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Abstract

Herein, the first-principles calculations of defected monolayer graphene-like gallium nitride (g-GaN)
were elucidated. The optimized geometric revealed that the nearest-neighbor distances of N-N (between N
atoms) and Ga-Ga (between Ga atoms) were narrowing in most configurations. Interestingly, the Vg, has a
similar atomic symmetry as the pure g-GaN, which is D3p. Most defected configurations are degraded into
C,v symmetries, while the Stone-Wales configuration has the lowest symmetry of Cs. The formation
energies of Vna systems are lower, which implies better energetic stability. For the divacancies, the Vg,
system is more stable than the Vn, system. Moreover, the Stone-Wales configuration is energetically more
stable than the interchange configuration. Furthermore, the reaction coordinates represent the geometric
evolution of each defected system. The result revealed that the N-atoms are consistent with moving outward
while the Ga-atoms move inward only for monovacancies and divacancies configurations. In contrast, the
N-atoms move inward while the Ga-atoms move outward for substitutions, interchanges, and Stone-Wales
configurations. We believe that this finding will be beneficial as the groundwork for future 2D g-GaN-
based semiconductor devices.
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Introduction
Graphene possesses exceptional properties such as thermal conductivity and mechanical strength,

which have led to the success of two-dimensional (2D) graphene-based device fabrications [1]. However,
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low band gap energy is regarded as the major drawback of graphene (E; ~ 0.3 - 0.4 eV), which limits its
application [2,3]. Since then, numerous research studies have focused on 2D graphene-like materials,
including silicene [4,5], germanene [5,6], and phosphorene [7]. Furthermore, materials beyond graphene,
such as gallium nitride (GaN) [8,9], hexagonal boron nitride (h-BN) [10,11] and stannous carbonate (SnC)
[12] have been widely explored. These materials are fascinating because of their wide band gap energies
(Eg = 3 - 4 eV) [13,14]. Therefore, the research trends have been shifted to graphene-like structure
exploration, mainly 2D GaN material.

The GaN has been regarded as a promising candidate for various semiconductor devices due to its
wide band gap energy [13-16]. Over decades, GaN has been utilized as light-emitting diodes [17,18], laser
diodes [19], power devices [20], devices [21], and detectors [22]. Aside from the wide band gap energy,
GaN possesses excellent thermal and chemical stability [23], which is highly prospective for harsh
environment applications such as high pressure and high temperature [24]. Other than that, GaN has also
been widely utilized as a piezoelectric sensor owing to its sizeable piezoelectric constant [25].

Currently, extensive research has been dedicated to investigating the properties of the graphene-like
GaN (g-GaN) material [8,26-28]. The g-GaN material is a 2D honeycomb-structured GaN having indirect
wide band gap energy and low thermal conductivity [29-31]. Peng reported that the g-GaN material has
superior mechanical properties to the g-BN counterpart [26]. Interestingly, the 2D g-GaN with Ga-vacancy
defect is metallic, whereas the pristine 2D g-GaN is semiconductor. Moreover, the 2D g-GaN possesses
strain-tunable magnetic properties, which is prospective for spintronic devices [8]. Furthermore, adding
hydrogen atoms into g-GaN increases stability and enhances electronic properties [9]. In particular, the
experimental studies of the 2D g-GaN have been demonstrated by Al Balushi ef al. [27]. The 2D g-GaN
has been successfully synthesized by utilizing graphene encapsulation. Consequently, the band gap energies
of the 2D g-GaN have been modified to be around 4.18 - 5.00 eV [27,32]. Despite this, it was still unclear
how various vacancy defects might affect the 2D g-GaN material.

This study evaluates various defect vacancies of the 2D g-GaN materials through density-functional
theory (DFT) calculations. We simulated supercell g-GaN containing 72 atomic sites. Nine possible
configurations, including vacancy and substitutional defect systems, were investigated. The vacancy
systems consist of monovacancy by removing the Ga atom (Vg,) or N atom (Vx), divacancy by removing
Ga and N atoms as Vgan, two atoms of Ga as Vgaca and two atoms of N as Vyn. The substitutional systems
consist of Sga—n (replacing the Ga atom instead of the N atom) and Sx—.ga (replacing the N atom instead of
the Ga atom), interchange Ig.o.n (exchanging the position of the Ga and N atoms) and Stone-Wales
configuration (rotating the Ga-N atoms by 90 °). Moreover, the equilibrium structural geometry, symmetry,
formation energy, and the reaction coordinate are also studied. We expect our result to provide theoretical

information about the defects in the 2D g-GaN, further contributing to developing optoelectronic devices.

