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ABSTRACT

The effects of Be/Mg/Ca doping on the physical properties of GaN have been

widely investigated experimentally and theoretically. However, the effects of

Be/Mg/Ca and interstitial H coexistence with different valence states of VGa/

VN on the photocatalytic performance of GaN are rarely reported. This study

examines the structure and stability of Ga34MHiN36(VGa
3-/VGa

2-/VGa
1-/VGa

0)

(M = Be/Mg/Ga) and Ga35MHiN35(VN
3?/VN

1?/VN
0) (M = Be/Mg/Ga) sys-

tems and the main factors affecting photocatalytic performance by using the

generalized gradient approximation plane wave ultrasoft pseudopotential ? U

method within the framework of density functional theory. Results show that

the Ga34MHiN36(VGa
3-/VGa

2-/VGa
1-/VGa

0) (M = Be/Mg/Ga) and Ga35MHi-

N35(VN
3?/VN

1?/VN
0) (M = Be/Mg/Ga) systems are more readily formed and

have a more stable structure under N-rich conditions compared with other

conditions. The visible-light effect, electric dipole moment, effective mass, and

oxidation reduction reaction affecting the photocatalytic performance of doped

systems are analyzed. The Ga34CaHiN36(VGa
3-) system shows the best visible-

light effect, best carrier activity, longest carrier lifetime, and strongest oxidation

reduction ability. These results suggest that the Ga34CaHiN36(VGa
3-) system is

an excellent photocatalyst that can be utilized in designing novel GaN

photocatalysts.
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Introduction

At room temperature, GaN has a direct band gap of

3.42 eV [1] and an exciton binding energy of 25 meV

[2]. GaN has unipolar structure with high electron

mobility [3–5]. GaN is a third-generation semicon-

ductor after silicon and indium phosphide [6]. GaN

has a wide range of application potential and good

market prospects in high-brightness blue, green,

purple, and white light diodes, blue and purple

lasers, and antiradiation, high-temperature, and

high-power microwave devices [7–9].

The effects of Be/Mg/Ca doping and point

vacancies on the physical properties of GaN have

been widely investigated theoretically and experi-

mentally. Gao et al. [10] used the first principles to

study the effects of N vacancy doping with different

valence states on the physical properties of GaN. The

results show that the doped system is relatively

stable when the N vacancies are 0, ? 1, and ? 3

valence states. Gao et al. [11] utilized the first prin-

ciples to study the physical properties of GaN con-

taining point vacancies defects. The results show that

the presence of N vacancies results in the GaN sys-

tem to be semimetallized with the lowest formation

energy, and Ga vacancies causes the GaN system to

form a structure with higher formation energy.

Djermouni et al. [12] calculated the exchange cou-

pling effect of Mn-doped and Mn–Mg-codoped GaN

and the valence state of Mn by using density func-

tional calculations. The results show that Mn is ? 3

valence in the absence of Mg atoms. When the

number of Mg atoms is 1 or 2, the valence of Mn

is ? 4 or ? 5 valences, respectively. The doped sys-

tem experiences ferromagnetic exchange coupling,

resulting in a decrease in the density of states at the

Fermi level. Xu et al. [13] used a plane wave ultrasoft

pseudopotential method based on density functional

theory (DFT), combined with generalized gradient

approximation plane wave ultrasoft pseudopoten-

tial ? U (GGA ? U) to calculate the electronic

structure, energy, and optical properties of undoped

wurtzite InN supercell and three different ordered

occupancy Mn2?- and Mn3?-doped InN. Studies

have shown that the total energy and formation

energy of the system decrease after doping, and the

stability increases. The doping of Mn elements with

different valences has different effects on the elec-

tronic structure, magnetic, and optical properties of

the system. Jia et al. [14] used DFT first-principle

methods combined with hybrid functional theory

(HSE06) to calculate the electronic structure and

effective mass of Mg-doped GaN and Mg–Fe-

codoped GaN systems. They analyzed the stability of

the system from the perspective of phonon disper-

sion. The results show that the introduction of Fe

improves the characteristics and stability of the

GaN:Mg system. The effective mass difference of the

GaN:Mg:Fe system in different directions is less than

the GaN:Mg system, indicating that the anisotropy of

the system is reduced by doping Fe. Maskar et al. [15]

used DFT and semiclassical Boltzmann transport

equations to calculate the influence of rare earth ele-

ments (RE = Pm, Sm, and Eu) on the structure of

gallium nitride wurtzite. The result shows that all

doped compounds become semimetal ferromagnets,

and the electron spin polarization rate at the Fermi

level is 100%.

Wolos et al. [16] used electron paramagnetic reso-

nance spectroscopy to study the optical and magnetic

properties of Mn-doped GaN systems. The results

show that the valence state of Mn ions in GaN

depends on the Fermi level position. For example, in

n-type samples, Mn ions are ? 2 valence, and the

magnetic strength of the Mn-doped GaN system

depends on the Fermi level position. Arifin et al. [17]

studied the physical properties of Mg-doped GaN by

using plasma-assisted metal organic chemical vapor

deposition (MOCVD). The results show that an

increase in the concentration of Mg ions reduces the

availability of Ga vacancies. Hwang et al. [18] used

photoemission spectroscopy and X-ray absorption

spectroscopy to study the electronic structure of Cr-

and Mn-doped GaN systems. The results show that

the valence states of Cr ions and Mn ions are ? 3

valence and ? 2 valence in the tetrahedral crystal

field, respectively. The different valence states of Cr

ions have different effects on the electronic structure

of the GaN system. Narita et al. [19] used ultrahigh

pressure annealing to study the diffusion process of

Mg in GaN. The results show that the interstitial H

promotes the diffusion process of Mg. Chen et al. [20]

used in situ synchrotron radiation X-ray absorption

and diffraction to study the valence state and phase

transition of Fe-based electrocatalyst in the oxidation

reduction process in alkaline media. The results show

that the local structure and valence state transition

potential of Fe atoms contributes the most to the
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oxidation reduction reaction of Fe-based

electrocatalysts.

The effects of Be/Mg/Ca doping and point defects

on the physical properties of GaN have been inves-

tigated experimentally and theoretically. However,

these studies ignored the influence of interstitial H

and different valence states of VGa/VN on the phys-

ical properties of GaN. In accordance with the report

in the literature [10, 21], different valence states of

VGa/VN have different effects on the physical prop-

erties of the doped system [10, 21]. In accordance

with reports in the experimental literature [22, 23],

the interstitial H affects the physical properties of the

doping system in the research of MOCVD and vac-

uum coating [22, 23]. In the literature [24], the influ-

ence of Be/Mg/Ca, interstitial H, and Ga vacancy

codoping on the photocatalytic performance of GaN

system is considered. However, the effect of the dif-

ferent valence states of VN point vacancy and VGa

vacancy on the performance of the doped system is

ignored [24]. A comprehensive and in-depth sys-

tematic research is needed. This study explored the

influence of interstitial H and different valence states

of VGa/VN on the photocatalytic performance of the

doped systems. Point vacancies and valence states

are difficult to control accurately in experiments.

However, the first principles have certain advan-

tages. Accordingly, the effects of Be/Mg/Ca and

different valence states of VGa/VN and interstitial H

codoping on the photocatalytic performance of GaN

systems were investigated via GGA ? U method

within the DFT framework. Analyses of the effects of

visible light, carrier activity, carrier lifetime, and

oxidation reduction reactions reveal that the

Ga34CaHiN36(VGa
3-) system has excellent photocat-

alytic performance. This system has a certain refer-

ence value for preparing novel GaN photocatalysts.

Model and method

GaN is a hexagonal wurtzite structure that belongs to

the P63 mc space group. The symmetry of GaN is C4
6v.

