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Polarization-Driven-Orientation Selective Growth  
of Single-Crystalline III-Nitride Semiconductors  
on Arbitrary Substrates
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Yuxia Feng, Jiaqi Wei, Zidong Cai, Zhenghao Chen, Cheng Ma, Fujun Xu, 
Xinqiang Wang, Weikun Ge, Kaihui Liu, Bing Huang,* and Bo Shen*

III-nitride semiconductor films are usually achieved by epitaxial growth on 
single-crystalline substrates (sapphire, silicon (Si), and silicon carbide). It is 
important to grow these films on non-epitaxial substrates of interest such 
as polycrystalline substrates for exploring novel applications in electronics 
and optoelectronics. However, single-crystalline III-nitride films with uniform 
orientation on non-epitaxial substrates have not yet been realized, due to the 
lack of crystallographic orientation of the substrates. Here, this work pro-
poses a strategy of polarization-driven-orientation selective growth (OSG) and 
demonstrate that single-crystalline gallium nitride (GaN) can in principle be 
achieved on any substrates. Taking polycrystalline diamond and amorphous-
silicon dioxide/Si substrates as typical examples, the OSG is demonstrated 
by utilizing a composed buffer layer consisting of graphene and polycrystal-
line physical vapor deposited (PVD) aluminium nitride (AlN). The polarization 
of the PVD AlN can effectively tune the strength of interfacial orbital coupling 
between AlN nuclei and graphene at different rotation angles, as confirmed 
by atom-scale first-principles calculations, and align the AlN nuclei to form a 
uniform orientation. This consequently leads to continuous single-crystalline 
GaN films. The ability to grow single-crystalline III-nitrides onto any desired 
substrates would create unprecedented opportunities for developing novel 
electronic and optoelectronic devices.
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1. Introduction

For semiconductor films, the main-
stream of their growth methods relies on 
epitaxy including homogeneous as well 
as heterogeneous epitaxy.[1–7] There is a 
golden rule that both epitaxial approaches 
require single-crystalline substrates 
for deposition. For instance, III-nitride 
semiconductors have a wide range of 
modern applications,[3,8–11] representing 
an extremely important semiconductor 
family today, for which the present com-
monly adopted substrates for their 
epitaxial growth are single-crystalline 
sapphire, silicon carbide, silicon (Si), and 
gallium nitride (GaN).[3,9,12,13] In order to 
explore novel applications in next-genera-
tion electronics and optoelectronics,[10,11] it 
is highly demanded to grow single-crystal-
line GaN films on non-epitaxial substrates 
of interest such as polycrystalline diamond 
substrates, amorphous glass substrates, 
and fused silica substrates. However, even 
after decades of intensive attempts, it 
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remains a fundamental challenge to achieve single-crystalline 
GaN on non-single-crystalline substrates due to the absence of 
crystallographic orientation of these substrates. Although the 
nearly single-crystalline GaN, in the form of either pyramid 
arrays or strip shape, has been obtained on amorphous glass 
substrates[14] and silicon dioxide (SiO2)/Si templates[15] via local 
growth in a confined area, it is not surprising that the contin-
uous single-crystalline GaN films with uniform orientation on 
non-epitaxial substrates still cannot be realized.

It is rational to speculate that the marriage of single-
crystalline GaN and such substrates may require a 2D buffer 
layer, for example, graphene,[16,17] as a bridge, which can provide 
the hexagonal symmetry and guide the growth of wurtzite GaN. 
In fact, several pioneering studies have demonstrated the pos-
sibility of growth of single-crystalline GaN on graphene, either 
by van der Waals epitaxy[18–25] or remote epitaxy.[26–29] However, 
most of the substrates underlying the graphene are still lim-
ited to be single crystalline. In addition, the physics behind the 
growth mechanism is still controversial.[16,24,26,30] Very recent 
work reported the growth of GaN on amorphous silica glass 
substrates using nanorod-assisted van der Waals epitaxy.[31] 
However, the obtained GaN exhibit three in-plane orientations, 
far deviating from single-crystalline. Thus, whether the gra-
phene can be used as a buffer for growth of single-crystalline 

GaN films on a non-epitaxial substrate remains an open 
question. The answer to this question is not only of great 
significance from the view point of fundamental physics, but 
also will hopefully open up new opportunities for integration of 
GaN films with arbitrary substrates and thus for a large range 
of industrial applications. How to precisely control the in-plane 
orientation of GaN on graphene and finally select a stable in-
plane orientation is the main obstacle to be overcome.

