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Tuning the Electronic Properties of Hexagonal Two-Dimensional GaN 
Monolayers via Doping for Enhanced Optoelectronic Applications 

Naresh Alaal and Iman S. Roqan*

*Email: iman.roqan@kaust.edu.sa

Physical Sciences and Engineering Division, King Abdullah University of Science and Technology, 
Thuwal 23955-6900, Saudi Arabia 

We explore structural, electronic and magnetic properties of two-dimensional (2D) gallium nitride (GaN) 
monolayer (ML) doped with different elements belonging to the groups III−VI, using density-functional-
theory (DFT) with the Perdew-Burke-Ernzerhof (PBE) functional and the screened hybrid functional 
(HSE06) approaches as well as molecular dynamics (MD) simulations. Dopant interactions in Ga- and N-
rich environments are investigated by varying their concentrations from 1.38% to 5.5%. Our calculations 
reveal that oxygen and aluminium impurities are the most preferred candidates under Ga- and N-rich 
conditions, respectively. The electronic structure studies indicate that dopants containing an even number 
of valence electrons introduce magnetic behavior with spin-polarized properties, or n-type conductivity 
with nonmagnetic features, depending on the stoichiometric III/V ratio during growth. Dopants with an 
odd number of valence electrons modify the GaN ML band structure from indirect to direct bandgap at 
the Γ point, depending on dopant types at different III/V ratios as well as substitutional site. The calculated 
charge transfer explains the dopants’ influence on the band structure and bond nature. The HSE 
calculations of doped g-GaN MLs show a 0.23−1.48 eV increase in the band gaps including the spin 
polarized band structures when compared with their PBE values. MD calculations suggest high structural 
stability at high growth temperatures. Such dopant-induced modifications in structural and physical 
properties of 2D GaN ML could potentially allow use of this material in diverse electronic, optoelectronic 
and spintronic applications.

INTRODUCTION

It is well known that bulk III-nitride compounds—
such as GaN, AlN, InN and their alloys—are 
direct band gap semiconductors that are used for a 
vast range of practical and reliable optoelectronic 
and electronic applications, such as lasers, light-
emitting diodes, and transistors1–3, including 
devices operating in harsh environments4, due to 
their unique mechanical and structural properties5–

7. Moreover, the heterostructure of GaN 
nanosheets can potentially be beneficial in solar 
harvesting applications8. Similar to bulk III-
nitrides, the two-dimensional (2D) GaN alloys 
have received tremendous research attention due 
to the possibility of tuning their optical 
properties9, as their band gap can be tuned by 
generating GaN, AlN and InN alloys10. In the past, 
graphene was the first 2D material to be 
synthesized successfully11, and its remarkable 
properties have been subsequently confirmed12–15. 

However, its use in manufacturing 
semiconducting devices is limited, as its zero band 
gap restricts photocurrent generation, hindering its 
use in related applications16. This has further 
motivated extensive research aimed at identifying 
a nanomaterial with a finite band gap that exhibits 
electronic properties similar to those of 
graphene15,17–22. As a result of these efforts, 2D 
GaN was recently proposed as a viable alternative 
to graphene for use in semiconductor devices. The 
main significance of 2D materials stems from their 
low dimensionality, and potentially beneficial 
electronic properties for novel devices when 
compared with their three-dimensional (3D) 
counterparts23. 

2D GaN was first synthesized by Balushi 
et al. by migration-enhanced encapsulated growth 
technique24. However, experimental reports on 2D 
GaN are scarce, as the crystal quality of such 2D 
material has not been optimized for practical 
applications compared to bulk. Theoretical 
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2

predictions suggest that GaN material can be 
formed as a graphene-like hexagonal (g-GaN) 
monolayer (ML)25–27 with a strong covalent bond 
between Ga and N with sp2 hybridization in the 
plane26. The g-GaN structure is stable, with a 
planar geometry at room temperature, while its 
indirect band gap7 could be tuned from 1.8 to 3.5 
eV by applying an external electric field28. 
Therefore, g-GaN is expected to exhibit optical 
absorption in the UV-Vis range29. Thus far, g-GaN 
ML has been studied theoretically by investigating 
the effect of chemical functionalization30, 
adsorption of gas molecules on its surface31, 
doping with adatoms and metals32–34, applying 
strain within the plane35, and introducing 
vacancies36,37. However, the influence of using 
group III−VI elements as dopants, and the effect 
of their concentrations on g-GaN optical, 
electronic and magnetic properties have never 
been investigated in detail. Moreover, extant 
studies were mostly based on the Perdew-Burke-
Ernzerhof (PBE) and local density approximation 
(LDA) approaches. It is well known that PBE and 
LDA functionals underestimate the band gaps in 
semiconductors and are thus unreliable predictors 
of the interactions between the dopants and the 
host atoms. Hence, it is necessary to use a 
computationally expensive functional, such as 
Heyd-Scuseria-Ernzerhof (HSE06) hybrid 
functional, that can accurately predict band gap 
values in semiconductors38–40. The 
aforementioned shortcomings in the extant 
research have motivated this work, the aim of 
which is to explore different phenomena observed 
in doped g-GaN ML that would lead to a better 
understanding of the physics of its band structure 
and its properties. 

In this work, we explore the effect of the 
dopants belonging to the groups III−VI on the 
structural, electronic, and magnetic properties of 
2D g-GaN ML at different III/V ratios by using 
density functional theory (DFT), adopting both 
PBE and HSE approach as well as ab initio 
molecular dynamics (MD) simulations. To fully 
elucidate their influence, dopant concentrations 
varied from 1.38% to 5.5%. We predict that the 
dopants with small radii will have the highest 
stability. Our findings reveal that the doped 

system exhibits diverse characteristics, depending 
on the dopant type, type of doping, dopant 
concentration, and the growth III/V ratio. We also 
show that the band gaps of doped systems 
corrected by hybrid functional give raise to a 
correction in the 0.23−1.48 eV range, compared to 
that obtained from the PBE calculations. Such 
diverse electronic and magnetic properties of 
doped 2D GaN ML systems can be used in 
nanoelectronic and spintronic device applications.

