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GaN-based semiconductors are promising materials for solid-state optoelectronic applications. However, the strong internal
electrostatic field (IEF) along the [0001] direction is a serious problem that harms the efficiency of lighting devices based on GaN-
based semiconductors due to the quantum confined Stark effect. Here we theoretically predict a method, reducing the dimensions
from bulk to two-dimensional (2D) structures, to fundamentally remove the IEF. After thinning the materials to several nanometers,
the wurtzite configuration (with strong IEF) spontaneously transform to the haeckelite (4 | 8) configuration (without IEF) due to the
more stable neutral surface in the 4|8 configuration. Meanwhile, the 4|8 configuration maintain optoelectronic properties
comparable to or even better than those of the wurtzite configuration. By carefully analyzing the interaction between 2D GaN and
different types of substrates (SiC and graphene), we not only provide clear physical insights for experimental results but also
address a “thickness-controlled” vdW epitaxy scheme to experimentally realize the 4 |8 configuration. We believe that the 4|8
configuration without IEF is a prospective material for diverse optoelectronic applications. In addition, we propose a point of view in

engineering the properties of GaN-based semiconductors.
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INTRODUCTION

GaN-based semiconductors are highlighted for their excellent
properties, such as tunable and direct band gap, high thermal
conductivity, and good chemical stability'. The materials and
devices have been extensively investigated in recent decades,
which has led to significant progress in light-emitting diodes®™®,
photodetectors’™, and laser diodes'®'%, However, the great
success in lighting devices is mainly limited by the polar material
growth along the c-axis [0001]. GaN-based semiconductors
crystallize into the wurtzite structure with a c:a ratio lower than
that for perfectly hexagonally close-packed atoms (c: a = 1.633 for
perfect hcp, 1.601, 1.627, and 1.623 for AIN, GaN, and InN,
respectively). This, together with the lack of inversion symmetry
and the strong ionic nature of IlI-N bonds, produces a
spontaneous dipole moment along the [0001] direction. The
dipole moment causes opposite bound polarization charges on
the metal-polar [0001] and N-polar [000-1] surfaces, which leads
to a strong internal electrostatic field (IEF) along the [0001]
direction'®"'>. The IEF separates electrons and holes spatially on
either side and induces an energy band slope'®, thus reducing the
emission efficiency and leading to a redshift in lighting devices
(quantum confined Stark effect)'”'8, Therefore, eliminating the IEF
in GaN-based materials is highly expected to improve the
efficiency of lighting devices. Many efforts have been devoted
to this. Doping, which may be the earliest attempt to screen the
electrostatic field, fails, because the doping concentrations
required to achieve the magnitude of the field are as high as
10" cm3"2%°, A promising way to overcome the fundamental
challenges is to realize semi- or nonpolar materials that can
sharply reduce or even eliminate the IEF. In 2000, Ploog and
colleagues?' reported the molecular beam epitaxy (MBE) deposi-
tion technique by using LiAlO; as a substrate to obtain nonpolar
GaN. Atomically flat surfaces have been achieved by the classic

two-step approach or a high-temperature AIN buffer method?®%.
However, the high density of stacking faults makes the quality of
the materials far from the requirements for device structures.
Another intuitive alternative is to replace the wurtzite phase by
the unpolarized zinc-blende phase of nitride semiconductors.
However, the intrinsic thermodynamic metastability and the lack
of ideal substrates hinder the realization of device-quality material
even after extensive efforts®®>. The fundamental solution to this
problem is to find a stable alternative material without IEF but that
maintains optoelectronic performance comparable to that of
wurtzite structures.