The basic idea is to tune the energy curve of the system at dif-
ferent in-plane orientation configurations via an external field. It 
is known that the polarization can shift the orbital energy levels, 
giving rise to their most favorable orbital coupling at different 
configurations and eventually selecting a new ground energy 
state.[32,33] Here, we introduce a polarization-driven-orientation 
selective growth (OSG) strategy to achieve single-crystalline 
GaN films with uniform orientation on arbitrary substrates. 
By employing a composed buffer layer of single-crystalline gra-
phene and polycrystalline physical vapor deposited (PVD) alu-
minium nitride (AlN), the polarization of the PVD AlN may 
effectively shift the relative interfacial orbital positions between 
AlN nuclei and graphene, giving rise to the most favorable selec-
tive orbital coupling at different in-plane rotation angles. Conse-
quently, the energy curve of the system at different angles can 
be effectively tuned, for example, the initial low (high) energy 
configurations may become to the high (low) energy one, which 
may eventually stabilize a single-preferred orientation.

2. Results and Discussion

A schematic diagram of the strategy is shown in Figure 1. 
Generally, the AlN nuclei directly grown on non-epitaxial sub-
strates would exhibit random in-plane orientations (Figure  1  
(a, region II), Figure  1 (b, region II), and Figure 2a). By 
employing a hexagonal graphene alone, the in-plane orientation 
of the AlN nuclei can be limited to two dominant configurations 
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Figure 1.  Schematic diagram of conventional growth and polarization-driven-orientation selective growth of AlN nuclei on graphene. a) Conventional 
strategy of growth of AlN nuclei on graphene (a, region I) leads to dual in-plane orientations with ≈30° misalignment. b) OSG of AlN nuclei on gra-
phene/PVD AlN (b, region I) leads to single in-plane orientation of AlN nuclei, which also benefits to the subsequent coalescence growth. AlN nuclei 
directly grown on either non-epitaxial substrates (a, region II) or PVD AlN (b, region II) without graphene leads to random in-plane orientations. 
Different colors of AlN nuclei indicate different rotation angles. Top curves represent the energy curve for each orientation. Arrows represent the 
existence of polarization field.
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with ≈30° misalignment (Figure 1 (a, region I) and Figure 2b). 
That is attributed to the two sets of energy-minimized 
configurations (whose orientation differs by 30°) with almost 
degenerate energies for AlN nuclei on pristine graphene due to 
the higher symmetry of graphene.[21] By further inserting a PVD 
AlN layer underneath the graphene (Figure 1b), the energy curve 
is dramatically modified in the presence of the polarization of 
the PVD AlN, which selectively stabilizes a single-preferred in-
plane orientation of AlN nuclei and hence accelerates the sub-
sequent coalescence growth of single-crystalline AlN and GaN.

To experimentally verify whether the graphene/PVD AlN 
composed buffer can indeed achieve single-crystalline GaN 
growth with a uniform in-plane orientation, we performed the 
idea of OSG on three types of substrates, for example, amor-
phous SiO2/Si substrates, polycrystalline diamond substrates, 
and Si (100) substrates, respectively. The PVD AlN typically 
exhibits polycrystalline characters with random in-plane orien-
tations but uniform out-of-plane orientation (c-axis) (Figure S1, 
Supporting Information). The single-crystalline graphene was 
grown by chemical vapor deposition (CVD) method and then 
transferred to the PVD AlN surface.[34] The graphene shows a 
high-quality monolayer property (Figure S2, Supporting Infor-
mation).[35] The graphene/PVD AlN templates were then loaded 
to a metal-organic chemical vapor deposition (MOCVD) reactor 
for the growth of AlN nuclei and GaN. The orientations of GaN 
on different substrates were investigated by X-ray diffraction 
(XRD) ϕ scan on the GaN (103) reflection. For all of the GaN 
samples grown on these three substrates, we can find six pro-
nounced peaks with intensity maxima at intervals of 60° from 
the ϕ scan (Figure  2c–e), which clearly reveals the hexagonal 
structure of the grown layer and highlights the uniform in-
plane alignment of the GaN grown on these substrates. That is 
in contrast to the randomly in-plane orientated GaN grown on 

the substrates with either PVD AlN (Figure 2a and Figure S3a, 
Supporting Information) or graphene interlayer alone as the 
buffer layer (Figure  2b and Figure S3b, Supporting Informa-
tion). These results imply the excellent orientation selective 
effect of the composed buffer of graphene/PVD AlN. The XRD 
2θ scan further shows that the out-of-plane orientation of the 
GaN layer is fully aligned with the c-axis (Figure S4, Supporting 
Information).

