively. We can clearly see that electrons trans-
fer from graphene to the Si(001) surface at both interfaces. On
the (1×1) truncated surface, each surface Si atom gains elec-
trons from graphene. The charge depletion on graphene is al-
most uniform around 0.003 e/atom–0.006 e/atom from Bader
analysis.[46] On the (2× 1) reconstructed surface, the charge
redistribution is mainly localized near the higher surface Si
atoms, with a maximum electron depletion of 0.002 e/atom
on graphene. The weaker charge transfer is consistent with
the weaker interface interaction in Gr/Si(001)-(2 × 1) than
Gr/Si(001)-(1×1), as discussed above.

In previous studies, Kong et al. explained remote epitaxy
as a result of the electrostatic potential fluctuations from the
substrate penetrating through graphene,[21] whereas Jeong et
al. argued that the Gr/sub interface charge transfer and the in-
duced interface dipole generate a strong potential field through
graphene, leading to remote epitaxy.[27,28] Here, we find that
a stronger interface charge transfer does not always generate
a larger potential fluctuation. Figure 1(c) shows the poten-
tial fluctuations on a plane 3 Å above the graphene mono-
layer for the two systems. Although the interface interaction of
Gr/Si(001)-(1×1) is stronger, the potential fluctuation is only
19.25 meV. In contrast, Gr/Si(001)-(2×1) has a larger poten-
tial fluctuation of 39.85 meV. The potential of the Gr/Si com-
pound substrate can be decomposed into three contributions:
the isolated graphene, the isolated Si substrate, and the inter-
face charge redistribution. The former two contributions can
be readily calculated from frozen coordinates. In Gr/Si(001)-
(1× 1), the isolated flat graphene monolayer and the isolated
smooth surface generate potentials with small fluctuations of
13.77 meV and 10.49 meV (Fig. S1 in the supplementary in-
formation), respectively. The sum of the potentials of isolated
graphene and isolated substrate (denoted as Gr+ Si) is also
uniform, with a fluctuation of 19.33 meV. Besides, the uni-
form interface charge transfer can be considered as a dipole
layer, which induces a uniform shift of the potential, and thus
has little effect on the potential fluctuation. As a result, the dis-
tribution of the potential sum is almost the same as that of the
compound substrate (red and blue lines in Fig. 1(d)). There-
fore, the potential fluctuation on Gr/Si(001)-(1 × 1) mainly

originates from the Si(001)-(1× 1) surface and the graphene
monolayer.

(a)

(b)

(c)

(d)

GrSi(001)-(1×1) GrSi(001)-(2×1)

Fig. 1. (a) Top views of the Gr/Si(001)-(1×1) and Gr/Si(001)-(2×1) in-
terfaces. The brown and gray balls represent Si and C atoms, respectively.
(b) Difference charge densities of the two interfaces. The isosurface value
is 0.0005 e/Bohr3. (c) Potential fluctuation maps of the two interfaces.
(d) Potential fluctuations of the isolated graphene Gr, isolated substrate
Si, potential sum Gr+Si, and compound substrate Gr/Si along the black
dashed lines in (c).

In Gr/Si(001)-(2× 1), the uneven Si(001)-(2× 1) recon-
structed surface generates a non-uniform potential with a large
fluctuation of 31.87 meV (Fig. S1 in the supplementary infor-
mation), where the potential above the high Si atom is much
higher than that between the dimer rows (Fig. 1(d)). The
potential fluctuation of the isolated graphene is 19.76 meV,
and the potential sum Gr+Si has a fluctuation of 44.43 meV.
However, the potential fluctuation of the Gr/Si(001)-(2 × 1)
compound substrate is slightly smaller (39.85 meV). The dif-
ference can be attributed to the non-uniform interface charge
transfer. As discussed before, the interface charge trans-
fer is mainly localized above the higher surface Si atoms in
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Gr/Si(001)-(2× 1). The non-uniform electron transfer from
graphene to the substrate induces a localized upward interface
dipole, locally decreasing the potential above the higher Si
atoms, as seen from the difference between the red and blue
lines above the higher Si atoms in Fig. 1(d). Therefore, the
potential fluctuation of the Gr/Si(001)-(2×1) compound sub-
strate is slightly smaller than the potential sum Gr+Si. This
example demonstrates that the non-uniform interface charge
transfer could also contribute to the potential fluctuation.