An undoped Ga36N36 (3 9 3 9 2) supercell model

was constructed, as shown in Fig. 1a. Ga34MHiN36

(M = Be/Mg/Ca) or Ga35MHiN35(M = Be/Mg/Ca)

models were constructed, where M (M = Be/Mg/Ca)

is located at (0.556, 0.778, 0.750) to replace a Ga atom

and coexists with a fixed Ga vacancy (0.544, 0.571,

0.600) or a fixed N vacancy (0.455, 0.562, 0.852). The

interstitial H is located at (0.554, 0.568, 0.520), as

shown in Fig. 1b. Two interstitial H (0.641, 0.453,

0.513) and (0.603, 0.271, 0.246) were added relative to

Ga vacancies or N vacancies from near to far, and 1,

2, and 3 were used to represent the interstitial H

positions, as shown in Fig. 1c. This process was per-

formed to study the influence of the interstitial H at

different positions on the difficulty of system doping

of the doped systems. According to the literature

[24, 25], the selection of the position of the point

Figure 1 Theoretical models: (a) Ga36N36,

(b) Ga34MHiN36(M = Be/Mg/Ca) and Ga35MHiN35(M = Be/

Mg/Ca), and (c) Ga34MHi2N36(M = Be/Mg/Ca) or Ga34MHi3N36

(M = Be/Mg/Ca) and Ga35MHi2N35(M = Be/Mg/Ca) or

Ga35MHi3N35(M = Be/Mg/Ca). Brown represents Ga, blue

denotes N, black represents VN or VGa, and green indicates M

(M = Be/Mg/Ca). White signifies interstitial H, which is

designated by numbers 1, 2, and 3.
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defects and the position of the doped element in this

article is random and reasonable. All the system

structures are stable after calculation and verification.

Geometric optimizations and electronic structure

calculations were performed on these models, and

the results were analyzed and discussed.

In this study, the method of plane wave ultrasoft

pseudopotential GGA ? U under the DFT frame-

work [26, 27] was used for calculation on the CASTEP

module of Materials Studio software [28, 29]. The

electrons were subjected to spin polarization, and the

pseudopotentials were described with Perdew–

Burke–Ernzerhof [26] function. The valence state of

the cation Ga vacancy was set to 0/ - 1/ - 2/ - 3

valences, and the valence state of the anion N

vacancy was set to 0/ ? 1/ ? 3 valences [10]. The

valence electron configurations of each atom were

Ga–3d104s24p1, Be–2s2, Mg–2p63s2, Ca–3s23p64s2, H–

1s2, and N–2s22p3. The cutoff energy radius was set to

330 eV during geometric optimization. The self-con-

sistent field was set to 5.0 9 10-6 eV/atom in esti-

mating the convergence accuracy of energy. The force

acting on each atom was set to\ 0.1 eV/nm, the

internal stress was set to\ 0.02 GPa, and the toler-

ance deviation was to 5 9 10-5 nm. The Monkhorst–

Pack method was used to select the k-point in the

Brillouin area as 3 9 3 9 2. Errors are found in the

calculation using the traditional GGA method. This

condition increases the bandwidth of the valence

band and narrows the band gap. The U values of

N-2p and Ga-3d are 6 and 0 eV, respectively. The U

values of M (M = Be/Mg/Ca) atoms and H atom and

the software default value of 0 were adopted.

Results and discussion

Structure and doping and stability

The lattice constants of unit cells after conversion,

volume, formation energy, and binding energy of the

Ga36N36, Ga34MHiN36(VGa
3-/VGa

2-/VGa
1-/VGa

0)

(M = Be/Mg/Ga), and Ga35MHiN35(VN
3?/VN

1?/

VN
0) (M = Be/Mg/Ga) systems were calculated. The

results are summarized in Table 1. The lattice

parameters of the Ga36N36 system are a = b = 0.3227

nm and c = 0.5258 nm, which is consistent with the

experimental values of a = b = 0.3189 nm and

c = 0.5186 nm [30].

As shown in Table 1, the volumes of Ga34MHiN36

(VGa
3–/VGa

2–/VGa
1–/VGa

0) (M = Be/Mg/Ga) and

Ga35MHiN35(VN
3?/VN

1?/VN
0) (M = Be/Mg/Ga) are

larger than the volume of the Ga36N36 system. The

ion radius of Mg/Ca (0.072 nm/0.099 nm) [31, 32] is

larger than that of Ga (0.062 nm) [33], and the radius

of Be (0.045 nm) [31] is smaller than that of Ga

(0.062 nm). Repulsive forces are found between Ga

vacancy and surrounding N, between N vacancy and

surrounding Ga, between N vacancy and H, and

between N vacancy and Be/Mg/Ca. Attractive

effects are observed between H and N, between Ga

vacancy and H, between Ga vacancy and Be/Mg/Ca,

and between N vacancy and surrounding N, and

between H and N. Considering the influence of the

radius effect and the Coulomb force, the volume of

the doped systems is larger than that of the Ga36N36

system.

Formation energy is a key physical quantity used

to study and analyze the difficulty of doping systems.

The binding energy refers to the energy released by

the free particles bound to the crystal or the energy

required to decompose the crystal into free particles

and is an important indicator of the stability of the

doped system. The formation energy can be calcu-

lated by using Eqs. (1 and 2) [34], and the binding

energy is calculated by using Eqs. (3 and 4) [35, 36].

EfðM� VGa �HiÞ ¼ EGaN:MþVGaþHi
� EGaN � lM � lHi

þ 2lGaþ q EF þ EVBMð Þ
ð1Þ

EfðM� VN �HiÞ ¼ EGaN:MþVGaþHi
� EGaN � lM � lHi

þ lGaþlNþ q EF þ EVBMð Þ
ð2Þ

EbindðM� VGa �HiÞ ¼ EfðM� VGa �HiÞ � EfðMÞ
þ Efð2VGaÞ � EfðHiÞ

ð3Þ

EbindðM� VN �HiÞ ¼ EfðM� VN �HiÞ � EfðMÞ
þ EfðVGaÞþEfðVNÞ � EfðHiÞ

ð4Þ

where EfðM� VGa �HiÞ represents the total energy

of interstitial H, Ga vacancy, and Be/Mg/Ca coex-

isting in Ga36N36; EfðM� VN �HiÞ represents the

total energy of interstitial H, N vacancy, and Be/Mg/

Ca coexisting in Ga36N36; EGaN is the total energy

of an undoped GaN supercell equal to the doped

system. lM and lGa are the chemical potentials of
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Table 1 Ga36N36, Ga34MHiN36(VGa
3-/VGa

2-/VGa
1-/VGa

0) (M = Be/Mg/Ga) and Ga35MHiN35(VN
3?/VN

1?/VN
0) (M = Be/Mg/Ga) unit

cell lattice constants, volumes, formation energy, binding energy after conversion, and total magnetic moment

Models a, c (nm) V (nm3) Rich�N
Formation Energy

Binding Energy ðeVÞ

Rich� Ga
Formation Energy

Binding Energy ðeVÞ

Total magnetic moment

ðlBÞ

Ga36N36 a = 0.3227 0.04742 – – 0

c = 0.5258

GaN a = 0.3189[30] – – – –

c = 0.5186[30]

Ga34BeHiN36 (VGa
0) a = 0.3228 0.04746 –16.942

–18.558

8.859

1.333

1.00

c = 0.5264

Ga34BeHiN36 (VGa
1–) a = 0.3228 0.04746 –21.291

–20.967

4.509

1.924

0.65

c = 0.5264

Ga34BeHiN36 (VGa
2–) a = 0.3228 0.04746 –25.996

–22.001

–0.196

2.594

–1.00

c = 0.5264

Ga34BeHiN36 (VGa
3–) a = 0.3228 0.04746 –30.428

–22.465

–4.628

3.335

1.16

c = 0.5264

Ga34MgHiN36 (VGa
0) a = 0.3234 0.04769 –17.941

–19.437

7.813

1.774

1.00

c = 0.5269

Ga34MgHiN36(VGa
1–) a = 0.3234 0.04769 –22.314

–20.489

3.440

2.555

–0.30

c = 0.5269

Ga34MgHiN36

(VGa
2–)

a = 0.3234 0.04769 –26.909

–21.941

–1.155

2.981

–1.00

c = 0.5269

Ga34MgHiN36

(VGa
3–)