Recently, diverse two-dimensional (2D) GaN-based semicon-
ductors were explored by both theoretical and experimental
scientists®>*3’. Interestingly, many reported structures (including
hexagonal®*~2°, haeckelite (4|8)??%, and tetragonal®®*%) were
nonpolarized. Tsipas et al.>? obtained hexagonal AIN nanosheets
by MBE on Ag(111) and confirmed the reduced band gap for
hexagonal AIN in 2013. One year later, Malin et al.3® realized
hexagonal AIN on the semiconductor substrate Si(111). However,
the huge cost and uncontrollable quality of the sample obtained
by MBE remarkably hindered the large-scale commercial applica-
tion of 2D lll-nitride materials. In the past 3 years, scientists from
the Pennsylvania State University>> and South China University of
Technology®**” successfully synthesized 2D GaN and AIN by metal
organic chemical vapor deposition with the assistance of
graphene encapsulation. The exciting achievements significantly
accelerated the steps of industrialization for 2D GaN-based
semiconductors. Kolobov et al?® predicted that graphitic and
wurtzite few-layer GaN was unstable and spontaneously recon-
structed into the haeckelite structure, in which the interlayer
bonds along the c-axis exhibited a 4|8 motif (highlighted by
yellow shadow), as shown in Fig. 1a. Notably, the [0001] and
[000-1] surfaces with opposite charges in the wurtzite
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Fig. 1 Atomic structures and phase transition diagram for 2D
GaN-based semiconductors. a Structural prototypes of wurtzite, 4 |
8, and hexagonal structures. The hexagonal ring in the wurtzite
structure and the 4| 8 ring in the haeckelite structure are marked by
gray and yellow shadows. b Free energy per formula unit as a
function of the number of layers for wurtzite (black) and 4|8 (red)
AIN, GaN, and InN slabs. ¢ Scheme of the phase evolution with the
number of layers.

configuration are replaced by neutral surfaces in 4|8 configura-
tions. The IEF should be reduced or even eliminated in these
configurations. This is highly expected to increase the quantum
efficiency of lighting devices based on GaN-based
semiconductors.

First-principles calculations have obtained great success in the
research of GaN-based semiconductors?*?8293839 | this work, we
theoretically demonstrated by first-principles calculations that in
GaN-based semiconductors, the 4|8 configuration is more
energetically favorable than the wurtzite configuration after
reducing the dimensions from bulk to 2D structures. This supports
a convenient method to obtain GaN-based semiconductor
(represented by AIN, GaN, and InN in this work) samples without
IEF. The structural phase transition of wurtzite (w) — haeckelite (4 |
8) — hexagonal (h) induced by surface energy is revealed, as
shown in Fig. 1a. Compared with the wurtzite configuration, the
4|8 configuration possesses comparable optoelectronic perfor-
mance but no I[EF. Meanwhile, we also provide a feasible
approach, “thickness-controlled” vdW epitaxy, to promote the
experimental realization of the 4 | 8 configuration. We find that the
surface atomic structure of the substrate and the substrate/
epilayer interaction are two decisive factors determining the
configuration of materials.

RESULTS AND DISCUSSIONS
Structural stability

In the bulk phase, the total free energies of the wurtzite
configurations are smaller than those of the 4|8 configurations
by 78, 110, and 48 meV for AIN, GaN, and InN, respectively, as the
bond lengths and angles of the wurtzite configurations are closer
to perfect tetrahedral coordination. The bond angles are all
~109.5 £ 1° in the wurtzite configurations, which are close to those
of the ideal tetrahedral configuration. Meanwhile, one bond angle
decreases to 90 + 2° and the others increase to 112.5+ 1° in the 4|
8 configurations, which significantly deviates from the ideal
tetrahedral configuration. Therefore, the 4|8 configurations
endure serious distortions and the distortion will accumulate with
increasing thickness. The lattice parameters of the wurtzite and 4 |
8 configurations are listed in Table 1. For 2D structures, the
stability of the materials is contributed by both the bulk and
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Table 1. Lattice parameters and band gaps for different phases of
group-lll nitrides.
Structures Lattice Band gap (eV)

parameters (A)

a c PBE HSE06
w-AIN 3.1 4.99 4.17 5.98
w-GaN 3.19 5.21 1.86 3.24
w-InN 3.54 5.69 Semi-metal 0.69
4| 8-AIN 3.1 5.30 3.85 5.57
4|8-GaN 3.20 5.50 1.86 3.24
4|8-InN 3.56 6.02 Semi-metal 0.76
h-AIN 3.12 291 4.32
h-GaN 3.20 2.20 3.53
h-InN 3.57 0.63 1.72

surface parts. The calculated surface energies (defined in the
methodology section) are as follows: y% is 2.02eVfu.”", yZ, is