3.2. Gr/GaAs(001) compound substrates

We next study the polar GaAs(001) substrates covered
by a graphene monolayer. We consider the As-terminated
GaAs(001)-(1×1) truncated surface, β (2×4), and β2(2×4)
reconstructed surfaces. The (1×1) truncated surface is smooth

but unstable with unsaturated dangling bonds. As shown in
the left panel of Figs. 2(a) and 2(b), the graphene monolayer is
flat with a distance of 3.55 Å to the surface. The interface
interaction is −15.35 meV/Å2. The isolated graphene and
GaAs surface generate uniform potentials with small fluctu-
ations of 13.86 meV and 8.98 meV, respectively (Fig. S2 in
the supplementary information). As shown in Fig. 2(b), the
charge transfer from graphene to the truncated surface is uni-
form, with a charge depletion of 0.001 e/atom on graphene.
The uniform interface charger transfer has little effect on the
potential fluctuation. Therefore, the potential fluctuation of
the Gr/GaAs(001)-(1× 1) compound substrate is 19.31 meV
(Fig. 2(c)), very close to the potential sum Gr + GaAs, as
shown in Fig. 2(d).

Gr/GaAs(001)-(1×1) Gr/GaAs(001)-β(2×4) Gr/GaAs(001)-β2(2×4)

(a)

(b)

(c)

(d)

Fig. 2. (a) Top views of the Gr/GaAs(001)-(1× 1), Gr/GaAs(001)-β (2× 4), and Gr/GaAs(001)-β2(2× 4) interfaces. The pink, light blue,
and gray balls represent Ga, As, and C atoms, respectively. (b) Difference charge densities of the three interfaces. The isosurface value is
0.0002 e/Bohr3. (c) Potential fluctuation maps of the three interfaces. (d) Potential fluctuations of the isolated graphene Gr, isolated substrate
GaAs, potential sum Gr + GaAs, and compound substrate Gr/GaAs along the black dashed lines in panel (c).

GaAs(001)-β (2×4) and β2(2×4) are stable reconstruc-
tions with three and two As–As surface dimers per (2 × 4)
surface cell, respectively.[47,48] As shown in Fig. 2(b), the
graphene layers on the two reconstructed surfaces are distorted
due to the uneven surface morphology. The average heights
from graphene to the surfaces are around 3.4 Å, with weak in-
terface interactions of −15.00 meV/Å2 and −12.33 meV/Å2

on β (2×4) and β2(2×4), respectively. On both surfaces, the
interface charge transfer is mainly localized above the As–As
dimers, with negligible charge redistribution above the trench.
Although the interface interactions are slightly smaller than
Gr/GaAs(001)-(1× 1), the potential fluctuations on these two
Gr/GaAs reconstructed substrates are much larger. The un-
even GaAs(001)-β (2× 4) surface generates a high potential
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above the As–As dimers (in the middle region along the y
direction) and a low potential above the trench, with a large
fluctuation of 102.24 meV (Fig. S2 in the supplementary in-
formation). The distorted graphene also generates a sizeable
potential fluctuation of 64.05 meV with a high potential in the
middle region along the x direction. Therefore, the potential
sum Gr+GaAs is high near the center and low near the edge
of the surface cell (red line in Fig. 2(d)), with a large fluctua-
tion of 151.88 meV. Moreover, the interface charge transfer is
relatively strong. The C atoms above the As–As dimers lose
electrons about 0.002 e/atom–0.004 e/atom, while the As–As
dimers gain electrons about 0.005 e/atom. The localized inter-
face charge transfer significantly lowers the potentials above
the As-As dimers, leading to the large difference between
the blue and red lines near the center region, as shown in
Fig. 2(d). The differences become minimal above the trench,
where the interface charge transfer is negligible. As a result,
the potential fluctuation of GaAs(001)-β (2×4) is 88.72 meV,
much smaller than that of the potential sum Gr+GaAs. With
one less As–As dimer, the isolated GaAs(001)-β2(2× 4) sur-
face generates smaller potential fluctuation, and the interface
charge transfer is weaker. Therefore, the potential fluctuation
on Gr/GaAs(001)-β2(2×4) is 83.63 meV, smaller than that on
Gr/GaAs(001)-β (2×4).