a = 0.3234 0.04769 –31.584

–22.347

–5.830

3.407

0.15

c = 0.5269

Ga34CaHiN36 (VGa
0) a = 0.3254 0.04840 –16.687

–20.012

11.380

–15.354

1.00

c = 0.5278

Ga34CaHiN36 (VGa
1–) a = 0.3254 0.04840 –19.128

–21.254

6.940

–16.006

0.11

c = 0.5278

Ga34CaHiN36 (VGa
2–) a = 0.3254 0.04840 –23.915

–24.958

2.153

–17.587

–1.00

c = 0.5278

Ga34CaHiN36 (VGa
3–) a = 0.3254 0.04840 –32.753

–27.072

–23.685

–18.004

0.29

c = 0.5278

Ga35BeHiN35 (VN
0) a = 0.3233 0.04757 –4.745

–11.755

–4.744

–11.444

–0.39

c = 0.5228

Ga35BeHiN35 (VN
1?) a = 0.3233 0.04757 –11.687

–12.192

–11.654

–12.007

–0.20

c = 0.5228

Ga35BeHiN35 (VN
3?) a = 0.3233 0.04757 –21.520

–12.624

–21.470

–12.574

0.12

c = 0.5228

Ga35MgHiN35 (VN
0) a = 0.3251 0.04775 –3.402

–11.551

–3.400

–1.943

–0.12

c = 0.5249

Ga35MgHiN35

(VN
1?)

a = 0.3251 0.04775 –10.017

–11.999

–10.015

–2.000

0.21

c = 0.5249

Ga35MgHiN35

(VN
3?)

a = 0.3251 0.04775 –22.420

–12.251

–22.202

–2.033

0.64

c = 0.5249

Ga35CaHiN35 (VN
0) a = 0.3274 0.04854 –1.705

–12.842

0.295

–11.606

–0.66

c = 0.5283

Ga35CaHiN35 (VN
1?) a = 0.3274 0.04854 –5.037

–13.001

–4.796

–11.994

0.87

c = 0.5283

Ga35CaHiN35 (VN
3?) a = 0.3274 0.04854 –19.925

–13.312

–18.816

–12.206

–0.79

c = 0.5283
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Be/Mg/Ca and Ga, respectively, which are replaced

by the energy of each atom of the most stable (ground

state) metal phase; lHi
is the chemical potential of the

H atom, which is replaced by the energy of the H

atom. EF and EVBM represent the Fermi level and the

valence band maximum of the doped GaN system,

respectively; q represents the valence state of the

doped system. Under thermal equilibrium condi-

tions, GaN exists as E
GaN

¼ lGaþlN ; in N-rich and Ga-

rich cases, there are lN ¼ 1
2 lN2

, and lGa ¼ lGaðbulkÞ,
secondly, there are lGa ¼ EGaN � lN , and

lN ¼ EGaNðbulkÞ � EGaðbulkÞ, where lN represents the

chemical potential of the N atom as replaced by the

energy of the N atom. EbindðM� VGa �HiÞ and

EbindðM� VN �HiÞ represent the binding energy of

the Ga36N36 system in which doped Be/Mg/Ca, H

interstitial, and Ga vacancy or N vacancy coexist,

respectively; EfðMÞ is the formation energy of doped

Be/Mg/Ca atoms in the Ga36N36 system; EfðVGaÞ and

EfðVNÞ indicate the formation energy of Ga vacancy

or N vacancy in the Ga36N36 system; EfðHiÞ is the

formation energy of H interstitial doped in the

Ga36N36 system. Known data are substituted in

Eqs. (1–4), and the results are summarized in Table 1.

The calculated magnetic moments of the doped sys-

tems are shown in Table 1.

As shown in Table 1, the formation energy of

doped systems under N-rich conditions is lower than

that of doped systems under Ga-rich conditions. This

finding indicates that doped systems are easier to

form under N-rich conditions [7]. In the presence of

VGa, the Ga34MHiN36(VGa
3–) (M = Be/Mg/Ga) sys-

tem has the lowest formation energy, and the system

is the most easily doped. In the presence of VN, the

formation energy of Ga35MHiN35 (VN
3?) (M = Be/

Mg/Ga) system is relatively the lowest, and the sys-

tem is relatively easier to dope. Interestingly, under

N-rich conditions, the formation energy of Ga34-

MHiN36(VGa
3-) (M = Be/Mg/Ga) system is lower

than that of the Ga35MHiN35(VN
3?) (M = Be/Mg/Ga)

system. This finding shows that the Ga34MHiN36

(VGa
3-) (M = Be/Mg/Ga) system is relatively easier

to form. The Ga34CaHiN36(VGa
3-) system has the

lowest formation energy, and its structure is the

easiest to form. As shown in Table 1, the binding

energy of doped systems under N-rich conditions is

lower than that of doped systems under Ga-rich

conditions. This finding indicates that doped systems

are more stable under N-rich conditions. The

Ga34CaHiN36(VGa
3–) system has the lowest binding

energy, indicating that the system structure is the

most stable. This condition will be further demon-

strated by the phonon dispersion spectrum of the

system.

The influence of the different positions of intersti-

tial H on the formation difficulty of the doped system

structure was studied [24]. The Ga34MHiN36(VGa
3-)

(M = Be/Mg/Ga) system models with different

interstitial H positions were constructed, as shown in

Fig. 1(c). The lattice constants, volumes, and forma-

tion energies of different systems were calculated, as

shown in Fig. 1c and Table 2.

As shown in Table 2, the Ga34MHi1N36(VGa
3–)

(M = Be/Mg/Ga) system has the lowest formation

energy, and the Ga34MHi3N36(VGa
3–) (M = Be/Mg/

Ga) system has the highest formation energy. This

finding shows that the closer the interstitial H is to

the center of the system, the easier it is for the system

to be doped. Therefore, considering the Ga34MHi-

N36(VGa
3-) (M = Be/Mg/Ga) system as the research

object when the interstitial H is located at (0.554,

0.568, 0.520) is reasonable. For the convenience of

presentation, the number 1 of the interstitial H posi-

tion is omitted. Other doped systems can be deduced

by analogy.

In order to further verify that the constructed

doped systems have thermodynamic stability, the

Ga36N36, Ga34CaHiN36, and Ga35CaHiN35 systems

were selected as representatives, and the phonon

dispersion spectrum of Ga36N36, Ga34CaHiN36, and

Ga35CaHiN35 systems was calculated, as shown in

Fig. 2a–c.

As shown in Fig. 2a–c, the phonon dispersion

spectrum of the three systems has no imaginary fre-

quency, which ensures the stability of the systems.

The results of the phonon dispersion curve are cor-

roborated with the results of the binding energy

analysis. Other doped systems are similar and will

not be repeated.

Band gap

The distributions of energy band structures of the

Ga36N36, Ga34MHiN36(VGa
3-/VGa

2-/VGa
1-/VGa

0)

(M = Be/Mg/Ga), and Ga35MHiN35 (VN
3?/VN

1?/

VN
0) (M = Be/Mg/Ga) systems calculated herein are

shown in Fig. 3a–g. The MS software defaults the

Fermi level to the zero energy point (the following are

similar).

J Mater Sci (2022) 57:1134–1155 1139



As shown in Fig. 3a, the valence band maximum

and the conduction band minimum of the Ga36N36

system correspond to the same G point, indicating

that this system is a direct band gap semiconductor.

To reduce the calculation error, we tried multiple sets

of different U values of Ga-3d and N-2p to correct the

band gap, as shown in Table 3. The calculations

reveal that the most suitable U values are Ud-Ga =

0 eV and Up-N = 6 eV, and the band gap width of

GaN is 3.43 eV, which is consistent with the experi-

mental results [37].

The calculations demonstrate that using the

GGA ? U method to adjust the band gap width is

reasonable. The band gap widths of the Ga34MHi

N36(VGa
3-/VGa

2-/VGa
1-/VGa

0) (M = Be/Mg/Ga)

and Ga35MHiN35 (VN
3?/ VN

1?/ VN
0) (M = Be/Mg/

Ga) systems are shown in Table 4 (Fig. 3b–g).

