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Abstract: 

We present a systematic study of properties of common native point defects in GaN, based on 

hybrid density functional calculations. These defects include vacancies, interstitials, antisites, 

and common complexes. Using configuration coordinate diagrams, we estimate the likelihood of 

defects to be radiative or non-radiative. Our results show that gallium vacancies exhibit a large 

magnetic moment in the neutral charge state and are most likely non-radiative. This is in contrast 

to nitrogen vacancies, which are probable sources of the experimentally observed green 

luminescence band (GL2) peaking at 2.35 eV in undoped GaN. We also show that infrared 

photoluminescence (PL) bands that are created by 2.5 MeV electron irradiation in GaN can be 

explained by the formation of native defects. Namely, the interstitial gallium is likely to be 

responsible for the narrow infrared PL band centered around 0.85 eV, with a phonon fine 

structure at 0.88 eV; the gallium-nitrogen divacancies are possible sources of the broad PL band 

with a peak at 0.95 eV.  

 

 

I. INTRODUCTION 

Despite the successful fabrication of efficient blue LEDs,1 lasers,2 and solar cells3 based on GaN, 

the properties of defects in this semiconductor are not yet fully understood. Knowledge of the 

electronic properties of defects is important to assess their formation during material fabrication 
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and processing. Of particular interest, are the native point defects of GaN, such as vacancies and 

interstitial defects, which may form naturally during sample growth, or can be formed as a result 

of electron irradiation. 

Some native defects, such as vacancies, have been extensively studied experimentally 

throughout the past two decades, while others have been less scrutinized. Isolated Ga vacancies4 

(VGa) and the possible complexes with oxygen donors (VGa-ON)5,6 have been experimentally 

investigated by positron annihilation spectroscopy (PAS) in bulk GaN crystals and epitaxial GaN 

samples. Based on these experiments, Saarinen et al.4 concluded that Ga vacancies are negatively 

charged in both bulk GaN crystals and layers, playing a major role in electrical compensation of 

n-type GaN. Later, Oila et al.7 using PAS demonstrated that negatively charged Ga vacancy is 

the most stable acceptor defect in n-type GaN grown by hydride vapor phase epitaxy (HVPE). 

Optical properties of Ga vacancies and related complexes were also investigated, and an apparent 

correlation of the yellow luminescence (YL) intensity with the concentration of Ga vacancies 

was suggested.4,8,9 However, other experimental studies have shown that vacancies of Ga alone 

do not account for the YL observed in GaN, with the possibility that carbon-related defects are 

involved as well.10,11  

Among other native defects, interstitial Ga has also been extensively studied 

experimentally. In 2.5 MeV electron-irradiated GaN epilayers, optically detected magnetic 

resonance (ODMR) signals at 1.5 K were observed in PL bands peaking at ~0.85 eV and ~0.95 

eV. 12 Based on the obtained resolved hyperfine structure, it was suggested that the microscopic 

origin of one of the ODMR signals was a complex formed by interstitial Ga and another 

unidentified defect. Further ODMR studies on the 0.85 eV PL band were performed by 

Buyanova et al.13 at 2 K and 30 K. It was shown that the defect responsible for the 0.85 eV PL 
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band has its principal symmetry axis along the c-axis of wurtzite GaN. Bozdog et al.14 performed 

ODMR studies at room temperature on electron–irradiated GaN samples, also observing the two 

infrared (IR) bands centered at 0.85 eV and 0.95 eV. Two out of the three observed EPR signals 

revealed strong hyperfine interaction with a single Ga nucleus, suggesting that they are related to 

the isolated interstitial Ga.  More recent ODMR studies on electron-irradiated GaN samples were 

performed at various temperatures by Watkins et al. 15 and Chow et al.,16,17 where only the broad 

0.95 eV PL band was observed from 4.2 K (in-situ irradiation) up to 295 K. Two of the obtained 

ODMR signals were attributed to the isolated interstitial Ga located in either octahedral or 

tetrahedral sites in GaN. Above 295 K, the 0.95 eV PL band lost 80-90% of its intensity while 

the sharp 0.85 eV PL band and its characteristic ODMR signal started emerging.  The changes of 

ODMR signals band were explained by the possible migration of interstitial Ga near the vacant 

Ga site, from which they were created by electron irradiation. However, despite thorough 

experimental studies of the effect of electron irradiation on the properties of GaN, the 

microscopic origin of the near IR PL bands peaking at 0.85 eV and 0.95 eV is still not entirely 

clear.  