From the above results, we can conclude that the uneven
substrate, the distorted graphene monolayer, and the strong
localized interface charge transfer all significantly contribute
to the potential fluctuation. The graphene configuration and
the interface charge transfer depend on the substrate struc-
tures. Therefore, changing the substrate reconstructions could
change the graphene configuration as well as the interface
charge transfer, and would significantly influence the poten-
tial fluctuation and the remote epitaxy effect.

3.3. Gr/GaN compound substrates

A GaN substrate with higher polarity has been reported
to show a stronger remote epitaxy effect.[21] Here, we study
the N-terminated (0001), Ga-terminated (0001), and the non-
polar (1010) surfaces covered by a graphene monolayer.
Three reconstructions are considered for the (0001) surface,
as shown in Figs. 3(a) and 3(b). The interface with graphene
on the (0001) truncated surface is denoted as Gr/GaN(0001)-
(1× 1). The distance between graphene and the topmost N
layer is 3.19 Å. The interface interaction is −29.75 meV/Å2,
larger than those of graphene on Si(001) and GaAs(001)
truncated surfaces. This indicates that the interface interac-
tion might depend on the polarity of the substrate.[21] One
stable reconstruction of GaN(0001) has an additional sur-
face Ga adlayer,[49] and is denoted as GaN(0001)-(1 × 1)-
Ga here. The interface distance between graphene and the
Ga adlayer is 3.62 Å, leading to a weak interface interac-

tion of −16.92 meV/Å2. Another stable reconstruction is
GaN(0001)-(3×3), with one more Ga atom per (3×3) surface
cell.[49,50] The distance between graphene and the Ga adlayer
is 3.61 Å, similar to Gr/GaN(0001)-(1×1)-Ga. However, the
nearest distance from the topmost Ga atom to the C atoms is
2.65 Å, strengthening the interface interaction. As a result, the
interface interaction is −19.18 meV/Å2, slightly stronger than
Gr/GaN(0001)-(1×1)-Ga.

The difference charge densities in Fig. 3(b) indicate
that electrons are mainly transferred from graphene to the
GaN(0001) surface, as determined by the polarity of the
anion-terminated substrate. The charge transfer at the
Gr/GaN(0001)-(1×1) interface is substantial due to the strong
interface interaction. Both the first and second GaN bilayers
gain electrons from graphene. The charge transfer is much
weaker but still uniform at the Gr/GaN(0001)-(1×1)-Ga inter-
face. On the GaN(0001)-(3× 3) surface, the interface charge
transfer is slightly non-uniform. The Ga adlayer still obtains
electrons from graphene, while the topmost Ga atom loses
electrons to graphene.

The potential fluctuations on the three Gr/GaN(0001)
compound substrates are shown in Fig. 3(c). Although
the interface interactions of Gr/GaN(0001)-(1 × 1) and
Gr/GaN(0001)-(1× 1)-Ga are different, the potential fluctu-
ations are calculated to be 25.96 meV and 28.05 meV, re-
spectively, very similar to each other. Detailed calculations
show that the flat GaN substrate and flat graphene of the two
systems generate uniform potentials with similar fluctuations
(Fig. S3 in the supplementary information), and the uniform
interface charge transfer has little effect on the potential fluc-
tuations. As a result, the potential fluctuations of the two com-
pound substrates are close to each other, and very similar to
their respective potential sum Gr+GaN (see the blue and red
lines in Fig. 3(d)). In contrast, the potential distribution above
Gr/GaN(0001)-(3 × 3) is non-uniform, with a large fluctua-
tion of 93.31 meV. The potential of the isolated GaN(00001)-
(3×3) surface with a dip near the topmost Ga atom has a sig-
nificant fluctuation of 90.70 meV and is the major contribu-
tor (Fig. 3(d) and Fig. S3 in the supplementary information).
The isolated graphene monolayer generates a potential fluc-
tuation of 19.84 meV. And the interface charge transfer only
slightly influences the potential distribution above the topmost
Ga atom.