As shown in Table 4, the band gap values of all

doped systems are smaller than that of undoped

GaN. In accordance with renormalization theory,

firstly, the Burstein–Moss (B–M) effect causes the

light absorption edge to move to a low-energy

direction, thereby expanding the band gap. Secondly,

the interaction between charges produces the multi-

body effect. Overlaps between impurities and defect

bands narrow the band gap [38]. Thirdly, in the

doped system, the generation of a built-in magnetic

field splits the energy levels near the conduction

band minimum and the valence band maximum and

narrows the band gap of the system.

The total effects of the multibody effect and the

built-in magnetic field on all doped systems are

greater than those of the B–M effect (Figs. 3b–g), and

the band gap of all doped systems is narrowed. The

calculations reveal that the band gap widths of

Ga34MHiN36(VGa
3-/VGa

2-/VGa
1-/VGa

0) (M = Be/

Mg/Ga) and Ga35MHiN35 (VN
3?/VN

1?/VN
0)

(M = Be/Mg/Ga) systems are narrower than that of

the Ga36N36 system. The narrowed band gap is con-

ducive to the transition of carriers, and a narrow

band gap width can substantially improve the effects

of visible light on doped systems. Among the doped

systems, the Ga34MHiN36(VGa
3-) system has the

narrowest band gap and is the most conducive to the

transition of carriers. The visible-light effect is the

best, and this condition will be further verified via

absorption spectrum analyses.

Magnetic moment

The total density of states (TDOS) of the Ga36N36,

Ga34MHiN36(VGa
3-/VGa

2-/VGa
1-/VGa

0) (M = Be/

Mg/Ga), and Ga35MHiN35(VN
3?/ VN

1?/ VN
0)

(M = Be/Mg/Ga) systems calculated herein is shown

in Fig. 4a–g.

The spin-up and spin-down TDOS values of the

Ga36N36 system are symmetrical, indicating that the

system is nonmagnetic, and the magnetic moment is

Table 2 Formation energy of

Ga34MHi1N36(VGa
3-)

(M = Be/Mg/Ca),

Ga34MHi2N36 (VGa
3-)

(M = Be/Mg/Ca), and

Ga34MHi3N36(VGa
3-)

(M = Be/Mg/Ca) at different

interstitial H positions

Models a, c (nm) V(nm3) Rich–N Ef(eV) Rich–Ga Ef(eV)

Ga34BeHi1N36 (VGa
3–) a = 0.3228 0.04746 –30.428 –4.628

c = 0.5264

Ga34BeHi2N36 (VGa
3–) a = 0.3212 0.04739 –30.420 –4.621

c = 0.5259

Ga34BeHi3N36 (VGa
3–) a = 0.3205 0.04731 –30.415 –4.616

c = 0.5250

Ga34MgHi1N36 (VGa
3–) a = 0.3234 0.04769 –31.584 –5.830

c = 0.5269

Ga34MgHi2N36 (VGa
3–) a = 0.3228 0.04761 –31.579 –5.825

c = 0.5265

Ga34MgHi3N36 (VGa
3–) a = 0.3222 0.04755 –31.570 –5.819

c = 0.5259

Ga34CaHi1N36 (VGa
3–) a = 0.3254 0.04840 –28.753 –2.685

c = 0.5278

Ga34CaHi2N36 (VGa
3–) a = 0.3249 0.04835 –28.749 –2.680

c = 0.5272

Ga34CaHi3N36 (VGa
3–) a = 0.3244 0.05829 –28.741 –2.676

c = 0.5266
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0 lB (lB is the Bohr magneton) (Fig. 4a). The spin-up

and spin-down TDOS values of the Ga34MHiN36

(VGa
3-/VGa

2-/VGa
1-/VGa

0) (M = Be/Mg/Ga) and

Ga35MHiN35(VN
3?/VN

1?/VN
0) (M = Be/Mg/Ga)

systems are asymmetrical, indicating that they are

magnetic (Fig. 4b–g). Thus, all doped systems gen-

erate a built-in magnetic field, and the spin-level

splitting phenomenon occurs under the influence of

the built-in magnetic field of spintronic. This phe-

nomenon is one of the reasons for the band gap

narrowing of the doped systems.

The calculated magnetic moments of Ga34MHi

N36(VGa
3-/VGa

2-/VGa
1-/VGa

0) (M = Be/Mg/Ga)

and Ga35MHiN35(VN
3?/VN

1?/VN
0) (M = Be/Mg/

Ga) systems are shown in Table 1. Interestingly, the

magnetic moments of the Ga34MHiN36 (VGa
2-/VGa

0)

(M = Be/Mg/Ga) system are integers, and some

systems have negative magnetic moment. The mag-

netic moment is negative because the system has

more spin-down electronic states than spin-up elec-

tronic states. Thus, the magnetic moment is negative.

The magnitude of the magnetic moment in Table 1

can quantitatively explain the reason for the band

gap narrowing. Among the doped systems, the

Ga34CaHiN36(VGa
3-) system has the largest magnetic

moment.

The magnetism source of the doped systems can be

explained from the ionization equation. Ga34MHiN36

(VGa
2-/ VGa

0) (M = Be/Mg/Ga) is taken as an

example for analysis, and the ionization equations are

expressed as Eqs. (5–8).

M2þ þ V2�
Ga þHþ

i ! ðM� VGa �HiÞþ ð5Þ

M2þ þ V0
Ga þHþ

i ! ðM� VGa �HiÞ3þ ð6Þ

ðM� VGa �HiÞþ þ V2�
Ga ! ðM� 2VGa �HiÞ�; ð7Þ

ðM� VGa �HiÞ3þ þ V2�
Ga ! ðM� 2VGa �HiÞþ; ð8Þ

where M is the Be/Mg/Ca atom, VGa is the Ga

vacancy, and Hi is the interstitial H. In accordance

with the ionization equation, the oxidation states of

the complexes ðM� 2VGa �HiÞ� and ðM� 2VGa �
HiÞþ in the Ga34MHiN36 (VGa

2-/VGa
0) (M = Be/Mg/

Ga) systems are - 1 and ? 1 valences, and one

unpaired electron is produced in the systems.

Thus, the magnetic moments of the Ga34MHiN36

(a)

(b)

(c)

Figure 2 Phonon dispersion curve (a) Ga36N36; (b) Ga34CaHiN36;

(c) Ga35CaHiN35.

cFigure 3 Band structures of (a) Ga36N36; (b) Ga34BeHiN36

(VGa
3-/VGa

2-/VGa
1-/VGa

0); (c) Ga35BeHiN35(VN
3?/VN

1?/VN
0);

(d) Ga34MgHiN36(VGa
3-/VGa

2-/VGa
1-/VGa

0); (e) Ga35MgHiN35

(VN
3?/VN

1?/VN
0); (f) Ga34CaHiN36(VGa

3-/VGa
2-/VGa

1-/VGa
0);

(g) Ga35CaHiN35(VN
3?/VN

1?/VN
0).
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(a) (b)

(c) (d)

(e)

(g)

(f)
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(VGa
2-/VGa

0) (M = Be/Mg/Ga) and Ga34MHiN36

(VGa
2-/VGa

0) (M = Be/Mg/Ga) systems under the

action of a built-in magnetic field are - 1 and 1 lB,

respectively.

Magnetic mechanism

The partial density of state (PDOS) of the Ga36N36,

Ga34MHiN36(VGa
3-/VGa

2-/VGa
1-/VGa

0) (M = Be/

Mg/Ga) and Ga35MHiN35 (VN
3?/ VN

1?/ VN
0)

(M = Be/Mg/Ga) systems calculated herein is shown

in Fig. 5a–g.

The PDOS distribution of the Ga36N36 system with

electron spin-up and spin-down is symmetrical

(Fig. 5a), indicating that this system is nonmagnetic.

The valence band maximum of the Ga36N36 system is

determined by the N–2p state, and the conduction

band minimum is determined by the Ga–4 s state.