Materials and methods
Herein, all calculations of the 2D g-GaN configurations are based on the first principles of density-
functional theory (DFT) using the PHASE/O code library [3,6,33]. We use ultra-soft pseudopotential and

generalized gradient approximation (GGA) as functional exchange correlations [33]. We applied a 15 A
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vacuum in the z-direction, and the cut-off energy was set to 25 Ry. The unit cell consisting of 2 atoms (Ga-
N) was optimized by calculating the total energy as a volume function. After that, the resulted-data were
fitted by using the Birch-Murnaghan equation [10]:

After this, we enlarged the optimized unit cell by 6x6 times in the x- and y-directions, resulting in a
supercell of 72 atoms (Figure 1(a)). The Brillouin zone (BZ) integration uses a 4x4x1 k-points Monkhorst-
Pack grid. The monovacancies were modeled by removing single Ga- and N-atom of pristine GaN, as
shown in Figures 1(b) - 1(c), respectively. The divacancies were modeled by removing Ga-N, Ga-Ga, and
N-N atoms, as illustrated in Figures 1(d) - 1(f). The substitution configurations were created by replacing
Ga-atom with N-atom and vice versa (Figures 1(g) - 1(h), respectively). Moreover, the interchange
configuration was obtained by exchanging the position of the Ga and N atoms (Figure 1(i)). Lastly, the
Stone-Wales configuration was modeled by rotating the Ga-N atoms by 90 ° clockwise, as displayed in
Figure 1(j). Previous research shows SW defects formed by rotating 90 ° angles have better thermal
stability than other rotation angles. The standard Stone-Wales (S-W) defect involves a 90 ° rotation, but
under certain conditions, a rotation of less than 90 ° can occur due to local strains or environmental factors.
However, these deviations are rare and less stable than the standard 90 ° rotation [34,35].

The supercell was relaxed, so the atomic forces were < 5.0x107 eV/A. Then, we calculate the

formation energies by using the following equation [10]:

Ef = Ecl - (Ep —NUgqg — muN) (1)

where Eg, Ep, Hgq and py are the total energy of the defective system, the total energy of pristine, the
chemical potential of gallium, and the chemical potential of nitrogen. The n and m are the sum of vacancy
of gallium and nitrogen. The chemical potential of isolated individual atoms in Eq. (1) is pg, = —67.22 ¢V

and Py = —266.23 eV. The distances between atoms were calculated using the following equation:

dij = \/(xi —x)? + (i — ¥;)* + (zi—z)? ()

where (x; ¥; z;) and (x; y; z;) are the cartesian coordinates of atom i and atom j.
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Figure 1 The structures of (a) monolayer GaN, (b) monovacancy of Ga, (¢) monovacancy of N, (d)
divacancies of Ga-N, (e) divacancies of Ga-Ga, (f) divacancies of N-N, (g) substitution of Ga with N, (h)
substitution of N with Ga, (i) interchange of Ga-N and (j) Stone-Wales configurations.

Results and discussion

Optimized geometry

By utilizing the Birch-Murnaghan equation, the optimum lattice constant (o) of g-GaN was obtained
at 3.318 A, which is in ideal agreement with the literature [8,26,27,29,37]. The nearest-neighbor distance
(Eq. (2)) of Ga-N atoms (dga~) in monolayer g-GaN was 1.87 A, close to the previously reported work
[26,29,36,37]. Whereas the d of N-N atoms (dn.v) and Ga-Ga atoms (dga.c.) are 3.24 A. Moreover, the d
of defected g-GaN were also calculated and summarized in Table 1.