II. COMPUTATIONAL DETAILS

All calculations conducted in this work 
were carried out using the DFT, as implemented 
in the Vienna Ab initio Simulation Package 
(VASP)41,42. For the exchange-correlation 
potential, we adopted the PBE43 functional with 
generalized gradient approximation (GGA), while 
the electron−ion interaction was described by 
projected augmented wave potentials. We have 
chosen 500 eV as a kinetic energy cut-off for the 
plane wave basis sets. All the atoms in the unit 
cells were relaxed until the force on each atom 
declined below 0.01 eV/Å, and the threshold 
energy convergence was set to 10-5 eV. A gamma 
centered k-point mesh of 6×6×1 was adopted to 
sample the first Brillouin zone. The hexagonal unit 
cell or supercell was considered in the xy plane, 
whereas a vacuum of more than 15 Å was adopted 
in the z direction in order to preclude any 
interactions with adjacent cells. Bader44 method 
was employed to calculate the charge transfer 
between the dopant and the monolayer. In 
addition, we also utilized the HSE0645 functional 
for the selected doped structures in order to 
provide supporting evidence for the band gap 
trends indicated by the PBE functional. The 
HSE06 functional combines 75% of the PBE 
exchange with 25% of the Hartree-Fock exchange. 
We carried out ab initio MD simulations for 
selected doped configurations (5×5 supercell) 
using VASP, whereby the optimized geometries 
served as initial configurations. We adopted Nosé-
Hover thermostat46 method to control the 
temperatures chosen for the numerical 
investigation. The simulation time was set to 4 ps 
with a step size of 0.5 fs.
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3

The dopants utilized in this work are (a) B, 
Al, and In from group III; (b) C, Si, and Ge from 
group IV; (c) P, As and Sb from group V; and (d) 
O, S and Se from group VI. We considered the 
dopants occupying either Ga or N sites and varied 
their concentrations from 1.38 to 5.5%. In order to 
represent these dopant concentrations during 
modeling, one Ga or N atom was substituted with 
a dopant atom in the 3×3, 4×4, 5×5 and 6×6 GaN 
ML supercells. We divided this study into two 
parts, according to the environment, thus focusing 
first on (i) Ga-rich conditions, whereby one N 
atom in the supercell is substituted by a dopant; 
followed by (ii) N-rich conditions, where one Ga 
atom of the supercell is replaced by a dopant.

RESULTS AND DISCUSSION

2D GaN Monolayer

First, we present the electronic properties 
of pristine 2D g-GaN ML to benchmark the 
methodology employed for the calculations. 
Furthermore, such calculation allows us to 
compare the results pertaining to doped ML with 
those obtained for pure g-GaN. The bond length of 
the Ga-N pair and the optimized lattice constant of 
planar g-GaN are 1.88 Å and 3.25 Å, respectively. 
Fig. 1(a) depicts the calculated GaN ML band 
structures using PBE (black solid lines) and HSE 
(red solid lines) functionals. Unlike bulk GaN, 
both band structures show that the material 
possesses a semiconductor indirect band structure, 
as the valence band maximum (VBM) occurs 
between the highly symmetric Brillouin zone 
points, K and Γ, whereas the conduction band 
minimum (CBM) coincides with the Γ point. The 
PBE calculations result in a pure g-GaN ML band 
gap of 1.94 eV, whereas, when the band gap was 
corrected by HSE calculation, an energy gap of 
3.21 eV was obtained. Both band gap values are 
consistent with the previously reported results30–

36,47–49. Moreover, the pure g-GaN ML exhibits 
nonmagnetic behavior. We also present the 
projected density of states (PDOS) of the pure 2D 
g-GaN ML in Fig. 1(b) in order to elucidate the 
individual atomic contributions. In addition, Fig. 
1(b) shows that the VBM originates from the p 
orbitals of N atoms, while s orbitals of Ga atoms 
contribute to the CBM. 

Electronic and magnetic properties of doped g-

GaN ML under Ga-rich conditions

First, we investigate the geometric structures of 
doped 2D g-GaN MLs. Here, we study the effect 
of different dopants (at 3.125% concentration) on 
the structural and electronic properties of g-GaN 
ML, and find that similar trends are observed at 
other concentrations. Fig. 1(c) shows the atomic 
structure of g-GaN substitutionally doped with X 
at the N site under Ga-rich conditions, where X = 
B, C, Al, In, Si, Ge, P, As, Sb, O, S, and Se. In this 
case, the dopant has three Ga atoms as the nearest 
neighbors. We show that none of the dopants 
induces any significant structural deformations in 
the g-GaN planar crystal structure. However, the 
bond distances surrounding the dopants are 
modified due to their atomic size and 
electronegativity, as well as the densities and 
affinities of electrons in each atom compared to N, 
which can affect the band structure of the material. 
Similar behavior was reported for other 2D MLs40 
doped with group III−V impurities. The calculated 
bond lengths of Ga−X in the doped g-GaN MLs 
are shown in Table 1. 

Among all the bond lengths, at 1.94 Å, 
Ga−C and Ga−O bonds are the shortest, as C and 
O have small atomic size. However, this value is 
slightly higher than the bond length of pure g-GaN 
ML because their atomic size and 
electronegativity are slightly different when 
compared to N. The Ga−In and Ga−Sb pairs have 
the greatest bond length (2.38 and 2.37 Å) due to 
the large atomic size of these atoms compared to 
other dopants, introducing tensile strain. The 
Ga−B bond length in the doped g-GaN (2.02 Å) is 
slightly shorter than that of the doped bulk GaN 
(2.08 Å)50. This difference is attributed to the 
elongated bond along the c-axis compared to that 
in the a-b plane in bulk GaN, which is absent from 
2D GaN. In general, the data presented in Table 1 
shows that the bond length increases as the atomic 
size of the dopant increases. Similar trends were 
observed in experimental results pertaining to bulk 
GaN doped with different elements50. These 
observations are useful for tuning the band gap of 
the materials. 
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4