Electrical and optical properties of nitrogen vacancies (VN) and related complexes were 

also investigated in recent experiments, mostly in Mg-doped p-type GaN.18,19,20 Nitrogen 

vacancies associated with magnesium acceptors (VN-MgGa), were identified by Hautagankas et 

al.18 using positron annihilation spectroscopy (PAS) in Mg-doped GaN. It was suggested that 

VN-MgGa complexes behave as compensating centers in p-type GaN, and that vacancies of Ga 

and N are abundant in both n-type and p-type GaN. Using a combination of ODMR and PAS 

experiments, Zeng et al.19 suggested that the red PL band peaking at 1.80 eV in Mg-doped GaN 

is caused by the donor-acceptor pair recombination, where electrons localized on deep donor VN-
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MgGa complexes recombine with holes on deep VGa acceptors. Further investigation of the 

optical properties of nitrogen vacancies performed by Reshchikov et al.20 using PL spectroscopy, 

proposed that VN is the best candidate for the green luminescence band (labeled GL2) occurring 

at 2.35 eV in high-resistivity undoped and Mg-doped GaN. However, it was noted that N 

vacancy is present with relatively low concentrations in both types of samples.  

While positron annihilation allows detection of vacancies, the experimental identification 

and characterization of other types of native defects (interstitials, antisites) have been proven 

difficult. Other experimental techniques, such as ODMR or PL spectroscopy provide only certain 

partial information about the nature and properties of these native defects. Therefore, sparse (and 

in some cases contradictory) experimental data suggests that revisiting the basic questions of 

native defects in GaN from the theoretical point of view is in order.  

Theoretical investigations of native defects in GaN have been performed using various 

methods, such as tight binding approximation21, empirical potential methods22, ab-initio 

Molecular Dynamics23, and the density functional theory (DFT).24,25,26,27 Early atomistic 

theoretical studies of the electronic structure of vacancies and antisites in GaN were performed 

by Jenkins and Dow21 using the tight binding approximation. It was shown that N vacancy is a 

shallow donor in GaN, also creating a doubly occupied deep level within the band gap. Further 

analysis on intrinsic defects using DFT was performed in Refs. [24-26,28] where it was found 

that the most stable native defects in GaN are the compensating defects, i.e. donor nitrogen 

vacancies in p-type GaN and acceptor Ga vacancies in n-type GaN. Antisites and interstitial 

native defects were found to be less favorable. Other theoretical calculations based on the local 

density approximation (LDA)29 using scissor corrections agreed well with previous predictions 

of the deep acceptor properties of VGa but unexpectedly predicted the existence of both donor 
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and acceptor states  (up to 3- charge state) for nitrogen vacancy.27 Similar DFT calculations 

performed in Ref.  [30] suggested that VN should be the dominant defect in both p-type and n-

type GaN annealed samples.  

Although less studied than vacancies, antisites and native interstitials were also addressed 

by theory, producing varying results. By using both DFT and empirical potential methods, Gao 

et al.22 obtained the formation energy of neutral antisite NGa which agreed with the value 

obtained by Gorczyca et al.31 where the Green’s function technique32 was used. However, these 

results were significantly higher than the DFT values obtained by Neugebauer et al.24 In the case 

of neutral Ga interstitial, the results obtained using empirical potential methods (Ref. [22]) also 

differ from previous ab-initio calculations performed in Refs. [24-26, 28]. 

In addition to isolated intrinsic defects, properties of di- and trivacancies in bulk GaN 

were also investigated. DFT calculations performed in Ref. [27] showed that Ga-N mixed 

divacancy (VGaVN) behaved as a deep acceptor center. The calculations yielded the divacancy 

formation energy lower than that of VGa, with a substantial binding energy of 2.34 eV (for Fermi 

energy EF >1.5 eV). However, more recent generalized gradient approximation (GGA)33 

calculations performed by Gohda et al.34 and Puzyrev et al.35 suggested that divacancies display 

both donor and acceptor properties and are less energetically stable than VGa in n-type GaN (with 

the energy difference ~1 eV). Trivacancies (VGaVNVGa) were also investigated in Ref. [34], 

where it was shown that VGaVNVGa are unstable in p-type GaN but exhibit formation energy 

identical to that of divacancies in n-type GaN.  

Calculations of defect properties using local (or semi-local) approximations to the DFT 

are prone to inaccuracies due to the known underestimation of the band gap. Recent studies of 
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vacancies36,37,38 in GaN used non-local screened exchange LDA (sX-LDA) and Heyd-Scuseria-

Ernzerhof (HSE) hybrid functional, which can circumvent the band gap problem. These studies 

showed substantial differences in the electronic structure of defects compared to the results of the 

(semi)local approximations to the DFT. While considered a step forward, the results obtained 

with these new computational methods are also a subject of interpretation. For example, using 

HSE calculations, Yan et al.36 suggested that nitrogen vacancy could be a possible source of the 

YL band observed in Mg-doped GaN. On the other hand, hybrid functional calculations based on 

sX-LDA performed by Gillen and Robertson,37 associated the YL with the 0/- transition level of 

the gallium vacancy. Recent HSE calculations performed by Lyons et al.38 proposed that while 

transitions via 2-/3- level of isolated VGa are most likely non-radiative, VGa complexes with 

oxygen and hydrogen can contribute to the YL band in GaN.  Most recent HSE calculations 

performed in Refs. [39, 40] also describe the energetics of native defects in GaN. Both 

calculations indicated that in Ga-rich conditions, VN is the most energetically stable native 

defect.  