172eVEu ",y is 0.9TeVu ", yis is 093eVfu ", yiy is

0.74eVfu.", and y5 is 046eVfu.". The yu® values are
generally much lower than the y) values regardless of the
thickness (as shown in Supplementary Fig. 2), indicating that the
surfaces of the 4|8 configurations are obviously more stable than
those of the wurtzite configurations. The surfaces of the wurtzite
configurations were classified as type Il by Tasker and are
intrinsically unstable due to the divergence of the surface energy
(v,), as well as numerous dangling bonds*. The strong surface
dipoles associated with the presence of oppositely charged
cations or anions on each surface introduce instability into the
wurtzite structures. These issues are considerably optimized in the
48 structures. As shown in Fig. 2b, the outermost atomic planes
in 4|8 slabs are nearly flat, thus minimizing the surface dipoles
and neutralizing the surface charge. However, with increasing
thickness, the rise in energy induced by accumulated distortion
becomes greater than the energy compensation of the surface
energy, leading to the wurtzite configurations being more stable
than the 4|8 configurations in thick films or bulk phases.
According to our results, the 4|8 slabs show lower energy than
wurtzite slabs when 4 < n <28 (n is the number of layers) for AIN,
2<n<18 for GaN, and 4 <n < 14 for InN, as shown in Fig. 1b, c,
although the wurtzite structures are the most stable configura-
tions when n > 28 for AIN, n > 18 for GaN, and n > 14 for InN. The
wurtzite — 4| 8 transition occurs when the thickness is reduced to
several nanometers. In fact, the dangling bonds on the surface are
quite unstable; thus, we consider the hydrogen-passivated surface
structures following the same method and similar trends are
observed as shown in Supplementary Fig. 3.

As the thickness is continuously reduced to a few atomic layers,
the 4|8 configurations transform to hexagonal configurations.
First, we extract buckled monolayers from bulk wurtzite or 4|
8 structures as initial structures. After relaxation, we obtain planar
hexagonal structures such as graphene or h-BN, as shown in Fig.
1a. To remove the dangling bonds and stabilize the surface, the
tetrahedral coordination is reconstructed into triangle-planar
coordination. However, the sp® hybridization is still not stable
enough. If two monolayers are stacked together to form a bilayer,
the sp? hybridization is slightly distorted and the interlayer
distances are 2.14, 2.65, and 2.47 A, which are much shorter than
that in graphene (3.30 A). Hence, the interlayer coupling is much
stronger than the normal vdW interaction. The calculated y4,, is
1.04eVfu", yi, is 048eVfu. ', and yh, is 0.86eVfu. ',
indicating the quasi-bond character between the layers of
hexagonal structures. According to our calculations, the planar
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Fig. 2

Internal electrostatic potentials and the charge distributions for 2D GaN-based semiconductors in different configurations.

a Planar-average (black line) and macroscopic-average (red line) internal electrostatic potentials along the c-axis for 4|8, hexagonal, and
wurtzite ten-layer slabs. The dangling bonds in 4|8 and wurtzite on the surfaces are passivated by hydrogen atoms. b Scheme of charge
distribution along the c-axis for 4|8, hexagonal, and wurtzite configurations.

hexagonal structure can only be stable for at most two layers of
GaN and InN, and four layers of AIN.