To understand the effects of doping on the 
electronic structure and related properties of 
doped g-GaN in Ga-rich environment, we 
calculated the band structures and PDOS, which 
are depicted in Fig. 2 and Fig. 3, respectively. The 
band gap values of doped g-GaN (by replacing N 
atoms with X dopants), including the corrected 
HSE values, are shown in Table 1. For the group 
III dopants, the band structures of GaN doped with 
B, Al and In are depicted in Fig. 2(a)−2(c), 
respectively. Unlike the pure g-GaN ML, the B-, 
Al-, and In-doped systems have VBM located at 
the Γ point. Additional energy levels emerge 
within the band gaps when g-GaN is doped with 
group III elements, resulting in a reduction in the 
band gap energy. Such modification in the band 
gap energy is expected, as the nearest neighbors 
surrounding the dopants introduce an X−Ga metal 
phase. Although these dopants belong to the same 
group, they induce different modifications in the 
nature of the band gap structure. When B and In 
are used as dopants, they transform the band gap 
structure of g-GaN from indirect to direct band 
gap, as its VBM and CBM occur at the same 
symmetric point, Γ, as shown in Fig. 2(a). 
However, Al dopant shifts the CBM slightly away 
from the Γ point, which results in an indirect band 
gap. The charge transfer is calculated by using the 
formula40 δq = ρd − Zd, where Zd is the charge 
located on the dopant atom in vacuum and ρd is the 
Bader charge of the dopant. In this expression, a 
positive/negative δq sign denotes electron 
gain/loss. The charge transfer values (denoted as 
δq in Table 1) indicate that the electron affinity in 
B atoms (positive δq) is greater than that for Al 
and In atoms (as indicated by negative δq), as B 
atoms exhibit greater electronegativity than Ga51, 
which can influence the nature of the band 
structure. 

The corresponding PDOS of the B-, Al-, 
and In-doped MLs are calculated in order to 
determine the contribution of individual dopants 
to the VBM and CBM. The PDOS illustrated in 
Fig. 3(a)−3(c) shows that the CBMs of g-GaN 
doped with all group III elements have a 
significant contribution from p orbitals of these 
dopants. However, the p-orbital of N atoms 

provides a dominant contribution to VBMs, with 
some contributions from B and Al p orbitals. 

The magnetic moments (MM) and the 
energy difference between the magnetic and 
nonmagnetic configurations, ΔE, are shown in 
Table 1, indicating that group III-doped g-GaN 
MLs are nonmagnetic semiconductors under Ga-
rich conditions. With the exception of group IV 
dopants, elements from other groups investigated 
in this study show the same magnetic behavior. 
Indeed, when doped with group IV elements (C, 
Si, and Ge), this doped g-GaN ML displays spin-
polarized behavior, as the bands split into spin-up 
and spin-down channels exhibiting indirect 
semiconducting nature, as shown in Fig. 
2(d)−2(f), respectively, with the two related band 
gaps presented in Table 1. In addition, when g-
GaN is doped with group IV elements other than 
C, spin-up band gaps are larger than the spin-down 
band gaps. In these cases, band splitting induces 
ferromagnetism (FM) in the g-GaN ML with a 
total magnetic moment of 1 µB per unit cell (Table 
1). In order to identify the origin of the magnetic 
moment, we generated spin-density plots of MLs 
doped with these group IV impurities, as shown in 
Fig. 4(a)−4(c), where it can be seen that the 
magnetic moment is primarily produced by the 
dopants, whereas the contribution of N atoms is 
negligible. The significant ΔE values of C-, Si-, 
and Ge-doped systems shown in Table 1 indicate 
that they can preserve magnetic properties under 
ambient conditions at room temperature, as ΔE in 
the 0.2−0.31 eV range is significantly greater than 
the thermal energy (kT = 0.025 eV) at room 
temperature. Thus, the resulting FM is stable at 
room temperature and can be potentially 
beneficial for spintronic devices. However, Table 
1 indicates that the ΔE value decreases as the 
dopant size increases. 

To understand the electronic and magnetic 
properties of group IV-doped systems, the related 
PDOS is shown in Fig. 3(d)−3(f) for both spin 
channels, indicating that the PDOS of spin-up and 
spin-down channels are asymmetric, thus 
confirming the FM nature of these dopants when 
introduced to g-GaN. However, the splitting is 
more pronounced when Si and Ge are used as 
dopants compared to C, which is in agreement 
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5

with the band structure presented in Fig. 2. Fig. 
3(d) shows that, in the spin-up configuration of C-
doped GaN, the VBM derives from the p orbitals 
of N, whereas CBM is a result of both s and p 
orbitals of N atoms. For the spin-down channel in 
C-doped g-GaN, the N p orbitals contribute to the 
VBM, and CBM is a result of the p orbitals of C. 
In the case of Si- and Ge-doped g-GaN MLs, the 
VBM and CBM originate mainly from the p 

orbitals of both dopants in both spin channels, as 
shown in Fig. 3(e) and 3(f). When C is used as 
dopant, it interacts more strongly compared to Si 
and Ge, as its electronegativity is comparable with 
the substituted atom N, which is in line with the 
bond length results, and confirms that the states 
that do not contribute to bonding hybridize at the 
CBM. On the other hand, the dopant states of Si 
and Ge hybridize with the host states at the VBM 
and CBM in the vicinity of the Fermi level, 
resulting in the observed room-temperature FM 
above the thermal energy. The state hybridization 
between DOS of the g-GaN and the dopants at 
VBM or CBM in the vicinity of the Fermi level is 
responsible for the FM of any diluted magnetic 
semiconductor system, explaining the existence of 
FM in the group IV-doped g-GaN. Si and Ge 
dopants tend to lose electrons, which is aligned 
with the state hybridization at VBM. However, C 
tends to gain electrons from the g-GaN ML, as 
indicated by the δq values reported in Table 1, 
explaining the state hybridization near the CBM 
observed in Fig. 3(d). 

For group V dopants, Fig. 2(g)−2(i) show 
the band structures of g-GaN doped with P, As and 
Sb, respectively. No significant changes are 
observed in the band structures compared to pure 
g-GaN ML, as these dopants are isoelectronic 
atoms and are in the same group as the substituted 
atom. Therefore, similar to pristine g-GaN, the g-
GaN ML doped with such elements possesses 
indirect band gap with nonmagnetic behavior. 
However, the band gap energy of group V-doped 
systems is smaller than that of pure g-GaN, 
because the bond lengths of these dopants are 
larger (and the bonds are therefore weaker) than 
that of N (as shown in Table 1), as the atomic size 
of these dopants is larger than N, explaining the 
smaller band gap of Sb-doped g-GaN compared to 

that doped with P and As impurities. The PDOS 
for P-, As- and Sb-doped g-GaN are shown in Fig. 
3(g)−3(i), confirming that VBM and CBM are 
formed by the same cation and anion orbitals 
originating from pure g-GaN ML. 