The PDOS distributions of the Ga34MHiN36(VGa
3-/

VGa
2-/VGa

1-/VGa
0) (M = Be/Mg/Ga) and Ga35

MHiN35 (VN
3?/VN

1?/VN
0) (M = Be/Mg/Ga) sys-

tems are all asymmetrical, indicating that these sys-

tems produce built-in magnetic fields (Fig. 5b–g). All

the systems have magnetic moments. In the Ga34-

MHiN36(VGa
3-/VGa

2-/VGa
1-/VGa

0) (M = Be/Mg/

Ga) and Ga35MHiN35(VN
3?/VN

1?/VN
0) (M = Be/

Mg/Ga) systems, the magnetism comes from the

hybrid coupling double exchange between the

4p electron orbital of Ga and the 2p electron orbital of

N near the Fermi surface. Specifically, the electron

spin–orbit coupling causes the doped systems to

produce magnetism [39, 40]. This condition results in

a narrow band gap of the doped systems, which is

consistent with the results of the TDOS analyses.

The magnetic source of the doped system can be

represented by the net spin density distribution. The

net spin density distribution of the Ga34MHiN36

(VGa
2-) (M = Be/Mg/Ga) system is calculated, as

shown in Fig. 6. The yellow portion represents the

net spin charge density distribution.

Table 3 Band gap values

controlled by multiple groups

of different U values for the

3d state of Ga and the 2p state

of N in GaN

Ud, Ga (eV) Up, N (eV) Eg (eV)

The works of this paper GaN 0.00 10.00 4.72

0.00 9.00 4.63

0.00 8.00 4.07

0.00 7.00 3.99

0.00 6.00 3.43

0.00 5.00 3.15

3.00 5.00 3.14

5.00 5.00 3.15

Experimental value [37] GaN – – 3.42

Table 4 Band gap widths of Ga36N36, Ga34MHiN36(VGa
3-/

VGa
2-/VGa

1-/VGa
0) (M = Be/Mg/Ga), and Ga35MHiN35(VN

3?/

VN
1?/VN

0) (M = Be/Mg/Ga) systems

Models Band width (eV)

Ga36N36 3.43

Ga34BeHiN36 (VGa
3–) 2.62

Ga34BeHiN36 (VGa
2–) 2.66

Ga34BeHiN36 (VGa
1–) 2.72

Ga34BeHiN36 (VGa
0) 2.86

Ga34MgHiN36 (VGa
3–) 2.63

Ga34MgHiN36 (VGa
2–) 2.76

Ga34MgHiN36 (VGa
1–) 2.67

Ga34MgHiN36 (VGa
0) 2.75

Ga34CaHiN36 (VGa
3–) 2.66

Ga34CaHiN36 (VGa
2–) 2.63

Ga34CaHiN36 (VGa
1–) 2.64

Ga34CaHiN36 (VGa
0) 2.79

Ga35BeHiN35 (VN
3?) 2.80

Ga35BeHiN35 (VN
1?) 2.64

Ga35BeHiN35 (VN
0) 2.73

Ga35MgHiN35 (VN
3?) 2.63

Ga35MgHiN35 (VN
1?) 2.64

Ga35MgHiN35 (VN
0) 2.68

Ga35CaHiN35 (VN
3?) 2.71

Ga35CaHiN35 (VN
1?) 2.65

Ga35CaHiN35 (VN
0) 2.67

cFigure 4 TDOS values of (a) Ga36N36; (b) Ga34BeHiN36(VGa
3-/

VGa
2-/VGa

1-/VGa
0); (c) Ga35BeHiN35(VN

3?/VN
1?/VN

0);

(d) Ga34MgHiN36(VGa
3-/VGa

2-/VGa
1-/VGa

0); (e) Ga35MgHiN35

(VN
3?/VN

1?/VN
0); (f) Ga34CaHiN36(VGa

3-/VGa
2-/VGa

1-/VGa
0);

(g) Ga35CaHiN35(VN
3?/VN

1?/VN
0).
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(a) (b)

(c) (d)

(e) (f)

(g)
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(a) (b)

(c) (d)

(e) (f)

(g)

Figure 5 PDOS values of (a) Ga36N36; (b) Ga34BeHiN36(VGa
3-/

VGa
2-/VGa

1-/VGa
0); (c) Ga35BeHiN35(VN

3?/VN
1?/VN

0); (d)

Ga34MgHiN36(VGa
3-/VGa

2-/VGa
1-/VGa

0); (e) Ga35MgHiN35

(VN
3?/VN

1?/VN
0); (f) Ga34CaHiN36(VGa

3-/VGa
2-/VGa

1-/VGa
0);

(g) Ga35CaHiN35(VN
3?/VN

1?/VN
0).
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The total magnetic moment of the Ga34MHiN36

(VGa
2-) (M = Be/Mg/Ga) system is mainly con-

tributed by the unpaired electrons of the N atom spin

polarization and that the doped atom M = Be/Mg/

Ga contributes partially to the total magnetic moment

(Fig. 6).

Figure 6 Net spin charge

density diagram of the

Ga34MHiN36(VGa
2-)

(M = Be/Mg/Ga) system.

Table 5 Number of quantum states before and after doping of the

GaN system

Models p–s Antibond state p–p Bonded state

Ga36N36 16 14

Ga34BeHiN36 (VGa
3–) 14 15

Ga34BeHiN36 (VGa
2–) 14 15

Ga34BeHiN36 (VGa
1–) 14 15

Ga34BeHiN36 (VGa
0) 14 15

Ga34MgHiN36 (VGa
3–) 15 15

Ga34MgHiN36 (VGa
2–) 15 15

Ga34MgHiN36 (VGa
1–) 15 15

Ga34MgHiN36 (VGa
0) 15 15

Ga34CaHiN36 (VGa
3–) 15 16

Ga34CaHiN36 (VGa
2–) 15 16

Ga34CaHiN36 (VGa
1–) 15 16

Ga34CaHiN36 (VGa
0) 15 16

Ga35BeHiN35 (VN
3?) 14 14

Ga35BeHiN35 (VN
1?) 14 14

Ga35BeHiN35 (VN
0) 14 14

Ga35MgHiN35 (VN
3?) 15 14

Ga35MgHiN35 (VN
1?) 15 14

Ga35MgHiN35 (VN
0) 15 14

Ga35CaHiN35 (VN
3?) 14 14

Ga35CaHiN35 (VN
1?) 14 14

Ga35CaHiN35 (VN
0) 14 14

Table 6 Electric dipole moment of Ga34MHiN36(VGa
3-/VGa

2-/

VGa
1-/VGa

0) (M = Be/Mg/Ga) and Ga35MHiN35(VN
3?/VN

1?/

VN
0) (M = Be/Mg/Ga)

Models R (nm) l (9 10–30 C�m)

Ga36N36 0 0

Ga34BeHiN36 (VGa
3–) 3.2235 153.99

Ga34BeHiN36 (VGa
2–) 3.2235 102.88

Ga34BeHiN36 (VGa
1–) 3.2235 50.94

Ga34BeHiN36 (VGa
0) 3.2235 0

Ga34MgHiN36 (VGa
3–) 3.2235 154.52

Ga34MgHiN36 (VGa
2–) 3.2235 103.08

Ga34MgHiN36 (VGa
1–) 3.2235 51.34

Ga34MgHiN36 (VGa
0) 3.2235 0

Ga34CaHiN36 (VGa
3–) 3.2235 154.92

Ga34CaHiN36 (VGa
2–) 3.2235 103.28

Ga34CaHiN36 (VGa
1–) 3.2235 51.64

Ga34CaHiN36 (VGa
0) 3.2235 0

Ga35BeHiN35 (VN
3?) 3.2990 147.65

Ga35BeHiN35 (VN
1?) 3.2990 131.95

Ga35BeHiN35 (VN
0) 3.2990 0

Ga35MgHiN35 (VN
3?) 3.2990 148.05

Ga35MgHiN35 (VN
1?) 3.2990 132.55

Ga35MgHiN35 (VN
0) 3.2990 0

Ga35CaHiN35 (VN
3?) 3.2990 148.55

Ga35CaHiN35 (VN
1?) 3.2990 132.85

Ga35CaHiN35 (VN
0) 3.2990 0
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The PDOS of the hybrid region of the p–s antibond

state formed by the Ga–4 s and N–2p states in the

conduction band minimum and the PDOS of the

hybrid regions of the p–p bond state formed by the

Ga–4p and N–2p states in the valence band maximum

of the systems were integrated (Fig. 5b–g). This pro-

cess was performed to quantitatively explain the

band gap narrowing mechanism of the doped sys-

tems [38]. Subsequently, the integration results of the

p–s antibond states and the p–p bond states were

superimposed (Table 5).