The potential fluctuation also depends on the orienta-
tion of the substrate. We calculate the interface between
graphene and the Ga-terminated GaN(0001) truncated sur-
face. As shown in the right panel of Fig. 3(b), both the
graphene monolayer and the surface Ga layer are distorted.
A few C atoms shift down and bond to the surface Ga atoms
with a bond length around 2.20 Å, resulting in a strong in-
terface interaction. The average distance between graphene
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and the surface Ga layer is 2.79 Å, and the interface in-
teraction is −32.13 meV/Å2, in good agreement with pre-
vious results of 2.78 Å and −28.6 meV/Å2.[28,29] The iso-
lated distorted graphene and GaN(0001) substrate generate
non-uniform potentials with large fluctuations of 68.83 meV
and 69.65 meV (Fig. S4 in the supplementary information),
respectively. The potential sum Gr + GaN also has a large
fluctuation of 120.98 meV, with low potentials near the cen-
ter of the supercell (the red line in Fig. 3(d)). However, the
strong interface interaction results in a significant and non-
uniform charge transfer, which can significantly influence the
potential distribution. As shown in Fig. 3(b), charge redistri-

bution is mainly localized around the interface C–Ga bonds
and the C atoms near the center of the supercell. Overall,
graphene obtains 1.76 e from the GaN(0001) surface. This
will induce a localized downward dipole near the center and
increase the nearby potentials. As a result, the low potential
near the center region is enhanced (between 3 Å–11 Å along
the long diagonal in Fig. 3(c)), and thus the potential fluctua-
tion of the Gr/GaN(0001) compound substrate is decreased to
72.42 meV. These results show that the inverse of the substrate
polarity could change the magnitude of the potential fluctua-
tion through graphene. The substrate orientation is one of the
key factors for remote epitaxy.

Gr/GaN(0001)-(1×1) Gr/GaN(0001)-(1×1)-Ga Gr/GaN(0001)-(3×3) Gr/GaN(0001)

Fig. 3. (a) Top views of the Gr/GaN(0001)-(1×1), Gr/GaN(0001)-(1×1)-Ga, Gr/GaN(0001)-(3×3), and Gr/GaN(0001) interfaces. The pink,
blue, and gray balls represent Ga, N, and C atoms, respectively. The red balls in GaN(0001)-(3× 3) represent the topmost surface Ga atoms.
(b) Difference charge densities of the four interfaces. The isosurface value is 0.0002 e/Bohr3 in Gr/GaN(0001) interfaces and 0.002 e/Bohr3

in Gr/GaN(0001). (c) Potential fluctuation maps of the four interfaces. (d) Potential fluctuations of the isolated graphene Gr, isolated substrate
GaN, potential sum Gr+GaN, and compound substrate Gr/GaN along the black dashed lines in panel (c).

We next study the remote epitaxy of the non-polar

GaN(1010) surface covered by graphene. As shown in

Figs. 4(a) and 4(b), graphene is flat on the surface with an

interlayer distance of 3.19 Å, leading to a weak vdW inter-

face interaction of −19.56 meV/Å2. We analyze the contri-

butions to the potential fluctuation in Gr/GaN(1010). The po-

tential fluctuations of the isolated flat graphene and the sub-

strate are 19.00 meV and 31.55 meV, respectively. The fluc-

tuation of the potential sum Gr+GaN is 40.61 meV (Fig. S5

in the supplementary information), very close to the fluctua-

tion of 41.71 meV of the Gr/GaN(1010) compound substrate

(Fig. 4(c)). Moreover, the potential distribution of the com-

pound substrate follows a similar pattern to the isolated sub-

strate, which is high above the surface N and low above the

surface Ga, as seen in Fig. 4(d). This indicates that the ma-

jor contributor to the potential fluctuation is the non-polar

substrate, whereas the interface charge transfer makes a mi-

nor contribution. Due to the different electron negativities
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of Ga and N atoms, the C atoms above Ga atoms gain elec-
trons, while those above N atoms lose electrons, as shown in
Fig. 4(b). This bidirectional charge transfer has also been re-
ported in a Gr/ZnO(1120) interface.[27] The z-component of
the resulting interface dipole is only 0.01 Debye/Å2, much
smaller than the other systems. Therefore, the interface charge
transfer has a small effect on the potential fluctuation. In
this case, we can see that the potential fluctuation from the
non-polar substrate could be large enough for remote epitaxy.
In a previous study, Jeong et al. grew ZnO[1120] nanorods
on a graphene covered ZnO(1120) substrate, where the ZnO
nanorods had the same lattice arrangements as the nonpolar
substrate.[27] Therefore, it is possible to change the orientation
of the overlayer in remote epitaxy by changing the orientation
of the underlying semiconductor substrates.