For group VI dopants, the band structures 
of O-, S- and Se-doped g-GaN ML are presented 
in Fig. 2(j)−2(l). Interestingly, we find that ML 
doped with all group VI elements possesses Fermi 
level located above the CBM, as shown in Fig. 
3(j)−3(l). This indicates that these systems are 
heavily doped and act as degenerate n-type 
semiconductors. Upon replacing N anions with 
such dopants (which contain one more valence 
electron than N does), the ML gains additional 
electrons, resulting in n-type behavior. Such 
behavior is attributed to the unpaired electrons that 
do not participate in the bonding, and therefore 
form additional energy levels within the g-GaN 
band gap. Similarly, O incorporated at the N site 
in the bulk-doped GaN exhibits n-type behavior52. 

The PDOS for the O-, S- and Se-doped g-
GaN ML is shown in Fig. 3(j)−3(l), revealing that 
these dopants do not contribute significantly to the 
CBM formation, as such dopants act as extrinsic 
donors, whereby their electrons do not participate 
in the crystal bonds. Nonetheless, slight 
contributions from the dopant states should still 
exist. We expected the shared electrons in the 
bond to remain in the vicinity of such dopants for 
a longer period of time, as the electronegativity of 
these dopants exceeds that of N, as indicated by 
their large positive δq values (Table 1). 

To correct the band gap structures and 
elucidate the nature of band gaps of the doped 
systems discussed above, we also presented HSE 
band gaps along with their PBE values in Table 1, 
while their band structures are shown in 
Supporting Information (Fig. S1). As expected, 
the band gaps of group III-doped systems are 
widened when the HSE functional is adopted. As 
shown in Table 1, the differences between the 
enhanced band gap energy values and uncorrected 
values are in the 0.87−1.17 eV range. The group 
IV-doped g-GaN MLs retain spin-polarized 
behavior at the HSE level, similar to the PBE, as 
shown in Fig. 5. However, compared to the 

Page 5 of 35

ACS Paragon Plus Environment

ACS Applied Nano Materials

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



6

uncorrected values, the spin-up and spin-down 
band gap energies produced by the HSE are grater 
by 1.01−1.40 eV and 1.01−1.48 eV, respectively. 
In addition, the HSE band gaps of group V-doped 
systems are 0.91−1.04 eV larger than the 
corresponding PBE values. Similar to the PBE 
level, the group VI-doped systems show n-type 
behavior, but their band gaps are widened by 
1.12−1.19 eV (see Table 1). The band gap nature 
of the doped systems is preserved at the HSE level, 
as their corrected values are roughly proportional 
to those indicated by the PBE, as shown in Fig. 
5(a). It can also be observed that the HSE band 
gaps of the doped systems follow a hierarchy 
within the same group, whereby Eg(B) > Eg(Al) > 
Eg(In), Eg(C) > Eg(Si) > Eg(Ge), Eg(P) > Eg(As) > 
Eg(Sb), Eg(S) > Eg(Se) > Eg(O). Overall, the 
difference between the HSE and PBE band gap 
energy values ranges from 0.87 to 1.48 eV, 
indicating that the doped systems are wide band 
gap semiconductors and can be used in electronic 
and optoelectronic device applications.

Electronic and magnetic properties of g-GaN 

under N-rich conditions

Here, we discuss the doping effects on the 
g-GaN properties when one Ga atom is substituted 
with the selected dopants from group III−VI. The 
geometric structure of X-doped g-GaN ML at the 
Ga site is shown in Fig. 1(d), where X = B, C, Al, 
C, Si, Ge, P, As, Sb, O, S, and Se, under N-rich 
conditions. The dopant (X) has three nearest-
neighbor N atoms.

The calculated bond lengths of X−N in 
doped g-GaN MLs are presented in Table 2. It can 
be seen that the X−N bond length is shorter for 
doped g-GaN systems when the impurities have 
smaller radii compared to that of Ga−N in pure g-
GaN ML, while the large-sized dopants have 
greater bond lengths (see Table 2). Similar to the 
Ga-rich environment, no geometric deformation in 
the planar structure of the ML is induced by 
doping. In line with the findings reported for Ga-
rich conditions, and unlike bulk GaN, the obtained 
bond lengths (X−N) are independent of dopant 
concentration, as the c-direction is absent in all 2D 
materials. The C−N (1.40 Å) and Al−N (1.81 Å) 
bond lengths calculated in this work are consistent 

with that in the N-doped graphene53 and the 2D 
AlN sheet34, respectively. In the O-doped g-GaN 
ML, the oxygen atom moves towards one of the 
nearest-neighbor N atoms, and it forms the 
shortest bond (1.20 Å) relative to those formed by 
other dopants, while forming a weak bond of 2.47 
Å length with the other two neighboring N atoms. 
This short bond can be due to the high electron 
affinities in both O and N atoms. It should be noted 
that we did not find any significant changes in the 
bond lengths of Ga-X and X-N when the dopants 
were substituted in different 2D GaN supercells. 
The band structures of g-GaN MLs in which Ga 
atoms are replaced by the group III impurities are 
presented in Fig. 6(a)−6(c). We observe that these 
band structures exhibit similar behaviors to that of 
the pure 2D g-GaN ML because the dopants 
substituting Ga belong to the same group as the 
cation atom. However, the band gap energy 
increases and the bond length decreases (i.e., as 
the dopant atomic size decreases). Thus, the band 
gap energies of B- and Al-doped g-GaN MLs are 
higher than that of pure g-GaN, while that 
obtained for the In-doped ML is lower, as shown 
in Table 2. The PDOS for the B-, Al-, and In-
doped MLs are presented in Fig. 7(a)−7(c), 
indicating that, as these dopants are isoelectronic 
atoms, they do not provide a significant 
contribution to VBM and CBM formation. In 
addition, the dopant-related states are located 
away from the Fermi level in the conduction and 
valence bands. The Bader charge analysis shows 
that, similar to Ga, all group III dopants lose 
electrons (as indicated by the δq values reported in 
Table 2) as their electron affinities are smaller than 
that of the bonded atom (in this case N)54.