As a single Ga atom was removed, the dn.n were widened by 0.58 A. Therefore, the dnx of
monovacancy Ga (Vga) was 3.82 A, close to the previous work [37]. In the case of monovacancy N (Vx),
the dgaca were varied at 3.20 - 3.46 A. The dga.ga in the x-direction were widened, while the dga.ga in the
y-direction was narrowed. In contrast, Gonzales et al. [37] reported that the da-G. of charged Vi were 3.00
-3.11A

The divacancy GaN (Vgan) was created by simultaneously removing single atom Ga and single atom
N. The result shows that the dga.ca Was narrowed (2.98 A), while the dn.x was widened (3.67 A) relative to
the pure g-GaN. Likewise, the dn.n of divacancy Ga (Vaca) Was also widened (3.72 A). While the dga-ca
of divacancy N (Vxn) was narrowed by 0.24 to be 3.00 A. Moreover, in the case of substitution Ga with N
atom (Sn—Ga), the dn.n are varied from 1.33 - 2.72 A. On the contrary, the dga.Ga of Sca—N Was narrowed by
0.96 A concerning pure g-GaN. Interestingly, there is no significant change in the dga.n of interchanged Ga
and N atoms. The dg,~ remained the same as the pure g-GaN , which is 1.87 A. Nevertheless, da . and
dn~ were narrowed to b.32 and 1.52 A, respectively. Similar behavior was also observed for the S-W
configuration, where the dga.g, and dn.n were narrowed (2.45 and 1.47 A, respectively). Nevertheless, the

dgax~ were varied at 1.79 - 2.02 A.
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Table 1 Summarized lattice constants (o) and the nearest-neighbor distances (d) of defected g-GaN and

the comparison to the references (*[29], *[38], °[35], 9[27], ¢[37] and [8]).

Structure a(A) Reference (A) dcax (A) dcaca(A) dnn (A) Reference (A)
g-GaN 3.318 3.170 - 3.209 &b ¢-f 1.87 3.24 3.24 1.85%¢%¢
Va - - - - 3.82 3.32¢
%Y - - - 3.20-3.46 - 3.00-3.11°
Vaan - - - 2.98 3.67 This work
VGaGa - - - - 3.72 This work
Van - - - 3.00 - This work
SGa—N - - - - 1.33-2.72 This work
Sn—Ga - - - 2.28 - This work
[GaoN - - 1.87 2.32 1.52 This work
S-W - - 1.79 -2.02 2.45 1.47 This work

Furthermore, we also evaluate the symmetries of pure and defective g-GaN. It is well-known that the
symmetry of honeycomb-structured graphene is Deh [36]. Since the g-GaN is honeycomb-structured of
diatomic material, the symmetry was lowered to be Dsp. Interestingly, as Ga monovacancy was created, the
symmetry tends to remain as Dsp. In other words, the Vg, didn’t significantly affect the atomic symmetry.
The symmetry continuously lowered as the N monovacancy was created. The symmetry of Vy is Cav.
Interestingly, the symmetry was consistent at Cay for divacancy (Vgan, Vaaga and Van), substitution (Sga—x
and Sn—ga) and interchange (Igaon) configurations. In contrast, the S-W configuration has the lowest

symmetry of Cs. The symmetries of all configurations are summarized in Table 2.

Formation energy

The formation energy (Ef) was calculated using Eq. (1). The E¢ provide information on the atomic
stability of the system. The lowest the Ef, the better the stability. Zhao et al. [4] reported that the Ef of the
bulk GaN is 8.4 ¢V, and the Ef of the Vais 7.67 eV. Herein, our calculation revealed that the Ef of the Vga
of g-GaN was 8.21 eV, which is close to the reference. A super stability was observed for Vn where the Ef
is 4.43 eV lower than the Vga. The Ef of Vy is 3.78 €V, as summarized in Table 2. A similar result was
also reported by Gonzales et al. [37], where Ef of the Va, is higher than the V. In other words, the Vx has
better stability than the Vg..