(meV)

(a) (c)

(b) (d)

Fig. 4. (a) Top view of the Gr/GaN(1010) interface. (b) Difference
charge densities of the Gr/GaN(1010) interface. Isosurface value is
0.0002 e/Bohr3. (c) Potential fluctuation map of the Gr/GaN(1010) in-
terface. (d) Potential fluctuations of the isolated graphene Gr, isolated
substrate GaN, potential sum Gr+GaN, and compound substrate Gr/GaN
along the black dashed line in panel (c).

4. Adsorption of adatoms
It is believed that the potential from the semiconductor

substrate can penetrate the graphene monolayer and influence
the adsorption of the coming adatoms, which is essential for
the nucleation and initial growth of the overlayer.[21,51] To
study the influence of the underlying substrate on the adsorp-
tion of adatoms, we compare the adsorption of Ga, As, and
N adatoms on isolated graphene and Gr/sub compound sub-
strates. The adsorption energy Ead of an adatom is defined as

Ead = Etot −Eatom −Esub, (3)

where Etot, Eatom, and Esub are the energies of the adsorp-
tion system, the isolated adatom, and the isolated substrate

(graphene or Gr/sub), respectively. On the isolated graphene
monolayer, there are three stable adsorption sites for adatoms:
the hollow (H) site above the center of the hexagon, the bridge
(B) site above the center of a C–C bond, and the top (T) site
above a C atom. As shown in Table 1, the adsorption energies
of the Ga adatom on the three sites are pretty similar.[52] At
the most stable H site, the C–Ga bond length is 2.71 Å, and
the adsorption energy is −1.01 eV. We further show the differ-
ence charge density in Fig. 5(a). The difference charge density
∆ρ is defined as

∆ρ = ρtot −ρatom −ρsub, (4)

where ρtot, ρatom, and ρsub are the charge densities of the
adatom/sub adsorption system, the isolated adatom, and the
isolated substrate, respectively. As seen in Fig. 5(a), the Ga
adatom loses 0.61 e to graphene and is polarized. On the other
hand, the N adatom prefers to adsorb at the B site. The adsorp-
tion energy is −0.93 eV, and the N–C bond length is 1.47 Å,
in good agreement with previous calculations of −0.92 eV
and 1.45 Å, respectively.[53] As shown in Fig. 5(e), the non-
metallic N adatom gains 0.55 e from graphene and locally dis-
torts the graphene structure. The adsorption energies of the N
adatom on the other two sites are much weaker. The adsorp-
tion energies of the As adatom on the three sites are around
−0.2 eV, indicating that it is difficult for the As atom to ad-
sorb on graphene.

Table 1. The adsorption energy Ead, adatom–C bond length l, and charge
transfer amount ∆n of Ga, N, and As adatoms adsorbed on the graphene
monolayer. The positive and negative signs of ∆n correspond to electron
accumulation and depletion on adatoms, respectively.

adatom Site Ead (eV) l (Å) ∆n (e)

H −1.01 2.71 −0.61
Ga B −0.93 2.48 −0.58

T −0.93 2.39 −0.56

H −0.10 3.25 +0.30
N B −0.93 1.47 +0.55

T -0.08 1.47 +0.39

H −0.16 3.76 −0.01
As B −0.15 3.58 −0.01

T −0.15 3.52 −0.01

We find that the underlying semiconductor can strongly
influence the adsorption sites and adsorption energies of
adatoms on Gr/sub compound substrates. On Gr/GaN(0001)-
(1×1), the electron transfer direction from Ga to graphene is
the same as that from graphene to the GaN substrate, as shown
in Fig. 5(b). This results in two interface dipoles along the
same direction, increasing the adsorption of the Ga adatom on
Gr/GaN(0001)-(1×1). The most stable adsorption site of the
Ga adatom is still the H site, with adsorption energy around
−1.56 eV. The adsorption on the B site is slightly less favor-
able, with a lower adsorption energy of −1.47 eV. But the T
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site becomes unfavorable for the Ga adatom. Note that the
stable adsorption sites on the Gr/GaN compound substrate are
slightly shifted away from the high symmetry sites due to the
influence of the underlying GaN substrate. The adsorption en-
ergies on different adsorption sites are similar, consistent with
the small potential fluctuation above Gr/GaN(0001)-(1× 1).
The N adatom also prefers to adsorb on B sites, as on the iso-
lated graphene. As shown in Fig. 5(f), graphene under the N