Fig. 6(d)−6(f) show the band structures of 
g-GaN doped with group IV elements (C, Si and 
Ge), which possess semiconducting properties 
with n-type conductivity, as these dopants provide 
donors. When Ga atom is substituted by one of the 
group IV elements, due to having four valence 
electrons, such dopants introduce one extra 
electron, enhancing donor carrier concentrations 
and inducing n-type behavior, given that the Fermi 
level shifts above the CBM, as shown in Fig. 
6(d)−6(f). The corresponding PDOS of the ML 
doped with these group IV impurities is shown in 
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7

Fig. 7(d)−7(f). The n-type conductivity arises 
from the bottom of the conduction band that is 
derived from the electrons located in non-bonding 
s and p orbitals of Ga and N. It can also be seen 
that an additional band originating from p orbitals 
of IV dopants is formed above the Fermi level. 
The VBM and CBM of the group IV-doped 
systems originate from the N-s and N-p orbitals, 
respectively. Akin to group VI-doped systems in 
the Ga-rich condition, these systems also behave 
as degenerate semiconductors, as they are heavily 
doped with donors. It is noteworthy that, unlike g-
GaN doped with group IV elements that replace N 
and show FM or spin splitting behaviors, these 
dopants do not exhibit magnetic behavior when 
dopants replace Ga atoms. This difference 
suggests the significance of state hybridization 
and substitutional site in determining the magnetic 
behavior of 2D materials. Thus, when group IV 
elements occupy anion sites, this induces FM and 
band splitting, whereas no magnetism or band 
splitting is observed when the same dopants 
replace cations in g-GaN MLs. 

For group V elements, the systems doped 
by substituting Ga with P, As and Sb behave as a 
narrow indirect band gap semiconductor, as shown 
in Fig. 6(g)−6(i) and Table 2. The V dopants 
significantly reduce the band gap energy 
compared to other dopants. In this case, N are 
bonded with dopants belong to the same group, 
affecting the polarity of the X-N bond, which may 
affect the band structure. Furthermore, P-doped g-
GaN possesses the lowest band gap energy (0.29 
eV) and its Fermi level shifts much closer to the 
CBM compared to the other dopants, although the 
bond length is shorter than that of other group V 
dopant−N pairs. The PDOS shown in Fig. 
7(g)−7(i) indicates that the CBM is dominated by 
the p states from P, As and Sb atoms, while the p 
orbitals of N contribute equally to the CBM in P-
doped ML, which can be due to their short bonds, 
leading to relatively n-type conductivity. The 
VBMs of group V-doped systems are derived from 
p orbitals of both N and the dopant atoms. 

Finally, the band structures of the group VI 
dopants that form O- S- and Se-doped g-GaN ML 
are shown in Fig. 6(j)−6(l). Interestingly, when 
occupying Ga sites, these dopants induced 

magnetic behavior, as well as spin-up and spin-
down band splitting, as indicated by the 
asymmetric PDOS. The total magnetic moments 
(1−3 B per unit cell) are significant, as shown in 
Table 2. The spin density plot provided in Fig. 4 
shows that most contributions to the magnetic 
moment can be attributed to polarized states of 
such dopants hybridizing with the surrounding 
atoms. The MM corresponding to the O-doped 
system is much greater (3 µB) than that of Se- and 
S-doped ML (1 µB) because the two nearest N 
neighbors form a weak bond with O. Thus, the 
unpaired electrons from the N atoms 
(corresponding to the dumbbell shape in Fig. 4 (d)) 
contribute to such a large magnetic moment. The 
significant energy difference between the spin-
polarized and unpolarized configurations (ΔE = 
0.14−0.39 eV) suggests that the doped systems 
exhibit FM at the ground state at room 
temperature. Similar to the magnetic systems 
studied under Ga-rich conditions, the ΔE value 
decreases as the dopant atomic size increases 
(Table 2). The δq values reported in Table 2 show 
that, when replacing Ga, O atom tends to gain 
electrons relative to N, whereas other 
substitutional dopants tend to lose electrons when 
replacing Ga. This suggests that the 
electronegativity of the O atoms is greater than 
that of the bonded atom N55.

Similar to the work carried out under Ga-
rich conditions, we also calculated the band gaps 
of doped systems using HSE06 and the findings 
are presented in Table 2. Their corresponding 
band structures are provided in Fig. S5, 
Supporting Information. We found that band gaps 
of all doped systems (except those doped with 
group V elements) are significantly modified, with 
the correction in the band gap energy exceeding 1 
eV. This discrepancy is due to the smaller band 
gaps characterizing group V-doped systems at the 
PBE level compared to other doped systems. Upon 
inclusion of the HSE functional, band gaps of 
these systems are widened by 0.23−0.60 eV, as 
shown in Table 2. Moreover, at the HSE level, 
systems doped with group IV and VI elements 
exhibit n-type behavior and spin-polarized 
behavior, respectively (see Fig. S5 in Supporting 
Information), which is in line with the PBE 
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8

calculations. However, HSE calculations induce a 
0.58 eV and 1.48 eV increase in the corrected spin-
up and spin-down band gap energies, respectively, 
compared to the uncorrected values. Akin to the 
Ga-rich conditions, the HSE band gaps are 
proportional to the relevant PBE band gaps under 
N-rich conditions, as shown in Fig. 5(b). It is also 
evident from Fig. 5(b) and Table 2 that the band 
gaps calculated using the HSE functional show the 
following hierarchy within the groups: Eg(B) > 
Eg(Al) > Eg(In); Eg(Si) > Eg(C) > Eg(Ge); Eg(Sb) > 
Eg(As) > Eg(P); Eg(O) > Eg(Se) > Eg(S). Hence, the 
HSE calculations confirm the interesting behavior 
the studied systems exhibited at the PBE level, 
while predicting significantly higher band gap 
energies. These findings would be beneficial when 
considering these doped materials for potential 
practical applications.

Concentration dependence on the band gap of 

doped g-GaN

Here, we examine the band gap behavior 
of doped g-GaN ML as a function of dopant 
concentration. The assessment includes all 
dopants considered in this study and is conducted 
using the PBE functional because it is 
computationally very expensive to calculate the 
HSE band gaps of the doped systems for all 
concentrations of interest for this investigation as 
we found that HSE band gap structures show 
trends similar to that estimated by PBE 
calculations although the estimated energy gap is 
underestimated by PBE.