Furthermore, the configurations have symmetries of D3y, Coy and Cs as shown in Table 2. The D3y
symmetry has symmetry elements of Cs, Ca, S¢ and g4, while Coy symmetry has symmetry elements of C,
Oy, and o,,. The configuration with the symmetry element of C; has a rotation by g Therefore, the
monovacancy belongs to D3y symmetry in Vg, and Coy symmetry in V. The divacancy configurations have
a symmetry of Cyv. Like the divacancy, the substitution (Sgs—n and Sn—ga) and interchange (IgaoN)
configurations have Cov symmetries. Then, the Stone-Wales configuration has Cs symmetry (rotation by 21

and reflection ay,).
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In the case of the divacancies g-GaN, the Ef of VGan, Vcaca, and Vnn are 14.85, 7.08, and 7.50,
consecutively. The divacancies Ga and N are more stable than the divacancy GaN. The atomic nearest-
neighbor distances of this system also reflected this behavior. Moreover, in the case of substitutions g-GaN,
the Ef of Sga—n is 7.09 €V, while the Ef of Sn—.cais —2.70 eV. The Sga—n configuration creates an N-rich
system, while the Sn—ca creates a Ga-rich system. The fact that the E¢ of Sx—.ca is lower than the Sgan, it

has been proven that the Ga-rich system exhibits better energetic stability, as mentioned above.

Table 1 Summarized symmetries and formation energies of defected g-GaN and the comparison to the

references *[36] and ®[37].

Structure Symmetry E; (eV) Reference (eV)
VGa Dsn 8.21 7.67 - 7.82°
%S Cav 3.78 2.62°

Vaan Cav 14.85 This work
VGaGa Cov 7.08 This work
VN Cov 7.50 This work
ScaN Cav 7.09 This work
Sn—Ga Cav -2.70 This work
IGaoN Cay 13.62 This work
S-W Cs 4.85 This work

Furthermore, the Ef of interchange configuration (Igacn) is 13.62 €V, higher than the bulk g-GaN (8.4
eV). This is likely due to the bond changing, which further restrained the system from reaching stability.
On the other hand, the E; of the S-W configuration is relatively low at 4.85 eV.

Geometric evolution

We evaluate the reaction coordinate of pure and defected g-GaN to elucidate the geometric changes
from initial to final geometry. Herein, we observed 3 evolution states: Initial, transition, and final. The
initial state of each system corresponds to the pure g-GaN system. As the defects were introduced, the
systems started to enter their transition state by rearranging and relaxating atoms to reach their stable state.
Ultimately, the final state represents the final atomic coordinates where the stability was successfully
achieved.

Figure 2 shows the reaction coordinate of Vg, where an outward relaxation occurred and further
widened the system. Unlike in the Vg, where the nearest-neighbor distances are uniform, the nearest-
neighbor distances of Vy are non-uniform (Figure 3). In the case of Vy, atoms in the x-direction experience
outward relaxation. Meanwhile, atoms in the y-direction experience inward relaxation. Hence, the final

coordinates show non-uniform nearest-neighbor atomic distances, as shown in Figure 3.
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Figure 2 Reaction coordinate of the Vg. configuration, representing the geometry optimization process

from initial to final configuration.
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Figure 3 Reaction coordinate of the Vi configuration, representing the geometry optimization process from

initial to final configuration.

In the case of divacancies, the Vgan experiences both outward and inward relaxation. The outward

relaxation occurred in the N-atoms, while the inward relaxation occurred in the Ga-atoms (Figure 4).

Consistent with the Vgan, N-atoms in the Vgaga are experiencing outward relaxation (Figure 5). Whereas

Ga-atoms in the Vyn moved oppositely (Figure 6). Concerning the monovacancies and divacancies g-GaN,

it can be inferred that the Ga-Ga bonds tend to narrow the system, which leads to better energetic stability,

as mentioned in the previous section. On the contrary, the N-N bonds tend to widen the system by relaxing
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the system in the outward direction. Nonetheless, this behavior significantly degrades the energetic stability

of the system.
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Figure 4 Reaction coordinate of the Vgan configuration, representing the geometry optimization process

from initial to final configuration.
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For the substitution configurations, the vacancies of the gallium system, which is also referred to as
the Sn—.ga configuration, tend to form uniform-nearest-neighbor distances (Figure 8). The Sn_.c. experience
uniform-outward relaxation in x- and y-directions. While the vacancies of the nitride system (Sgaon
configuration) experience both outward (y-direction) and inward (x-direction) relaxation (Figure 7).
Furthermore, this behavior significantly affects the energetical stability of the Ga-rich system (Sn—ga), as

mentioned in the previous section.
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Figure 7 Reaction coordinate of the Sg.—.~ configuration, representing the geometry optimization process

from initial to final configuration.
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from initial to final configuration.