We also conducted some controlled experiments, for example, 
changing the single-crystalline graphene to polycrystalline gra-
phene. The XRD ϕ scan (Figure S5a, Supporting Information) 
then shows 12 unremarkable peaks with intensity maxima at 
intervals of 30°, indicating the coexistence of two configurations 
with 30° in-plane misorientation for the GaN films growth on the 
composed buffer layer of polycrystalline graphene/PVD AlN. It 
seems that the orientation of GaN solely comes from the single-
crystalline graphene, and is not related to the underlying PVD 
AlN because of its polycrystalline nature. However, we emphasize 
that, without the PVD AlN, the pristine graphene itself cannot 
serve as an ideal buffer layer for single-crystalline GaN growth 
(Figures S3b and S5b, Supporting Information). It implies that 
single-crystalline graphene, together with PVD AlN, jointly play 
the key role of aligning the crystallographic orientation of the 
top AlN nuclei and GaN layer. In practice, the growth kinetics of 
the AlN nuclei should be carefully controlled to achieve single-
crystalline GaN. For example, the conditions of high growth tem-
perature (≥1090 °C) and low growth rate (trimethylaluminium 
(TMAl) flow rate ≤ 6 sccm) are required to provide sufficient 
energy (or time) for the AlN nuclei to rotate to the most favorable 
orientation on graphene, completing the unidirectional growth, 
as seen in Figure S6, Supporting Information.

To further understand the kinetics of the OSG of AlN 
nuclei on graphene/PVD AlN, we used scanning electron 

Figure 2.  In-plane orientation of GaN grown on different types of substrates, characterized by XRD azimuthal off-axis ϕ scan on GaN (103) reflection. 
a) GaN grown on SiO2/Si substrate with a PVD AlN buffer. Absence of any peaks in the ϕ scan indicates random in-plane orientations. b) GaN grown 
on SiO2/Si substrate with a graphene buffer. Twelve peaks in the ϕ scan indicate dual in-plane orientations with 30° misalignment. GaN grown on an 
c) amorphous SiO2/Si substrate, d) polycrystalline diamond substrate, and e) Si (100) substrate with a composed buffer of graphene/PVD AlN. All of 
the three samples exhibit sixfold symmetry, corresponding to a uniform in-plane alignment.
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microscopy (SEM) to investigate the evolution of the surface 
morphology of the AlN nuclei and GaN layer. From the SEM 
images (Figures 3ai–iii), we can find that there are mainly two 
kinds of AlN islands, that is, larger sized ones marked with 
green hexagonal lines, while smaller sized ones marked with 
red lines. Interestingly, as the growth proceeds, the larger AlN 
nuclei are aligned along one direction, while the smaller ones 
are rotated 30° from that direction. These results suggest that 
when the AlN nuclei reaches a critical size with increasing 
growth time, almost all the AlN nuclei are aligned along the 
same direction, that is, a single-preferred in-plane orienta-
tion of AlN nuclei is selected. Subsequent coalescence growth 
of GaN (Figure  3aiv) leads to a continuous single-crystalline 
GaN film uniformly covering the entire substrate surface 
(Figure  3av). The typical in situ reflectance curve (LayTec 
EpiCurve TT) (Figure S7, Supporting Information, the points 
A–E corresponding to the growth stage of Figures 3ai–v here, 
respectively) reveals that the growth mode transforms from 
3D growth to 2D growth, and the final saturation of the oscil-
lation amplitude also confirms a smooth surface of the GaN 
layer. The in situ reflectance curve is very similar to the case of 
epitaxial growth of GaN on single-crystalline substrates such 
as sapphire substrate.[36]

We find that, by employing the PVD AlN underlayer, the 
density of the AlN nuclei on graphene is significantly enhanced 
(Figure S8a,c, Supporting Information), which also benefits to 
the sequent coalescence growth of the GaN layer (Figure S8b,d, 
Supporting Information). The Raman spectra and X-ray photo
electron spectroscopy (XPS) results (Figure S9, Supporting Infor-
mation) confirm that the nucleation mechanism is fundamentally 
different from the general case where the nucleation of nitrides 

is triggered by defects and wrinkles of graphene.[18–23] The results 
here indicate that there exists a new nucleation mechanism for 
AlN on graphene/PVD AlN. By performing a first-principles den-
sity functional theory (DFT) calculation (Figure S10, Supporting 
Information), the enhanced nucleation is found to be attributed 
to the higher binding energy of AlN on graphene/PVD AlN.