The band gap behavior of doped systems 
as a function of dopant concentration, whereby the 
dopants occupy N sites under Ga-rich conditions, 
is illustrated in Fig. 8. It can be seen in Fig. 8(a) 
that the band gap decreases as the group III dopant 
concentration increases, given that the band gap 
values (≤ 1 eV) are smaller than that obtained for 
pristine g-GaN ML. When the systems doped with 
group III elements are examined, the lowest band 
gap value (0.09 eV) is obtained for the In-doped 
g-GaN ML (at 5.5% concentration) due to its long 
bonds, as shown in Fig. S2 in Supporting 
Information. It is worth noting that the g-GaN 
MLs doped with group III atoms exhibit direct 
band gap behavior at the 1.38% concentration 

(Fig. S4 in Supporting Information). However, 
higher concentrations result in the emergence of 
both direct and indirect band gap, depending on 
the dopant type and its concentration. For 
example, when g-GaN ML is doped with B at 
3.125%, Al at 5.5%, and In at 3.125% and 2%, its 
band gap becomes direct (Fig. S2 and S3 in 
Supporting Information). Such change is due to 
the bond polarity, as more polar bonds correspond 
to a more direct band gap structure56. As discussed 
above, g-GaN doped with group IV elements 
possesses both spin-up and spin-down band gaps. 
We found that the band gaps of the C-doped 
system are weakly dependent on dopant 
concentration, while the band gap energies of Si- 
and Ge-doped structures decrease as the dopant 
concentration increases, as shown in Fig. 8(b). Fig. 
8(c) illustrates the band gap energy of g-GaN ML 
doped with group V elements, replacing N. 
Similar to the findings reported for the system 
doped by group III impurities, the band gap of P-, 
As- and Sb-doped GaN decreases as the dopant 
concentration increases. The band gaps of group 
V-doped g-GaN MLs are greater than those of the 
group III-doped MLs, but are smaller than those 
pertaining to pure ML, as shown in Table 1. 
Moreover, all group V dopants induce direct band 
gap behavior at 2% dopant concentration. 
However, P- and As-doped MLs also have direct 
band gaps at higher dopant concentrations (up to 
5.5%). On the other hand, the group VI dopant 
concentration dependence under Ga-rich 
conditions is not shown here, as such doped 
systems exhibit n-type conductivity at all dopant 
concentrations considered in this study. The above 
discussion suggests that substituting N by such 
dopants plays a significant role in the electronic 
and magnetic properties of 2D GaN. 

The band gap behavior of the doped g-GaN 
MLs as a function of dopant concentration, when 
the dopants occupy Ga sites under N-rich 
conditions, is shown Fig. 9. It can be seen that the 
band gap of the B- and Al-doped MLs increases 
and that of In-doped ML decreases as the dopant 
concentration increases. Interestingly, g-GaN 
MLs doped with group III elements have direct 
band gaps at all dopant concentrations in the 
1.38−5.5% range (Fig. S8 and S6, Supporting 
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Information). This direct band gap behavior is due 
to the bond polarity that remains unchanged within 
the examined concentration range. In addition, 
MLs doped with group IV elements exhibit n-type 
behavior at all dopant concentrations. However, 
the band gap of group V-doped MLs decreases as 
dopant concentration increases, as shown in Fig. 
9(b). The obtained band gap becomes direct when 
As and Sb concentrations reach 5.5%. As 
mentioned above, doping systems with group VI 
atoms introduces spin splitting. In contrast to its 
behavior in Ga-rich environment, the P-doped ML 
shows indirect band gap at all concentrations in N-
rich environment. As shown in Fig. 9(c), spin-up 
band gap increases and spin-down band gap 
decreases with increasing dopant concentration. 
MLs doped with group III and V elements exhibit 
an indirect band gap at 2% dopant concentration 
(Fig. S7 in Supporting Information). Worth 
mentioning that band gap structure depends on the 
distribution of the dopants in a GaN 
monolayer57,58. Therefore, we examined the 
distribution of two dopants in a 6×6 g-GaN 
supercell (Fig. S13), as discussed in Section S7. In 
this case, we study the most stable dopants (O and 
Al) under both Ga- and N- rich conditions atoms 
that are substituted N or Ga, respectively. Fig. S14 
shows the band structures of most stable 
configurations in Section S7 in the supporting 
information.

Stability

Substitution energies: In order to establish the 
thermodynamic stability of any doped system, it is 
essential to have an in-depth understanding of the 
formation or substitutional energy. We calculated 
the substitution energies (Es) of doped systems 
under both Ga-rich and N-rich doping 
environments by using the following 
expression:59,60 

Es = E(GaN + X) − E(GaN) − µX + µGa/ µN (1)

where E(GaN + X) is the total energy of the g-GaN 
ML doped with a dopant X, E(GaN) is the total 
energy of pure GaN supercell corresponding to the 
doped system, µX denotes the chemical potential of 
the dopant, and µGa/ µN represents the chemical 

potential of one Ga or N atom that is substituted. 
The chemical potentials of all dopants (except O) 
are calculated from total energies of their bulk 
structures. For the O atom, it is instead derived 
from the total energy per atom of the O2 molecule. 
According to the results reported in pertinent 
literature52, µGa = µGa (bulk) holds under Ga-rich 
conditions, while in N-rich conditions it is 
calculated as µN = 0.5* µN2, where µN2 denotes total 
energy per atom in N2 molecule. As the 
equilibrium is given by:

                   µGaN = µGa + µN  (2)

where, µGaN is the total energy of a primitive GaN 
cell with two atoms. From Eq. (2), the chemical 
potentials of Ga and N in the lower bounds are 
defined as: µGa = µGa N − µN and µN = µGa N − µGa. 

The calculated Es for Ga- and N-rich 
doping environments are presented in Table 1 and 
Fig. S9, and Table 2 and Fig. S10, respectively. 
Under Ga-rich conditions, only O-doped GaN has 
negative substitutional energy (see Fig. S9 in 
Supporting Information), indicating that all other 
dopant substitutions require energy. In addition, 
across all groups, dopants of smaller atomic sizes 
occupying N sites have lower substitution 
energies. On the other hand, B-, Al- and Si-doped 
systems have negative substitution energies, 
which contributes to high stability under N-rich 
conditions (see Fig. S10). This stability is 
attributed to the short and strong B−N, Al−N, and 
Si−N bonds. Moreover, Al, B and Si atoms 
preferentially substitute Ga, leading to high 
solubility, which can be due to the atomic radius 
of these dopants occupying Ga sites. 