Bond states and antibond states affect the move-

ment directions of valence and conduction bands. If

the effect of bond states increases, then the valence

band maximum moves to a low-energy level; if the

effect of antibond states increases, then the conduc-

tion band minimum moves to a high-energy level

[24].

As shown in Table 5, the number of quantum states

of the p–s antibond states at the conduction band

minimum of the Ga34MHiN36 (VGa
3-/VGa

2-/VGa
1-/

VGa
0) (M = Be/Mg/Ga) and Ga35MHiN35(VN

3?/

VN
1?/VN

0) (M = Be/Mg/Ga) systems is smaller than

that of the Ga36N36 system. This condition shows that

the systems exhibit a weakened p–s antibond effect at

the conduction band minimum, and their conduction

band minimum moves to a low energy level.

The number of p–p bond states at the valence band

maximum of the Ga34MHiN36(VGa
3-/VGa

2-/VGa
1-/

VGa
0) (M = Be/Mg/Ga) system is higher than that of

the Ga36N36 system. The valence band maximum

shifts to a low energy level. However, the amount of

the conduction band minimum is greater than that of

the valence band maximum. Therefore, the band gap

of the Ga34MHiN36(VGa
3-/VGa

2-/VGa
1-/VGa

0)

(M = Be/Mg/Ga) system is narrowed. The number

of p–p bond states at the valence band maximum of

the Ga35MHiN35(VN
3?/VN

1?/VN
0) (M = Be/Mg/Ga)

system is similar to that of the Ga36N36 system. Thus,

the valence band maximum does not change. How-

ever, the conduction band minimum of the Ga35

MHiN35(VN
3?/VN

1?/VN
0) (M = Be/Mg/Ga) system

moves downward. Hence, the band gap of the Ga35

MHiN35(VN
3?/VN

1?/VN
0) (M = Be/Mg/Ga) system

is narrowed. This finding is consistent with the

results of band gap analyses [38].

Carrier activity

GaN is an asymmetric structure semiconductor. The

existence of point defects produces an electric dipole

moment that affects the carrier activity. The addition

of point vacancies of different valence states, inter-

stitial H, and doped elements causes the doped sys-

tems to generate an internal electric dipole moment.

This condition leads to the generation of a built-in

electric field, and the carriers migrate under the

action of the built-in electric field. The electric dipole

moment is proportional to the field strength. l = PV,

where l is the electric dipole moment, P is the

polarization intensity, and V is the volume of the

system. The polarization intensity is P ¼ eoEðer � 1Þ,
where eo is the vacuum permittivity, er is the relative

permittivity, and E is the built-in electric field. l ¼
eoEðer � 1ÞV indicates that the stronger the electric

dipole moment of the system, the stronger the built-

in electric field, the better the carrier migration, and

the stronger the carrier activity.

The electric dipole moment l can be calculated by

using Debye equation [41], which can be expressed as

Eq. (9).

l ¼ n eR ð9Þ

where n represents the total number of electrons, e is

the electronic charge, and R is the distance between

the positive and negative charge centers.

The Ga34MHiN36(VGa
3-/VGa

2-/VGa
1-/VGa

0)

(M = Be/Mg/Ga) and Ga35MHiN35 (VN
3?/VN

1?/

VN
0) (M = Be/Mg/Ga) systems have local lattice

distortions, and all the doped systems generate elec-

tric dipole moments, that is, built-in electric fields,

which enhance photocatalytic carrier activity. The

electric dipole moments of the Ga34MHiN36(VGa
3-/

VGa
2-/VGa

1-/VGa
0) (M = Be/Mg/Ga) and Ga35

MHiN35(VN
3?/VN

1?/VN
0) (M = Be/Mg/Ga) sys-

tems were calculated (Table 6).

As shown in Table 6, the order of the electric dipole

moment magnitude of Ga34MHiN36(VGa
3-/VGa

2-/

VGa
1-/VGa

0) (M = Be/Mg/Ga) and Ga35MHiN35

(VN
3?/VN

1?/VN
0) (M = Be/Mg/Ga) systems is as

follows: Ga34MHiN36(VGa
3-) (M = Be/Mg/

Ga)[Ga35MHiN35 (VN
3?) (M = Be/Mg/Ga)[Ga35

MHiN35 (VN
1?) (M = Be/Mg/Ga)[Ga34MHiN36

(VGa
2-) (M = Be/Mg/Ga)[Ga34MHiN36 (VGa

1-)

(M = Be/Mg/Ga)[Ga34MHiN36 (VGa
0) (M = Be/

Mg/Ga) = Ga35MHiN35(VN
0) (M = Be/Mg/Ga). The

Ga34CaHiN36 (VGa
3-) system has relatively the largest
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electric dipole moment and the best photocatalytic

carrier activity, which will be further verified in

absorption spectrum analysis.

Visible-light effect

The photocatalytic performance of the doped system

is affected by the visible-light effect. The visible light

accounts for 46% of the total solar radiation energy

[42]. Thus, the absorption efficiency of visible light by

semiconductor materials determines the photocat-

alytic efficiency. The macroscopic optical properties

of semiconductors can be described by using com-

plex dielectric functions: e xð Þ¼e1 xð Þ + ie2 xð Þ. The

optical constants of semiconductors can be calculated

by using the Kramers–Krönig dispersion relation

[43, 44]. The absorption spectrum of a semiconductor

can be expressed as Eq. (10).

a xð Þ ¼
ffiffiffi

2
p

x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e2
1 xð Þ þ e2

2 xð Þ
q

� e1ðxÞ
� �1=2

ð10Þ

where e1ðxÞ and e2ðxÞ represent the real and imagi-

nary parts of the complex dielectric function.

The absorption spectra of the Ga36N36, Ga34MHi

N36(VGa
3-/VGa

2-/VGa
1-/VGa

0) (M = Be/Mg/Ga),

and Ga35MHiN35(VN
3?/VN

1?/VN
0) (M = Be/Mg/

Ga) systems are depicted in Fig. 7a–c.

The absorption spectra within 350–850 nm of all

the doped systems redshift, thereby enhancing the

visible-light effect. The redshift of the absorption

spectra is consistent with the analysis results of

energy band structures (Fig. 7a–c). The absorption

spectrum of the Ga34MHiN36(VGa
3-/VGa

2-/VGa
1-/

(a) (b)

(c)

Figure 7 Absorption spectrum (a) Ga36N36, Ga34CaHiN36(VGa
3-/

VGa
2-/VGa

1-/VGa
0), and Ga35CaHiN35(VN

3?/ VN
1?/ VN

0);

(b) Ga36N36, Ga34MgHiN36(VGa
3-/VGa

2-/VGa
1-/VGa

0), and

Ga35MgHiN35(VN
3?/ VN

1?/ VN
0); (c) Ga36N36,

Ga34BeHiN36(VGa
3-/VGa

2-/VGa
1-/VGa

0), and Ga35BeHiN35

(VN
3?/VN

1?/VN
0).
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VGa
0) (M = Be/Mg/Ga) system has a more evident

redshift than that of the Ga35MHiN35(VN
3?/VN

1?/

VN
0) (M = Be/Mg/Ga) system. The order of the red

shift of the doped systems is as follows: Ga34MHi

N36(VGa
3-) (M = Be/Mg/Ga)[Ga34MHiN36(VGa

0)

(M = Be/Mg/Ga)[Ga34MHiN36 (VGa
2-) (M = Be/

Mg/Ga)[Ga34MHiN36(VGa
1-) (M = Be/Mg/

Ga)[Ga35MHiN35(VN
3?) (M = Be/Mg/Ga)[Ga35

MHiN35(VN
1?) (M = Be/Mg/Ga)[Ga35MHiN35

(VN
0) (M = Be/Mg/Ga). The Ga34CaHiN36 (VGa

3-)

system has the best redshift effect and the intensity is

relatively the strongest, and the activity is relatively

the best, this is consistent with the results of the

electric dipole moment analysis, which is the best

utilization of visible light.