The single crystallinity of the GaN layer was also con-
firmed by electron backscatter diffraction (EBSD) mappings 
(Figure  3b). A single color in the out-of-plane EBSD maps of 
the GaN film indicates that there is no azimuthal intermixing 
of the c-axis orientation while a single color in the in-plane 
EBSD maps indicates no azimuthal intermixing of the in-plane 
orientation in the GaN film either. The corresponding atomic 
force microscopy (AFM) image shows a smooth surface with 
atomic-step terraces (Figure 3c). The root mean square (RMS) 
roughness of the GaN film is as low as 0.35 nm. Although the 
surface is smooth, we have to note that the GaN still contains 
a large dislocation density, as estimated from the full-width 
at half-maximum (FWHM) value (≈0.59°) of GaN (002) XRD 
rocking curves (Figure S11, Supporting Information). This 
value is larger than that for GaN grown on single-crystalline 
substrates, as expected, and can be reduced by further opti-
mizing the growth conditions.

The atomic structures of the single-crystalline GaN film and 
AlN nuclei on graphene/PVD AlN were analyzed by cross-
sectional high-resolution transmission electron microscopy 
(HRTEM) (Figure  3d). The magnified image indicates a per-
fect sharp interface between the AlN nuclei and graphene. The 
atomically resolved annular bright-field scanning transmission 
electron microscopy (ABF-STEM) image (Figure 3e) of the GaN 
shows a clear wurtzite lattice structure. The Ga and N atoms 

Figure 3.  Surface morphologies and atomic structures of AlN nuclei and GaN on graphene/PVD AlN buffer. a) SEM images of (i to iii) AlN nuclei and 
(iv and v) GaN at different growth stages. There are mainly two kinds of AlN islands, that is, larger sized ones marked with green hexagonal lines, 
while smaller sized ones are marked with red lines. As the growth proceeds, the larger AlN nuclei are aligned along one direction, while the smaller 
ones are rotated 30° from that direction. Finally, a single-preferred in-plane orientation of AlN nuclei is formed. Subsequent coalescence growth of 
(iv) GaN leads to a continuous and flat single-crystalline (v) GaN film. b) Out-of-plane and in-plane EBSD maps showing the single crystallinity of the 
GaN film. c) AFM image of the GaN film, showing a step-flow surface morphology with a RMS of 0.35 nm. d) Cross-sectional HRTEM image taken at 
the interface region in the GaN/AlN/graphene/PVD AlN. Magnified image reveals the monolayer graphene in the sample. e) ABF-STEM image of GaN 
shows a clear wurtzite lattice structure. Ga and N atoms can be clearly identified from the magnified image. Inset: SAED pattern indicates the single 
crystallinity of the GaN layer. f) Representative atomically resolved STEM images indicate the uniform in-plane orientation of GaN.
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can be clearly identified from the magnified image. The ori-
entations of the GaN layers are also well aligned, as evidenced 
by the selected area electron diffraction pattern (SAED) in the 
inset in Figure  3e, which indicates the single crystallinity of 
the GaN layer. The atomically resolved STEM images at dif-
ferent positions confirm that the crystalline lattice of the GaN 
is indeed aligned along the same direction, as demonstrated 
in Figure 3f and Figure S12, Supporting Information. All these 
reveal that, by using the graphene/PVD AlN buffer, OSG of 
single-crystalline GaN can successfully be achieved on any free-
standing substrates, breaking the widely believed golden rule.

As we mentioned above, the PVD AlN exhibits polycrys-
talline behaviors containing lots of small grains with a uni-
form c-axis orientation whereas random in-plane orientations 
(Figure S1, Supporting Information). This structure is non-
centrosymmetric while it has a singular polar axis causing the 
formation of strong polarization and ensuing an electrical field 
along c-axis.[3,37,38] As schematically shown in Figure  1, com-
paring the case without the PVD AlN buffer layer, the polariza-
tion induced Eext may effectively shift the relative energy levels 
between the interfacial N p and C p orbitals, giving rise to their 
most favorable orbital coupling at a different angle. To verify 
this physical picture, we have investigated the total energy 