adatom is locally distorted, facilitating the sp3 hybridization
between N and C atoms. The N–C bond length is 1.46 Å,
slightly shorter than that on isolated graphene. Therefore, the
N adsorption energy is slightly enhanced to around −1.08 eV.
The higher adsorption energy of Ga than N adatom indicates
that it is easier for Ga adatoms to adsorb and nucleate on
Gr/GaN(0001)-(1× 1). This will probably lead to the initial
growth of a N-polar overlayer, as on the isolated graphene.

(e) (f) (g) (h)

(a) (b) (c) (d)

Fig. 5. Difference charge densities of one Ga adatom on (a) isolated graphene, (b) Gr/GaN(0001)-(1× 1), (c) Gr/GaN(0001)-(1× 1)-Ga, and
(d) Gr/GaN(0001)-(3× 3) substrates. Difference charge densities of one N adatom on (e) isolated graphene, (f) Gr/GaN(0001)-(1× 1), (g)
Gr/GaN(0001)-(1× 1)-Ga, and (h) Gr/GaN(0001)-(3× 3) substrates. The isosurface values are 0.003 e/Bohr3 and 0.1 e/Bohr3 for Ga and N
adsorption, respectively.

The interface charge transfer can further influence the ad-
sorption of Ga and N adatoms. On Gr/GaN(0001)-(1 × 1)-
Ga, Ga and N adatoms prefer to adsorb on H and B sites,
respectively, as shown in Figs. 5(c) and 5(g). Compared to
Gr/GaN(0001)-(1×1), the surface Ga layer weakens the elec-
tron transfer from graphene to the GaN surface. This is un-
favorable for the electron transfer from the Ga adatom to
graphene but beneficial for the electron transfer from graphene
to the N adatom. Therefore, the adsorption energy of the Ga
adatom at the H site is decreased to around −1.19 eV. The
adsorption of the N adatom on B sites becomes stronger, with
shorter N–C bond lengths around 1.44 Å and larger adsorption
energies about −1.14 eV.

On Gr/GaN(0001)-(3× 3), the topmost Ga atom on the
GaN surface can transfer electrons to graphene, as discussed
in Subsection 3.3. This will further facilitate N adsorption
by enhancing the electron transfer from graphene to N, but
is quite unfavorable for Ga adsorption. As a result, the ad-
sorption of the N adatom is enhanced to around −1.2 eV, and
that of the Ga adatom is decreased to around −0.90 eV. Due
to the reversed charge transfer around the topmost surface Ga

atom, the N adsorption energy exceeds Ga on Gr/GaN(0001)-
(3× 3). We also find that the adsorption energies of both Ga
and N adatoms depend on the interface structures. For Ga
adatom, the adsorption above the topmost Ga (−0.91 eV in
Fig. 5(d)) is stronger than that far away from the topmost Ga
(−0.88 eV, not shown), due to a shorter distance between the
adatom and the underlying GaN substrate near the topmost Ga
atom. However, the adsorption energies of N adatoms near
the topmost Ga atom (−1.18 eV) are slightly weaker than the
other positions (around −1.20 eV). This can be understood by
the local structure distortion around the N adatom. As shown
in Fig. 5(h), the two C atoms under the N adatom are lifted
by 0.92 Å, increasing the distance to the topmost Ga atom
up to 3.41 Å. This will decrease the interaction between the
graphene and the GaN substrate and lower the total energy of
the adsorption system.

The dependence on substrate morphology of the adsorp-
tion energy is general in other substrates. For example, on
Gr/GaAs(001)-β (2× 4), both Ga and As adatoms above the
As–As dimers have stronger adsorption energies than above
the trench, due to the shorter distance between the adatom
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and the underlying substrate. The adsorption energies of the
Ga adatom above the As–As dimer and above the trench are
−1.24 eV and −1.18 eV, respectively. For the As adatom, the
adsorption energies are −0.25 eV and −0.23 eV, respectively.