Carrier lifetime

Photocatalytic performance is affected by effective

mass. The relative rate of photogenerated electrons

and holes directly affects the quantum efficiency of

photocatalysts. The relative size of the effective mass

of electrons and holes determines the separation rate

of electrons and holes to a certain extent, thereby

affecting carrier lifetime. The effective mass of the

hole at the valence band maximum, the effective

mass of the electron at the conduction band mini-

mum, the average effective mass and radio, the car-

rier mobility, and carrier lifetime of Ga36N36,

Ga34MHiN36(VGa
3-/VGa

2-/VGa
1-/VGa

0) (M = Be/

Mg/Ga), and Ga35MHiN35(VN
3?/VN

1?/VN
0)

(M = Be/Mg/Ga) systems are shown in Table 7.

Then, we will discuss and analyze the effective car-

rier mass, average effective mass and ratio, carrier

mobility and lifetime of the GaN systems before and

after point defects doping with different valence

states.

The effective masses of the holes of undoped

Ga36N36 in the G ? F and G ? Z directions are 0.23

and 0.28, respectively, which is consistent with ref-

erence [45], and the average effective mass of holes is

0.25. The effective masses of the electrons of undoped

Ga36N36 in the G ? F and G ? Z directions are 0.21

and 0.26, respectively, and the average effective mass

of electrons is 0.24.

Compared with undoped Ga36N36, the effective

mass of electrons in all doped systems is similar, and

the effective mass of holes is significantly different.

The average effective mass of carriers in the same

doped system under different valence states of

vacancies has small difference. This condition indi-

cates that the change in valence states has minimal

effect on the effective mass of carriers in the same

doped system.

According to the literature [46], the relationship

between effective mass, elastic modulus, deformation

potential energy, and carrier mobility in 3D materials

[46] is expressed as Eq. (11).

l3D ¼ 23=2p1=2

3

c3D�h4e

E2
I m

�5=2ðkBTÞ3=2
; ð11Þ

where the modulus of elasticity c3D is defined as

ðE� E0Þ=V0 ¼ c3DðDl=l0Þ2=2, E0 is the initial energy in

the transmission direction, E is the energy in the

transmission direction after doping, V0 is the total

volume of the material in the equilibrium state, and l0
and Dl are the lattice constant and the corresponding

deformation along the transmission direction,

respectively [47]. The deformation potential energy

EI is defined as EI ¼ DE
d , where DE is the energy

change at the valence band maximum in the trans-

mission direction, d is the internal strain, kB is the

Boltzmann constant [46], and the temperature is set to

300 K. The effective mass of electrons at the con-

duction band minimum and holes at the valence

band maximum can be calculated as

m�¼�h2 d 2E=dj2
� ��1

, where �h is the Planck’s constant,

j is the direction of the wave vector, and E represents

the energy of electrons at wave vector j in this fre-

quency band. The average effective mass can be cal-

culated as 1=m� ¼ 1=3ð Þ 1=m�
G!F þ 2=m�

G!Z

� �

. The

effective mass and average effective mass of carriers

in the G ? F and G ? Z directions with high sym-

metry points were calculated (Fig. 3a–g). Table 7

shows that the calculated results are consistent with

the experimental values [45]. Meanwhile, it can be

seen from Fig. 3a–g that the energy level of the con-

duction band minimum is relatively curved, indicat-

ing that the slope in the direction of any high

symmetry point is relatively low, which can qualita-

tively determine that the effective mass of electrons is

relatively small (light electrons); the energy level of

valence band maximum is relatively flat, and the

slope of any high symmetry point direction is rela-

tively high, which can qualitatively determine that

the hole effective mass is relatively large (heavy

holes).

The mobility represents the magnitude of the car-

rier transport capacity, the relationship between
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Table 7 Carrier effective

mass, average effective mass

and ratio, carrier mobility, and

carrier lifetime of GaN before

and after vacancy doping with

different valence states

Models Direction m
mo

� l (9 103 cm2V-1 s-1) s (9 10–9 s)

G ? F G ? Z G ? F G ? Z

m�
h

m0

m�
e

m0

m�
h

m0

m�
e

m0

m�
h

mo

m�
e

mo

lh le lh le

Dh=De Dh =De Dh

�

De sh se sh se

GaN 0.23 0.21

0.20 [45]

1.10

0.28 0.26

0.30 [45]

1.08

0.25 0.24

–

1.04

– – – –

Ga34BeHiN36 (VGa
3–) 2.74 0.22

12.45

0.55 0.33

1.67

0.75 0.28

2.68

0.99

4.19

14.56

10.33

0.91

5.97

9.87

10.21

Ga34BeHiN36 (VGa
2–) 0.43 0.27

1.59

0.73 0.35

2.09

0.59 0.32

1.84

0.87

3.56

10.95

9.87

0.87

4.62

7.66

8.57

Ga34BeHiN36 (VGa
1–) 3.07 1.29

2.38

6.72 2.67

2.52

1.92 0.60

3.20

0.802

3.01

9.87

7.68

0.78

4.55

6.35

6.35

Ga34BeHiN36 (VGa
0) 5.64 2.41

2.34

9.42 3.18

2.96

7.62 2.87

2.66

0.75

4.62

7.67

8.51

3.15

2.97

7.89

6.46

Ga34MgHiN36 (VGa
3–) 2.74 0.22

12.45

1.83 0.46

2.77

2.54 1.32

1.92

3.36

2.19

20.02

11.03

0.99

1.97

21.11

9.21

Ga34MgHiN36 (VGa
2–) 0.45 0.26

1.73

0.74 0.41

1.80

0.61 0.34

1.79

1.05

5.23

19.87

10.95

0.956

1.66

20.36

8.57

Ga34MgHiN36 (VGa
1–) 4.08 2.10

1.94

2.52 1.69

1.49

2.89 1.81

1.60

0.99

5.01

18.11

9.99

0.916

1.59

19.16

8.01

Ga34MgHiN36 (VGa
0) 4.87 2.77

1.76

4.89 4.81

1.02

4.88 3.87

1.26

0.90

4.82

18.00

8.90

0.88

1.42

18.58

6.87

Ga34CaHiN36 (VGa
3–) 421.6 0.99

425.90

3.32 0.99

3.35

2.79 0.80

3.49

1.10

5.99

40.02

30.03

0.84

6.39

40.11

31.21

Ga34CaHiN36 (VGa
2–) 0.60 0.25

2.40

0.85 0.44

1.93

0.75 0.35

2.14

3.02

2.01

35.69

28.63

2.96

2.81

38.54

29.87

Ga34CaHiN36 (VGa
1–) 41.28 2.34

17.64

2.40 1.13

2.12

2.38 1.67

1.43

2.87

1.98

30.59

27.98

2.55

2.05

34.52

25.66

Ga34CaHiN36 (VGa
0) 4.47 1.91

2.34

3.69 2.75

1.34

3.92 2.40

1.63

2.69

1.79

28.96

24.63

2.37

1.92

31.94

24.88

Ga35BeHiN35 (VN
3?) 6.37 2.35

2.71

5.40 2.39

2.26

5.69 2.38

2.39

0.85

3.19

12.56

9.03

0.81

5.44

8.87

9.01

Ga35BeHiN35 (VN
1?) 220.5 2.05

107.56

3.35 2.30

1.46

4.99 2.21

2.26

0.81

3.04

11.98

8.44

0.72

4.66

8.00

8.11

Ga35BeHiN35 (VN
0) 3.89 2.10

1.85

2.87 1.71

1.68

2.56 2.10

1.22

0.77

2.94

10.96

7.99

0.70

4.33

6.59

7.66

Ga35MgHiN35 (VN
3?) 5.91 0.99

5.97

2.18 1.60

1.36

2.76 1.33

2.08

0.89

3.49

13.56

9.87

0.74

5.04

8.06

6.61

Ga35MgHiN35 (VN
1?) 28.54 1.77

16.12

1.84 1.13

1.63

2.75 1.08

2.55

0.80

3.02

12.96

8.55

0.70

4.99

7.42

5.97

Ga35MgHiN35 (VN
0) 1.13 0.83

1.36

3.70 1.70

2.18

2.10 1.26

1.67

0.78

2.88

11.44

7.99

0.66

3.99

6.91

4.92

Ga35CaHiN35 (VN
3?) 5.71 1.94

2.94

4.17 1.64

2.54

4.58 1.73

2.65

0.85

3.19

12.56

9.03

0.81

5.44

8.87

9.01

Ga35CaHiN35 (VN
1?) 3.93 2.82

1.39

5.44 2.52

2.16

4.82 2.61

1.85

0.68

2.98

10.39

7.22

0.64

4.66

7.96

6.37

Ga35CaHiN35 (VN
0) 4.00 2.76

1.45

6.01 3.44

1.75

4.58 3.82

1.20

0.59

1.98

8.91

6.99

0.57

4.23

6.90

5.33

m0 is the free electron mass
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carrier mobility l and carrier lifetime s can be char-

acterized as Eq. (12) [48].