Optoelectronic properties

First, we employ the ten-layer slabs of 2D GaN-based semicon-
ductors to evaluate the IEF of the 4|8, hexagonal, and wurtzite
configurations, as shown in Fig. 2a. We find that the IEF pointing
from the metal toward the N surface is enhanced by decreasing
the radius of the metal atoms. The magnitudes are calculated to
be 22, 16, and 7 MV cm™ for ten-layer w-AIN, w-GaN, and w-InN,
respectively, as determined by the slope of the internal
macroscopic-average electrostatic potential. We also repeat the
results of the bilayer w-GaN reported in ref. 3° to confirm the
reliability of the method. In contrast, the IEFs of the 4|8 and
hexagonal configurations are almost zero, demonstrating that the
IEF is almost eliminated in 2D structures. This can be explained by
the different charge distributions along the c-axis displayed in Fig.
2b. The 4|8 and hexagonal configurations are formed by stacked
neutral atomic layers, so the electrostatic potentials are equal for
each layer, whereas positive (metal atoms) and negative (N atoms)
charged atomic layers are alternately stacked in the wurtzite
configuration. This causes an electrostatic potential difference,
which accumulates with increasing layer number. The results for
the ten-layer slabs without hydrogen passivation are displayed in
Supplementary Fig. 4. The same trend can be seen and the values
are 16, 10, and 6 MV.cm ™" for the wurtzite structures.

The ideal materials should not only be IEF free but also maintain
optoelectronic properties comparable to those of the wurtzite
configurations. The HSEQ6-level electronic band structures for the
different configurations are displayed in Fig. 3 and the band gaps
are listed in Table 1. First, the band structures of the bulk wurtzite
structures are calculated as references and the band gaps are 5.98,
3.24, and 0.69 eV for w-AIN, w-GaN, and w-InN, respectively. The
calculated results agree with the experimental observations. The
band structures of the bulk 4| 8 structures are almost the same as
those for the bulk wurtzite structures and the band gaps are 5.57,
3.24, and 0.76 eV, because the contribution of the band edge
states has not been affected by the phase transition. The spatial
wavefunction distributions of the valence band maximum (VBM)
and conduction band minimum (CBM) are displayed in Fig. 4. We
find that the CBM is always contributed by the s orbital of N atoms
for both the wurtzite and 4|8 structures; however, the contribu-
tions to the VBM are slightly different. Overall, the VBM is
contributed by the p orbital of the N atoms, but the component
changes with the wurtzite-to-4|8 transition. The VBM is
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Fig. 3 Calculated band structures of w-, 4| 8-, and monolayer
group-lll nitrides at the HSE06 level. The high symmetry k-points
are G (0,0, 0), X (0.5,0,0),K(0.5,0.5,0), Y (0,0.5,0),and Z (0, 0, 0.5) in
the cuboid Brillouin zone. The VBM and CBM at the G points for the
wurtzite and 4|8 band structures are marked by green solid and
hollow circles, respectively. The arrows are the scheme of vertical
excitation at the G and Q (between G and Y) points for the
hexagonal configurations. The blue color represents the vertical
excitation at the Q point.

contributed by the p, orbital for w-AIN, by the p, orbital for 4|
8-AIN, by the p, orbital for w-GaN, by the p, orbital for 4| 8-GaN,
by the p, orbital for w-InN, and by the p, orbital for 4 | 8-InN. In the
hexagonal structures, the VBM is between the Y and G points
(defined as the Q point and marked by blue dots) and contributed
by the p, orbital of N atoms, and the CBM is contributed by the
hybridized state including N-s and Al/Ga-sp for AIN and GaN; thus,
the hexagonal structures show indirect band gaps. h-InN is still a
direct band gap material, because the VBM and CBM are
contributed by the bonding and antibonding states of the N-s
and In-sp orbitals. The band gaps are 4.32, 3.53, and 1.72 eV for h-
AIN, h-GaN, and h-InN, respectively. Therefore, by reducing the
thickness, the direct — indirect band gap transition occurs for AIN
and GaN but not for InN. The Perdew-Burke-Ernzerhof parame-
trization (PBE) level band structure evolutions for wurtzite and 4 | 8