Figure 9 shows the geometry evolution of interchange configuration. At the final state, the nearest-
neighbor distances were varied from 1.52 to 2.32 A. In other words, it experiences outward and inward
relaxation in x- and y-directions. Moreover, the nearest-neighbor distances of the S-W configuration varied
at 1.47 - 2.45 A (Figure 10). Although both systems’ nearest-neighbor distances vary, the relaxation
patterns are consistent with the previous configurations. All N-N atoms are narrowing, while Ga-Ga atoms

are widening.
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Figure 9 Reaction coordinate of the Ig..n configuration, representing the geometry optimization process

from initial to final configuration.
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Density of states

To investigate the electronic properties of g-GaN, we performed DOS calculations, shown in Figure
11. For the pristine g-GaN system, the DOS is shown in Figure 11(a). Based on the figure, the pristine’s
gap energy is 2.09 eV. The DOS of monovacancy systems (Vga and V) are shown in Figures 11(b) - 11(c).
In the Vg, system, a new peak state (~82 states/eV) appears near the Fermi level, decreasing the gap energy
of 0.13 eV from the pristine one. Meanwhile, in the Vy system, the DOS shifts to the left, and the gap
energy decreases to 0.12 eV.

Next, we calculate the DOS of the divacancy systems, shown in Figures 11(d) - 11(f). In the Vgaga
system, the gap in the right of the Fermi level is 1.63 eV. However, since new states appeared across the
Fermi level, the system has metallic behavior. The Vnn system produces new states near the Fermi level
and leaves 1.65 eV on the left and 0.57 eV on the right of the Fermi level. The DOS of the Vgan is like that
of the Vg, that new peak state (~60 states/eV) appears near the Fermi level, leaving a gap energy 1.76 eV.
In the case of the substitutional defects, the Sg.—n (Figure 11(g)) produces peak states, significantly
decreasing gap energy to 0.56 eV. Like in the Vxn, the DOS of the Sn—.ca (Figure 11(h)) and S-W (Figure
11(j)) systems produces gaps of 0.56 and 1.27 eV on the left, and 0.89 and 1.06 ¢V on the right of the Fermi
level, respectively. Some new states appear in the Igaon, leaving gap energies of 0.52 eV on the left and

0.34 eV on the right of the Fermi level, as shown in Figure 11(i).
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interchange Iga,n configuration and (j) S-W configuration.
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Conclusions

This study eclucidates the behavior of defected g-GaN through the density-functional theory
calculations. The optimized geometries, symmetries, formation energies and geometric evolutions were
evaluated. In most cases, the dga-ca and dn.~ of defected g-GaN was narrowing as it reached the optimized
geometry. Regarding atomic symmetries, the Vg, is symmetric under D3y, like the pure g-GaN. After that,
the symmetries tend to degrade into C,v in most defective g-GaN configurations. In particular, the SW
configuration has the lowest symmetry of Cs. Concerning the energetic stability, we evaluate the formation
energies of each configuration. The minimum formation energy implies better energetic stability. The result
revealed that the Vn system is more stable than the Vg, system in the case of monovacancies and
substitution configurations. Meanwhile, the Vg. system seems more stable for the divacancies
configurations. Furthermore, in the case of modified g-GaN atomic configurations, the Stone-Wales
configuration is energetically more stable than the interchange configuration.

We also elucidate the geometric evolution by evaluating the reaction coordinates. We found that the
N-atoms consistently move outward while the Ga-atoms move inward only for monovacancies and
divacancies configurations. In contrast, the N-atoms move inward while the Ga-atoms move outward for
substitutions, interchanges and Stone-Wales configurations. In addition, from the DOS calculations, the
defects introduce new states, tending to decrease gap energies compared to the pristine system. This finding

lays the groundwork for future g-GaN-based semiconductor electronic devices.
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