and electronic structure evolutions of 3 × 3 AlN/10 × 10 gra-
phene with different in-plane rotation angles from 0° to 60° 
(Figure 4a,b). Without Eext, there exist two ground-state con-
figurations at 13° and 47° with the same minimal total energy 
that agreed well with the existence of a minimum dN-C at 
these angles (Figure S13a, Supporting Information). The 34° 
misorientation is consistent with our experimental observa-
tion for the direct growth of AlN on graphene (Figure 2b and  
Figures S3b and S5b, Supporting Information). Interestingly, 
when Eext is turned on, the ground state is shifted from the 
double-degenerated 13°/47° configuration to the singlet 30° one, 
also consisting well with a single minimum dN-C at 30° configu-
ration (Figure S13a, Supporting Information). The energy differ-
ences between the 30° configuration and other configurations 
are obvious and will increase as the Eext increases (Figure S13b,  
Supporting Information) and also as the size of the AlN nuclei 
increases (Figure S13c, Supporting Information). This indicates 
that the AlN nuclei will favor to rotate to the 30° configuration 
to lower their total energies when they become larger. That is 
well consistent with the SEM images (Figures 3ai–iii).

In order to further understand the electronic structure evolu-
tion corresponding to the ground-state configuration changes 
under Eext, we have plotted the partial density of states (PDOS), 

Figure 4.  Mechanism of OSG of single-crystalline AlN on graphene. a) Side view of the model of 3 × 3 AlN nuclei on 10 × 10 graphene (3 × 3 AlN/10 × 10 
graphene). The direction of the external electric field Eext induced by PVD AlN is shown. b) Total energy changes of 3 × 3 AlN/10 × 10 graphene as a 
function of the in-plane rotation angles under Eext = 0 and 0.2 V Å−1, respectively. When Eext is turned on, the ground state is shifted from the double-
degenerated 13°/47° configuration to the singlet 30° one. c, d) Comparison of partial density of states (PDOS) of interfacial N and C orbitals in 
3 × 3 AlN/10 × 10 graphene at 13° (or 47°) and 30° under c) Eext = 0 V Å−1 and d) Eext = 0.2 V Å.−1 The PDOS reveals the band repulsion effect (indicated 
by the black arrows) between interfacial orbitals has a dramatical change under Eext, which is much stronger at 13°/47° (30°) configurations than that 
at 30° (13°/47°) configuration under Eext = 0 (0.2) V Å−1.
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focusing on the selective coupling between interfacial N and C 
orbitals. The N pz and C pz orbitals around the Fermi level can 
have symmetry-allowed band repulsion, forming a separation of 
the bonding-like and antibonding-like hybridized N pz-C pz states 
in energy. Generally, the larger the band repulsion, the larger 
the energy gain of the system, and consequently, the lower the 
total energy of the system. As shown in Figure 4c, when Eext = 
0 V Å-1, the more delocalized bonding-like and antibonding-like 
states (shadowed area) are formed at 13°/47° configurations, 
and the band repulsion effect is much stronger than that at 
30° configuration. This is also consistent with the observation 
of the minimum total energy (or dN-C, Figure S13a, Supporting 
Information) at 13°/47°. Oppositely, when Eext  = 0.2  V Å−1,  
as shown in Figure 4d, the band repulsion effect at 30° is much 
stronger than that at 13°/47° configurations and other con-
figurations (such as that at 0°/60° configurations, Figure S14,  
Supporting Information), which effectively shifts the ground 
state from 13°/47° to 30°. Again, this is consistent with the 
minimum total energy (or dN-C, Figure S13a, Supporting 
Information) occurring at the 30° configuration under 
Eext  = 0.2  V Å−1. The calculations, together with experimental 
results, indicate the polarization effect induced by the PVD 
AlN is the key to achieving single-crystalline GaN growth. In 
fact, for the case of single-crystalline substrates, the polarity can 
modulate the atomic interaction through 2D material and lead 
to van der Waals epitaxy or remote epitaxy.[26,27] Obviously, fur-
ther investigations are required to correlate the present growth 
mechanism with either van der Waals epitaxy or remote epitaxy.