When the Es of the doped systems are 
examined in relation to dopant concertation, the 
findings indicate that, under both Ga- and N-rich 
conditions, the formation energies of MLs doped 
with all the impurities are independent of 
concentration, as shown in Fig. S9 and Fig. S10 in 
the Supporting Information. Based on the findings 
reported in this work, we can surmise that the O-
doped system is the most stable under Ga-rich 
conditions because the atomic size of the dopant is 
roughly equal to that of the anion (N) it replaces, 
leading to stable bonds between them. Our 
predictions of n-type behavior in O-, C- and Si-
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10

doped systems are in good agreement with that 
observed for the bulk doped GaN52. In sum, O and 
Al atoms are the most suitable candidates for 
doping g-GaN in Ga- and N-rich environments, 
respectively. Similar to doped bulk systems, we 
expect that doped g-GaN structures can be realized 
in the future, allowing them to be utilized in 
nanoelectronic device applications. 

Effect of temperature on stability: To 
examine the effect of temperature on the most 
preferred doping configurations—O-doped GaN 
in Ga-rich conditions and Al-doped GaN in N-rich 
conditions—we performed MD simulations for 
the doped configurations at various temperatures. 
The plots shown in Fig. 10 present the total energy 
fluctuations of the doped configurations as a 
function of simulated time (ps) at various 
temperatures (300 K, 500 K and 1000 K). It can be 
clearly seen that the energy fluctuations remain in 
a relatively narrow range (< 0.08 eV) even at the 
highest temperature of 1000 K. The simulated 
geometries for both doped configurations at 1000 
K are presented in Fig. S11, Supporting 
Information. At the high temperatures considered 
in this investigation, although atoms slightly shift 
from their equilibrium positions, there is no planar 
deformation. These findings indicate that the 
doped configurations discussed here exhibit high 
stability, indicating high melting points.

 

CONCLUSION

In this work, we have presented the 
electronic and magnetic properties of 
substitutionally doped 2D GaN MLs using the 
DFT approach and MD simulations. We also 
employed a computationally expensive HSE 
approach in order to verify interesting behaviors 
of certain doping systems. We considered the 
dopants from groups III−VI and have varied their 
concentration in the 1.38−5.5% range. We 
included the dopants interacting with the 
monolayer in Ga- and N-rich doping 
environments. Our electronic structure 
calculations suggest that group III and V dopants 
retain the semiconducting property of 2D GaN in 
both environments. The dopants also transform 
the ML into a direct band gap semiconductor, 

based on the dopant type concentration and 
substitutional site. Group IV- and group VI-doped 
systems show either nonmagnetic behavior with n-
type conductivity, or are magnetic with spin-
polarized behavior and finite magnetic moments. 
Our substitutional energy calculations suggest that 
2D GaN is preferentially doped with the elements 
of a smaller atomic size relative to that of the 
replaced atom. Thus, oxygen is the most suitable 
dopant in the Ga-rich environment, whereas B, Al, 
and Si are preferred for the N-rich conditions. 
Finally, the band gap values corrected using the 
HSE functional are 0.23−1.48 eV greater than the 
corresponding PBE values. Therefore, our 
predictions could assist in tuning the electronic 
and magnetic properties of 2D GaN in different 
doping environments, which would be highly 
beneficial for material growers. Owing to the 
properties demonstrated in this work, we are 
confident that the potential of 2D GaN for use in 
diverse applications, such as fabrication of 
optoelectronic and spintronic devices, has been 
confirmed. 
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Tables and Figures 

Table 1. The dopant atom (X), PBE and HSE (parentheses) band gaps (Eg) of the X-doped systems, bond 
lengths between the dopant and the N atom (X−N), lattice constant (a), total magnetic moment of the X-
doped system (MM), substitution energy (Es), energy difference between magnetic and nonmagnetic 
configurations (ΔE), and the dopant charge accumulated or lost (δq).

X Eg (eV) X-
Ga

(Å)

a

(Å)

M
M
(µB)

Es

(eV)

ΔE

(eV)

δq

(e)

B 0.86 (1.90) 2.02 13.13 0 3.34 - +0.09

Al 0.87 (1.74) 2.30 13.28 0 4.02 - -1.08

In 0.58 (1.75) 2.38 13.33 0 4.69 - -0.10

C Up 2.00(3.40)

Dn 1.08 (2.56)

1.94 13.06 1 1.81 0.31 +0.90 

Si Up 1.23 (2.25)

Dn 1.33 (2.30)

2.23 13.23 1 3.26 0.23 -0.77

Ge Up 1.03 (2.04)

Dn 1.19 (2.20)

2.26 13.24 1 3.10 0.20 -0.29

P 1.47 (2.51) 2.18 13.18 0 0.86 - +0.35

As 1.20 (2.17) 2.24 13.21 0 1.36 - +0.10

Sb 0.80 (1.71) 2.37 13.28 0 3.08 - -0.14

O 1.60 (2.79) 1.94 13.07 0 -1.82 - +1.02

S 1.75 (2.89) 2.25 13.22 0 0.83 - +0.44

Se 1.72 (2.84) 2.33 13.26 0 1.34 - +0.01

Page 14 of 35

ACS Paragon Plus Environment

ACS Applied Nano Materials

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



15

Table 2. The dopant atom (X), PBE and HSE (parentheses) band gaps (Eg) of the X-doped systems, bond 
lengths between the dopant and the Ga atom(X−Ga), lattice constant (a), total magnetic moment (MM) 
of the X-doped system, substitution energy (Es), the energy difference between magnetic and nonmagnetic 
configurations (ΔE), and the dopant charge gain or loss (δq).