We also find that the adsorption of adatoms can be influ-
enced by the orientation of the substrates. On Gr/GaN(0001),
the adsorption energies of the Ga adatoms on different sites
(near H sites) are between −1.09 eV and −1.36 eV, while
those for the N adatoms (near B sites) are between −2.19 eV
and −2.38 eV (Fig. S6 in the supplementary information).
Both adatoms have larger adsorption energies near the curved
region of the graphene due to the stronger sp3 hybridization.
Overall, the Ga adsorption energies are consistently smaller
than the N adsorption energies by about 1 eV. The reversed
order of the adsorption energies of Ga and N adatoms can be
attributed to the interface charge transfer. As discussed in Sub-
section 3.3, the Ga-terminated (0001) surface loses electrons
to graphene, facilitating electron transfer from graphene to the
N adatom. Therefore, the adsorption of the N adatom is signif-
icantly enhanced and even stronger than the adsorption of the
Ga adatom. This indicates that N atoms can easily adsorb and
nucleate on the Gr/GaN(0001) compound substrate, leading to
the growth of a Ga-polar overlayer. Therefore, it is possible to
change the adsorption strength of the coming adatoms or even
change the polarity of the overlayers by reversing the polarity
of the substrate during remote epitaxy.

On the Gr/GaN(1010) compound substrate, the adsorp-
tion energies of Ga and N adatoms are determined by the sur-
face atomic arrangements and orientation of the underlying
substrate. The Ga adsorption energies are between −1.38 eV
and −1.42 eV, and the N adsorption energies are between
−1.26 eV and −1.39 eV (Fig. S7 in the supplementary in-
formation). For both adatoms, the adsorption energies above
the surface N are always slightly larger than that above the
surface Ga, since the surface N atoms are higher than the
surface Ga atoms by 0.22 Å. On this compound substrate,
both Ga and N adatoms have relatively strong and similar ad-
sorption energies. Therefore, it is possible that both adatoms
can adsorb and nucleate on Gr/GaN(1010), leading to the
growth of a non-polar overlayer. Previous experiments have
reported the growth of non-polar ZnO[1120] nanorods on
Gr/ZnO(1120).[27] This is strong evidence that the orientation
of the overlayer can be controlled by the substrate orientation
in remote epitaxy.

From the above results, we can conclude that the adsorp-
tion of adatoms on a Gr/sub compound substrate highly de-
pends on the interface morphology, substrate orientation, and
the interface charge transfer, but shows little correlation to the
potential fluctuation. The potential fluctuation with less than
100 meV in magnitude cannot sufficiently explain the changes
in adsorption energies of both Ga and N atoms on different

Gr/sub compound substrates. Nevertheless, the potential fluc-
tuation could be more relevant to the long-range arrangement
of adatoms on compound substrates, which is also essential for
the nucleation and growth of the epilayer.

5. Conclusion
Using first-principles calculations, we systematically

study the potential fluctuations and adatom adsorption ener-
gies on graphene covered Si, GaAs, and GaN substrates to un-
derstand the remote epitaxy mechanism. We analyze the inter-
face interactions and the contributions to the potential fluctu-
ations of different Gr/sub compound substrates. We find that
the potential fluctuation highly depends on the Gr/sub inter-
face structure and the interface charge transfer. The uneven
semiconductor surface and graphene monolayer could gener-
ate non-uniform potential distributions with large fluctuations.
In addition, the non-uniform interface charge transfer will lo-
cally modify the potential distribution and further contribute
to the fluctuation. The adsorption energies of adatoms on the
Gr/sub are highly correlated to the semiconductor reconstruc-
tions, orientations, and interface charge transfer. Changing the
semiconductor reconstruction and orientation can change the
interface charge transfer and the magnitude of adsorption en-
ergy, and even reverse the order of cation and anion adsorption
energies. Our calculations indicate that semiconductor recon-
struction and orientation are essential for the nucleation and
the orientation of the overlayer. It is possible to control the
overlayer growth by changing the underlying semiconductor
substrate in remote epitaxy.
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