npj 2D Materials and Applications (2020) 31
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Waurtzite Hexagonal Table 2. Carrier effective mass for different phases of group-Ill
CBM VBM nitrides.
AN QP Structures Electron (mo) Hole (mo)
X y z X y z
GaN w-AIN 031 0.31 0.29 424 4.28 0.25
w-GaN 0.18 0.18 0.16 9.29 2.08 2.11
w-InN 0.05 0.05 0.05 2.19 2.19 2.14
InN 4| 8-AIN 0.33 0.35 0.33 0.64 2.58 3.27
4|8-GaN 0.19 0.18 0.18 1.87 1.99 0.35
4|8-InN 0.03 0.03 0.05 0.09 0.07 2.12
Fig. 4 Spatial band ed_ge. state dislgribution fgr different corlf‘llg- h-AIN 0.50 0.50 1.28 118
urations of group-lll nitrides. The isosurface is set to 6x10 " e
bohr=3, Red and yellow colors represent the CBM and VBM, h-GaN 0.24 0.24 1.16 1.35
respectively. The purple, green, orange, blue, and white balls h-InN 0.09 0.09 1.30 1.53

represent Al, Ga, In, N, and H atoms, respectively.
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Fig. 5 Calculated absorption coefficients for different configura-

tions of group-lll nitrides. The results are obtained under the HSE06
level with the RPA.

2D llI-nitrides with increasing thickness are exhibited in Supple-
mentary Figs. 5-7.

The absorption coefficient and carrier effective mass for the
hexagonal, 4|8, and wurtzite structures are calculated and
displayed in Fig. 5 and Table 2, which are key parameters for
optoelectronic devices. First, the wurtzite (blue line) and 4|8 (red
line) configurations exhibit stronger band edge absorption
intensities than the hexagonal (black line) configuration, as shown
in Fig. 5; hence, the wurtzite and 4|8 configurations are more
suitable for application in lighting devices than the hexagonal
configuration. Second, for the hexagonal configuration, the edge
absorption intensities are at least one order of magnitude weaker
than the second absorption. By analyzing the band structures, as
shown in the insets of Fig. 3 (bottom row), we find that the band
gaps at the G point (green) are 4.65, 3.76, and 1.71 eV, which
match the band edge absorption. On the other hand, the band
gaps at the Q point (blue) are 6.37, 6.01, and 4.79 eV, which agree
with the second absorption peak in Fig. 5. The VBMs of h-AIN and
h-GaN are located at the Q points, so the absorption intensities are
stronger than those at the G point. The electron effective mass is
hardly changed for the different configurations based on a
comparison of the results with those of wurtzite structures. We can
find that the in-plane hole effective masses for the 4|8 and
hexagonal configurations are much smaller than those for the

npj 2D Materials and Applications (2020) 31

wurtzite configurations. As the hole is the majority carrier in
nitride materials, the in-plane mobility of the 4|8 and hexagonal
structures is much better than that of the wurtzite structures. This
will improve the efficiency of horizontal structure optoelectronic
devices.