X Eg (eV) X-N

(Å)

a

(Å)

M 
M  

(µB)

Es

(eV)

ΔE

(eV)

δq

(e)

B 2.03 (3.32) 1.50 12.83 0 -1.21 - -0.89

Al 2.03 (3.29) 1.81 12.99 0 -2.31 - -1.46

In 1.80 (3.09) 2.06 13.11 0 1.26 - -1.46

C 1.82 (2.92) 1.40 12.84 0 1.32 - -0.35

Si 1.87 (3.04) 1.70 12.98 0 -0.86 - -1.67

Ge 1.76 (2.90) 1.83 13.05 0 1.11 - -1.33

P 0.29 (0.52) 1.64 13.01 0 1.26 - -1.42

As 0.63 (1.23) 1.91 13.08 0 2.52 - -1.34

Sb 0.69 (1.22) 2.05 13.15 0 2.73 - -1.71

O Up 1.36 (2.84)

Dn 0.59 (1.92)

1.20 13.08 3 5.79 0.39 +0.42

S Up 1.07 (1.91)

Dn 0.46 (1.04)

1.87 13.04 1 4.25 0.15 -0.70

Se Up 0.94 (2.09)

Dn 0.76 (1.41)

1.99 13.09 1 3.93 0.14 -0.89
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Fig. 1. (a) DFT-PBE and HSE band structures of pure 2D GaN ML (4×4 supercell). (b) PDOS of pure g-
GaN. Geometric structures of X-doped g-GaN ML at (c) N-site and (d) Ga-site. Dashed red circles show 
that the dopant has three nearest Ga/N atoms under Ga-/N-rich conditions, respectively.
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Fig. 2. DFT-PBE band structures of X-doped GaN under Ga-rich conditions. The pink dashed line 
represents the Fermi level. In (a)−(c) and (g) − (i), blue lines indicate semiconducting behavior. In (d)−(f), 
red and blue lines indicate band structures that represent band splitting with spin-up (red) and spin-down 
(blue) channels, respectively. In (j)−(l), red line structures represent n-type behavior.
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Fig. 3. PDOS of X-doped GaN under Ga-rich conditions. Black and red lines correspond to Ga-s and Ga-p 
states, green and blue lines correspond to N-s and N-p states, and yellow and brown color correspond to 
X-s and X-p states. Up and down arrows denote spin-up and spin-down channels, respectively.

Page 18 of 35

ACS Paragon Plus Environment

ACS Applied Nano Materials

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



19

Fig.4. Spin-density plots of (a) C-, (b) Si- and (c) Ge-doped g-GaN under Ga-rich conditions. Spin density 
plots of (d) O-, (e) S- and (f) Se-doped g-GaN in N-rich conditions. The yellow color represents the 
contribution to the magnetic moment.

Fig. 5. PBE and HSE band gaps of doped g-GaN MLs as a function of various dopants under (a) Ga-rich 
and (b) N-rich conditions at 3.125% dopant concentration. It should be noted that for spin-polarized 
configurations, only larger band gap values are considered here. 
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Fig. 6. DFT-PBE band structures of X-doped GaN under N-rich conditions. In (a)−(c) and (g)−(i) blue 
lines indicate semiconductor behavior. In (j)−(l) red and blue lines represent band structures denoting 
spin-up and spin-down channels. In (d)−(f) red lines represent n-type behavior.
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Fig. 7. PDOS of X-doped GaN under the N-rich conditions. Black and red lines correspond to Ga-s and 
Ga-p, green and blue lines correspond to N-s and N-p, and yellow and brown lines correspond to X-s and 
X-p.
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Fig. 8. The band gap behavior of the X-doped g-GaN as a function of X concentration under Ga-rich 
conditions. The filled circles and squares indicate direct and indirect band gaps, respectively.

Fig. 9. The band gap behavior of the X-doped g-GaN as a function of X concentration under N-rich 
conditions. The filled circles and squares indicate direct and indirect band gaps, respectively.
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Fig. 10. The total energy fluctuations of O-doped GaN and A-doped GaN as a function of simulated time 
in Ga- and N-rich conditions, respectively, at three temperatures (300 K, 500 K and 1000 K). 
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Fig. 1. (a) DFT-PBE and HSE band structures of pure 2D GaN ML (4×4 supercell). (b) PDOS of pure g-GaN. 

Geometric structures of X-doped g-GaN ML at (c) N-site and (d) Ga-site. Dashed red circles show that the 

dopant has three nearest Ga/N atoms under Ga-/N-rich conditions, respectively. 
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Fig. 2. DFT-PBE band structures of X-doped GaN under Ga-rich conditions. The pink dashed line rep-resents 

the Fermi level. In (a)−(c) and (g) − (i), blue lines indicate semiconducting behavior. In (d)−(f), red and 

blue lines indicate band structures that represent band splitting with spin-up (red) and spin-down (blue) 

channels, respectively. In (j)−(l), red line structures represent n-type behavior. 
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Fig. 3. PDOS of X-doped GaN under Ga-rich conditions. Black and red lines correspond to Ga-s and Ga-p 

states, green and blue lines correspond to N-s and N-p states, and yellow and brown color correspond to X-s 

and X-p states. Up and down arrows denote spin-up and spin-down channels, respectively. 
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Fig.4. Spin-density plots of (a) C-, (b) Si- and (c) Ge-doped g-GaN under Ga-rich conditions. Spin density 

plots of (d) O-, (e) S- and (f) Se-doped g-GaN in N-rich conditions. The yellow color represents the 

contribution to the magnetic moment. 
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Fig. 5. PBE and HSE band gaps of doped g-GaN MLs as a function of various dopants under (a) Ga-rich and 

(b) N-rich conditions at 3.125% dopant concentration. It should be noted that for spin-polarized 

configurations, only larger band gap values are considered here. 
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Fig. 6. DFT-PBE band structures of X-doped GaN under N-rich conditions. In (a)−(c) and (g)−(i) blue lines 

indicate semiconductor behavior. In (j)−(l) red and blue lines represent band structures denoting spin-up 

and spin-down channels. In (d)−(f) red lines represent n-type behavior. 
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Fig. 7. PDOS of X-doped GaN under the N-rich conditions. Black and red lines correspond to Ga-s and Ga-p, 

green and blue lines correspond to N-s and N-p, and yellow and brown lines correspond to X-s and X-p. 
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Fig. 8. The band gap behavior of the X-doped g-GaN as a function of X concentration under Ga-rich 

conditions. The filled circles and squares indicate direct and indirect band gaps, respectively. 
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Fig. 9. The band gap behavior of the X-doped g-GaN as a function of X concentration under N-rich 

conditions. The filled circles and squares indicate direct and indirect band gaps, respectively. 
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Fig. 10. The total energy fluctuations of O-doped GaN and A-doped GaN as a function of simulated time in 

Ga- and N-rich conditions, respectively, at three temperatures (300 K, 500 K and 1000 K). 
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