l ¼ qs
m� ð12Þ

where m� is the effective mass and q is the electron

charge. The carrier mobility and lifetime of all doped

systems were calculated. The results are shown in

Table 7. As shown in Table 7, the electron mobility of

all systems is significantly greater than the hole

mobility; this finding indicates that the drift speed of

electrons is faster than the drift speed of holes, the

electron transport capacity is stronger than the hole

transport capacity, and the electron lifetime of all

doped systems is longer than that of holes.

The velocity of the carrier in a certain wave vector

direction is denoted by v, which represents the rela-

tionship between the effective mass and the carrier

velocity in a certain wave vector direction at the

conduction band minimum or the valence band

maximum, and it can be obtained by using Formula

(13) [46, 49].

v ¼ �hj=m� ð13Þ

where m� is the effective mass of the electron or hole,

j is the direction of the wave vector, and �h is the

Planck’s constant. In Formula (13), m� (effective

mass) is inversely proportional to v (the velocity of

the carrier) in a certain j directions.

The relative ratio of the effective mass of holes and

electrons is usually used to compare and express the

degrees of separation between the electrons and holes

in the GaN systems before and after doping. The

relative ratio is calculated by using Formula (14) [50].

D ¼ m�
h
�

m�
e

ð14Þ

where D represents the relative ratio of the effective

mass of holes and electrons and m�
h and m�

e denote the

effective masses of holes and electrons, respectively.

The calculated D value of the doped system is shown

in Table 7. As shown in Table 7, for all doped sys-

tems, the relative ratios D of the effective mass of hole

and electron along the G ? F or G ? Z direction and

the relative ratios D of average effective mass are

greater than 1. Interestingly, the Ga34CaHiN36(VGa
3-)

system has the largest D value relatively, and the

electron–hole separation is relatively the easiest. This

feature is conducive to photocatalysis.

Oxidation reduction reaction

The oxidation reduction reaction has an important

effect on the photocatalytic properties of semicon-

ductors. The more negative the conduction band

minimum position of the semiconductor, the stronger

the reduction of the system, and the more positive the

valence band maximum position, the stronger the

oxidation of the system [24]. The band edge positions

of the Ga36N36, Ga34MHiN36(VGa
3-/VGa

2-/VGa
1-/

VGa
0) (M = Be/Mg/Ga) and Ga35MHiN35(VN

3?/

VN
1?/VN

0) (M = Be/Mg/Ga) systems calculated

herein are shown in Fig. 8a–b.

As shown in Fig. 8a–b, the Ga36N36 system can

decompose water to produce O2 and H2, whether the

pH is 0 or 7. As shown in Fig. 8a, the conduction

band minimum of the Ga34MHiN36(VGa
3-/VGa

2-/

VGa
1-/VGa

0) (M = Be/Mg/Ga) system moves down,

and the valence band maximum moves upward.

However, all doped systems can prepare H2 and O2

by reducing and oxidizing water. The Ga34CaHi-

N36(VGa
3-) system has the strongest oxidation

reduction ability. As shown in Fig. 8b, the conduction

band minimum of the Ga35MHiN35 (VN
3?/VN

1?/

VN
0) (M = Be/Mg/Ga) system moves up compared

with the conduction band minimum of the Ga36N36

system. The reduction ability of Ga35GaHiN35(VN
3?)

system is relatively the strongest. The valence band

maximum of the Ga35MHiN35(VN
3?/VN

1?/VN
0)

(M = Be/Mg/Ga) system moves up, but the valence

band maximum is lower than the standard oxidation

potential of water, all systems can prepare H2 and O2

by reducing and oxidizing water. The oxidation

reduction ability of Ga35GaHiN35 (VN
3?) system is

relatively the strongest.

The calculation results show that all doped systems

can split water to produce O2 and H2. Comprehen-

sive analysis shows that the oxidation reduction

capacity of the Ga34MHiN36(VGa
3-) (M = Be/Mg/Ga)

system is relatively optimal. The Ga34CaHiN36(VGa
3-)

system has the best oxidation reduction ability.

Therefore, the Ga34CaHiN36(VGa
3-) system is the best

redox agent for decomposing water. These results are

useful for designing and preparing novel GaN

photocatalysts.

In summary, the four factors affecting the photo-

catalytic performance of GaN system by codoping of

Be/Mg/Ca and VGa/VN with different valence states

and interstitial H are as follows: visible-light effect,

electric dipole moment, effective mass, and oxidation
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reduction reaction. The results indicate that the

Ga34CaHiN36(VGa
3-) system is the best photocatalyst

in terms of these factors.

The rationality of the Ga34CaHiN36(VGa
3–) system

structure, VGa, interstitial H, Ca doping types, and

positions are quantified to ensure the dynamic sta-

bility of the relevant structure. The molecular

dynamics energy change of the Ga34CaHiN36(VGa
3–)

system and the top view of the structure before and

after equilibrium are shown in Fig. 9a–c.

As shown in Fig. 9a, the relevant data before and

after the equilibrium of the Ga34CaHiN36(VGa
3–)

system have no major fluctuations. This condition

indicates that the Ga34CaHiN36(VGa
3–) system has

stable structure and high dynamic stability. This

finding is consistent with the phonon dispersion

spectrum and structural stability analysis. As shown

in Fig. 9b, c, the structure of the system does not

change much before and after the equilibrium, con-

firming the structural stability of the Ga34CaHiN36

(VGa
3–) system.

(a)

(b)

Figure 8 Position

distributions of band edges

(a) Ga36N36,

Ga34MHiN36(VGa
3-/VGa

2-/

VGa
1-/VGa

0) (M = Be/Mg/

Ga); (b) Ga36N36,

Ga35MHiN35(VN
3?/VN

1?/

VN
0) (M = Be/Mg/Ga).
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Conclusion

The effects of the different valence states of VGa/VN

and interstitial H on the photocatalytic performance

of GaN:(Be/Mg/Ca) systems were investigated via

the first principles. The results show that the Ga34-

MHiN36(VGa
3-/VGa

2-/VGa
1-/VGa

0) (M = Be/Mg/

Ga) and Ga35MHiN35 (VN
3?/VN

1?/VN
0) (M = Be/

Mg/Ga) systems are more readily formed and have a

more stable structure under N-rich conditions. The

Ga34CaHiN36 (VGa
3–) system has the lowest formation

energy and is the easiest to dope. The binding energy

is the lowest, and the system is the most stable. The

main factors affecting photocatalytic performance of

the doped system, including the visible-light effect,

electric dipole moment, effective mass, and oxidation

reduction reaction, were calculated and analyzed.

The results show that the Ga34CaHiN36(VGa
3-) sys-

tem exhibits the most obvious redshift in the

absorption spectrum, largest absorption spectrum

intensity, best carrier activity, fastest carrier separa-

tion rate, longest carrier lifetime, and strongest oxi-

dation reduction capacity. Therefore, the

Ga34CaHiN36(VGa
3-) system is the best photocatalyst

among the doped systems investigated. The findings

provide a certain reference value in designing and

preparing novel GaN photocatalysts.
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