Substrates effect

In experiments, wurtzite and hexagonal structures have already
been realized, but the 4|8 structure has not yet been observed,
even though the 4|8 structure is energetically favorable for
nanothickness structures. This observation should be attributed to
the substrate effect. Here we employ a four-layer GaN slab and
two substrates, graphene (Gra) and silicon carbide (SiC), as
examples to investigate the substrate effect. First, we cover the
wurtzite or 4|8 slabs on graphene, acting as vdW epitaxy*'"**.
After structural relaxation, the 4|8 structure remains in the initial
configuration, as shown in Fig. 6a, indicating the good stability of
the 48 structures for the four-layer GaN. However, the wurtzite
configuration is too unstable to be maintained and changes into
the 4| 8 configuration, as shown in Fig. 6b. However, the situation
for the SiC substrate is entirely different. Both the wurtzite and 4 |
8 configurations maintain their initial states after structural
relaxation. The interaction between the four-layer GaN slab and
SiC resulted in a different behavior. For freestanding four-layer
GaN, the 4|8 configuration is more stable than the wurtzite
configuration. After stacking on graphene, the interaction
between the four-layer GaN slab and graphene is weak and
cannot restrict the phase transition. On the other hand, the four-
layer GaN slab bonded on the SiC substrate has a much stronger
interaction than that on graphene, so the interaction is hard to
overcome. It is observed from Fig. 6 (middle row) that charge
transfer is almost negligible at the graphene/GaN interface but is
quite obvious at the SiC/GaN interface. Moreover, the structure of
the SiC surface matches that of w-GaN, so w-GaN is more
energetically favorable than 4|8-GaN on the SiC substrate by
63.9meVA 2

To consider the temperature effect, ab initio molecular
dynamics (AIMD) is employed. The temperature is set to 1000 K,
which refers to the experimental environment®. The total energy
of the system converged after a 4 ps AIMD simulation, as shown in
Supplementary Fig. 8, and the structures at the end of the
simulations are displayed in the bottom row of Fig. 6. The
graphene and materials are separated due to the destruction of
the weak interaction. The atoms of 4 |8-GaN just vibrate around
the equilibrium position and the w-GaN transformed to 4 | 8-GaN,
indicating that 1000 K is high enough to overcome the wurtzite-
to-4| 8 phase transition barriers (0.30, 0.31, and 0.28 eV f.u.”" for
AIN, GaN, and InN, respectively, as shown in Supplementary Fig. 9).
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Fig. 6 Structures of four-layer wurtzite and 4 | 8-GaN on a graphene or SiC substrate. a 4 | 8-GaN on graphene, b w-GaN on graphene, c 4|
8-GaN on SiC, and d w-GaN on SiC. The top row shows the initial structures; the middle row shows the optimized structures with charge
difference contours, where the isosurface is set to 1.5 x 107> e bohr3; and the bottom row shows the snapshots after AIMD simulations at

1000 K.

On the SiC substrate, w-GaN is still stable and 4|8-GaN on SiC
transforms to the wurtzite configuration, demonstrating that w-
GaN is more stable than 4|8-GaN. Therefore, 4|8 configuration
materials are expected to be experimentally achieved if we use a
weakly bonded substrate such as graphene and control the
thickness of the materials to within several nanometers by
controlling the growth time. As far as we know, the reported
experimental work for the growth of 2D GaN and AIN used SiC or
Si as substrates®>’. The interface interaction is strong and the
surface structures match w-GaN. The growth temperature is
usually as high as 1000K; thus, the 4|8 configuration prefers to
transform to wurtzite under this condition.

In summary, we have theoretically provided an -effective
approach, reducing the thickness, to overcome the problem of
strong IEF in wurtzite GaN-based semiconductors. The 4|8
configuration is predicted to be the most stable configuration
when the thickness is reduced to several nanometers. We reveal
the wurtzite — 4 | 8 » hexagonal phase transition as the thickness
decreases. Interestingly, the 4|8 configurations exhibit almost
zero |EF, whereas the optoelectronic properties are comparable to
those of the wurtzite configurations. The in-plane hole mobility for
the hexagonal and 4| 8 structures is much better than that for the
wurtzite structures. The substrate plays an important role in
determining the configurations of the materials. The 4|8
configuration is expected to be achieved by using the so-called
“thickness-controlled” vdW substrates such as graphene and the
wurtzite configuration is energetically favorable on SiC or Si
substrates. Our results demonstrate that 2D GaN-based semi-
conductors exhibit many desirable properties and show great
potential for application in novel optoelectronic devices.