3. Conclusion

In conclusion, we have proposed an OSG strategy and dem-
onstrated that it can be adopted to achieve single-crystalline 
semiconductor films on arbitrary non-epitaxial freestanding 
substrates, a long-waiting goal for decades. Single-crystalline 
GaN was chosen for the demonstration of the idea of the 
OSG. The OSG was enabled by a composed buffer layer of 
single-crystalline graphene and PVD AlN. The polarization of 
the PVD AlN can effectively tune the most favorable rotation 
angles for interfacial orbital coupling between AlN nuclei and 
graphene, realizing the transition from double-preferred to 
single-preferred orientation. It is an excellent example of ori-
entation control mechanism in crystal growth based on the out-
standing agreement between the calculations and experimental 
data. Such OSG approach provides unprecedented opportuni-
ties for integration of III-nitrides onto arbitrary freestanding 
substrates, for example, polycrystalline or amorphous, in which 
any substrate symmetry is not required. It can also be extended 
to the growth of other emergent single-crystalline semicon-
ductor films on arbitrary freestanding substrates by choosing 
appropriate 2D materials with matched crystal structures.

4. Experimental Section
PVD AlN Growth: The AlN was sputtered on the target substrates by 

PVD. The sputtering gas was an Ar/N2 mixture, with flow rates of 30 and 
180 sccm for Ar and N2, respectively. The total sputtering chamber pressure 

range was 4.3 mTorr. The sputtering temperature was 650 °C with an input 
DC power of 3000 W. The thickness of the PVD AlN was about 50 nm.

Graphene Growth and Transfer: High-quality single-crystalline graphene 
was grown on single-crystal Cu (111) substrate by CVD using CH4 as 
precursors. The graphene was then transferred on the PVD AlN template 
substrates by a PMMA-mediated wet transfer method. Graphene film 
was spin-coated with PMMA and baked at 120 °C for 2 min, and then 
the Cu was removed by 4% (NH4)2S2O8 solution. Finally, the PMMA was 
removed by acetone. More details can be found in previous work.[21] The 
polycrystalline graphene was grown on Cu (100) substrate and directly 
transferred onto PVD AlN template. The polycrystalline graphene mainly 
contained two orientations with about 30° misalignment.

MOCVD Growth of AlN and GaN: The AlN nuclei and GaN layers 
were grown by MOCVD system (Aixtron, close-coupled-showerhead). 
TMAl, trimethylgallium (TMGa), and ammonia (NH3) were used as the 
precursors for aluminum, gallium, and nitrogen, respectively. After the 
graphene transfer, the substrates were loaded into the MOCVD reactor 
and heated to the growth temperature of AlN nuclei under a hydrogen 
ambient and a pressure of 100 mbar. Once the temperature was ramped 
to the growth temperature (970–1090 °C) of AlN nuclei, TMAl and NH3 
were simultaneously injected into the reactor and started the growth 
of AlN nuclei without any surface pretreatment of the substrates. The 
flow rate of TMAl and NH3 were 6 and 22 sccm, respectively. After 
the growth of AlN nuclei for 10  min, the precursor was switched from 
TMAl to TMGa for the growth of GaN under the conventional growth 
conditions.[21]

Computational Model: The DFT calculations were performed with the 
Vienna ab initio simulation package.[39] The Perdew–Burke–Ernzerhof 
(PBE) exchange correlation functional was employed with the cutoff 
energy of 600  eV.[40] The van der Waals corrections were included to 
obtain the accurate interlayer interaction.[41] The criterion of energy and 
forces were set to 1 × 106 eV and 0.01 eV Å−1, respectively. The optimized 
lattice constants of AlN and graphene were a = b = 3.13 Å and a = b 
= 2.46 Å, respectively. The vacuum in c-direction was set to 15 Å. The 
k-mesh of these simulations was chosen as a single Γ point for structural 
relaxation due to the extreme large supercell size. For the electronic 
calculations, a dense k-mesh of 7 × 7 × 1 was set to get accurate DOSs.

Characterization: XRD experiments were performed with X'Pert3 
MRD system. SEM images were acquired using a Helios NanoLab 600i 
system at an accelerating voltage of 10 kV. EBSD maps were obtained 
using a Zeiss Merlin system at an accelerating voltage of 20  kV and 
the sample stage tilting at 70°. STEM/HRTEM experiments were 
performed using Thermo Scientific Themis Z at 200  kV. AFM images 
were acquired in tapping mode over the scan area, using a Bruker 
Dimensional ICON system in ambient atmosphere. Raman spectra 
were obtained with Horiba iHR550 system with a laser excitation 
wavelength of 488 nm about 5 mW power. XPS spectra were obtained 
using an AXIS Supra system. OM experiments were performed with 
OLYMPUS BX60M system and the images were acquired by a 3.0M 
Pixel CCD system.
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