METHODS
General calculation details

First-principles calculations were performed by employing the generalized
gradient approximation (PBE) and projector-augmented wave method, as
implemented in the Vienna Ab initio Simulation Package (VASP)*:. A
dispersion correction (DFT-D3) was used to incorporate the long-range
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vdW interaction®***°, The unit cell for the 4|8 structure was rectangular
and contained eight atoms. To be comparable, we used the same supercell
for the hexagonal and wurtzite structures in our calculations. The lattice
stability of the bulk 4 | 8 configurations for group-Iil nitrides was confirmed
by phonon spectrum calculations, as displayed in Supplementary Fig. 1.
The simulation cells were built with vacuum slabs thicker than 20 A to
avoid artificial interaction of periodic images. The plane-wave basis set
with a kinetic energy of 500eV was used. We employed 5x8x1
Monkhorst-Pack k-grids in self-consistent calculations and 51 k-points
between high symmetry points of the Brillouin zone in the band structure
calculations. In addition, the force and total energy convergence thresh-
olds were set to 0.01eVA™" and 10 %eV, respectively. The lattice
parameter differences were <1% compared with the experimental results
of wurtzite structures, as shown in Table 1.

HSE band structures and absorptions

To avoid the underestimation of the band gap from the PBE function, the
hybrid exchange and correlation functional of Heyd-Scuseria-Ernzerhof
(HSE06)*® was used to obtain an accurate band structure. Here we used a
mixing parameter (a) of 33% for AIN and 31% for GaN and InN so that
band gaps of 5.98, 3.24, and 0.69 eV, respectively, were obtained for the
wurtzite structures. Absorption spectra were calculated based on HSE06
including the random phase approximation. The HSE06 and absorption
spectra were obtained by the PWmat code™’.

Nudged elastic band and phonon

The climbing image nudged elastic band method*®*° using eight images
to connect the initial and final configurations (force convergence of
0.01 eV A=) was employed to obtain the structural phase transition barrier.
Force constants for phonon calculations were found by using density
functional perturbation theory®°, as implemented in VASP. On the basis of
the calculated force constants, phonon dispersion curves were obtained
with the PHONOPY package®'.

Ab initio molecular dynamics

Finally, 3x3 supercells (more than 300 atoms) were used for AIMD
simulations with the canonical ensemble, which were performed to
consider the temperature effect on the structural transition at 1000 K
(Nosé-Hoover thermostat, total simulation time of 3 ps, time step of 1 fs).
AIMD was carried out using the CP2K package® with the hybrid Gaussian
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and plane wave method implemented in the Quickstep module®>. Three-
dimensional periodic boundary conductions were applied for the system
under NVT conditions. Temperature control was implemented for the ionic
degrees of freedom by using Nosé-Hoover thermostats. The PBE exchange
and correlation functional was wused in combination with
Godecker-Teter-Hutter (GTH)** pseudopotentials and the DZVP-
MOLOPT-SR-GTH basis sets®. The auxiliary plane-wave basis was set to
an energy cutoff of 300 Ry and the time step was set to 1fs.

Surface energy

The surface energy (y¢,) for different materials (m = AIN, GaN, or InN) in
different atomic configurations (c=w, 4|8, or h) per molecular formula
unit (f.u.) was employed to estimate the stability of the 2D group-lIl nitride
slabs, which is defined as:

Vir = (Ebuk — Estab) /2N (1)

Egab and Epyik represent the total energy of slabs (contain two dangling
surfaces) and bulk materials (the number of atoms is the same as in the
slab), respectively. N is the number of molecular formula units on the
surface. A high y, implied poor stability.

Carrier effective mass

The carrier effective mass (m},) obtained by fitting the band edge was
calculated according to the fo(lowing equation:

X 3%e(k)]
Mesn = |:h2 k2 :|

where h is the reduced 0 Planck constant, g(k) (k) is the band edge
eigenvalue, and k is the wavevector. A small m;, implied good carrier
mobility. In this work, we studied mg/h along T (0, ({, 0)— X (05,0,0), =Y
(0,0.5,0),and T - Z (0, 0, 0.5).

()]
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