Overall, both experiment and theory have produced large amounts of widely varying 

results. On one hand, only limited information for some defects is accessible from experiments, 

while on the other hand, different theoretical approaches often yield conflicting results. 

Consequently, many details of the electronic properties of native defects in GaN remain unclear. 

In this paper, we perform a systematic study of the electronic and optical properties of common 

native defects, namely Ga vacancy (VGa), N vacancy (VN), Ga-N divacancy (VGaVN), interstitial 

Ga (Gai), Ga antisite (GaN), interstitial N (Ni), N antisite (NGa), the complex consisting of Ga 

interstitial and vacancy of Ga (GaiVGa), and the complex consisting of gallium antisite and 

vacancy of Ga (GaNVGa). We use a theoretical approach based on exchange tuned HSE hybrid 
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functional,41 which in recent years has emerged as one of the most practical methods for 

calculations of defects in semiconductors. In particular for defect related optical transitions in 

GaN, this method has been tested against experimental results using a well understood Zn 

acceptor PL band,42 and found to accurately reproduce measured thermodynamic and optical 

transition levels. We also summarize and compare our results to the most recent theoretical 

calculations of native defects in GaN, and identify the possible sources of discrepancies.  

 

II. METHODS 

First-principles calculations based on DFT within the LDA and GGA have been a prevalent 

tool for the analysis of electronic structure of defects in semiconductors for the past three 

decades.26 However, different correction schemes for defect calculations that were developed to 

account for the underestimated bandgaps, often yielded conflicting results.43 Recently, a new 

class of theoretical methods based on hybrid functionals has been developed, suggesting that 

they can circumvent these difficulties.44 Hybrid functionals provide more reliable electronic 

structure of defects, and show favorable comparison of the results with experiment in GaN.45,46,47 

In order to study the electronic structure and optical properties of native defects in GaN, we use 

the range separated hybrid functional of Heyd, Scusseria, and Ernzherof (HSE06),41 and the 

projector-augmented wave (PAW)48 formalism as implemented in the VASP code.49 Here, the 

Ga 3d valence electrons are not included in the PAW pseudopotentials. The HSE06 separates the 

Fock exchange into short-range and long-range components. In the short-range part, 75% of 

semilocal exchange of the Perdew-Burke-Ernzerhof (PBE)-GGA50 is mixed with 25% of a non-

local Fock-type exchange energy. In the long-range part, the exchange and correlation potentials 
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are described solely by the PBE functional. As typical for defect calculations in GaN, we 

adjusted the amount of exact exchange to 31% and the screening parameter is kept at typical 0.2 

Å-1. These parameters result in a band gap of 3.487 eV which is in a good agreement with the 

low temperature experimental value of 3.50 eV.51  Calculated lattice parameters a = 3.210 Å, c = 

5.198 Å and u = 0.377 Å for relaxed wurtzite GaN are also in good agreement with experimental 

values.52 Good convergence was achieved using the cutoff energy of 400 eV, the -point only, 

and hexagonal supercells containing 128 atoms. All structural relaxations were also performed 

within the same exchange tuned HSE to reduce forces to less than 0.05 eV/Å. Using larger 

supercells (up to 300 atoms) or denser k-point mesh (2×2×2), we estimate that above parameters 

produce errors of less than 0.05 eV in formation energies and transition levels. 

The formation energy of a particular defect configuration D in the charge state q is given 

by:26 

 
E f Dq⎡⎣ ⎤⎦ = Etot Dq⎡⎣ ⎤⎦ − Etot bulk⎡⎣ ⎤⎦ + qEF − Δnα

α
∑ µα + ΔV + ΔEMP

                                    (1.1) 

where q
totE D⎡ ⎤⎣ ⎦  

and [ ]totE bulk  are the total energies of the supercell with a defect and a bulk 

supercell, respectively. The third term FqE  is the energy cost to add a charge q to the defect, 

assuming that the exchange of electrons between the defect and the host material occurs at the 

Fermi level ( FE ). The numbers of atoms of type α  that have been removed from, or added to 

the supercell is nαΔ , and αµ  is the elemental chemical potential of the α  atom. The chemical 

potentials depend on the growth conditions and are usually computed for Ga-rich and N-rich 

growth conditions, setting the limits on the values of the chemical potentials.26 In Ga-rich (N-

rich) conditions, Ga (N) chemical potential is computed from metal Ga (N2 molecule). The 

Γ
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chemical potential of Ga in Ga-poor (N in N-poor) conditions is obtained by adding the GaN 

enthalpy of formation (  ΔH (GaN) ) to the above value. Here,   ΔH (GaN)  was calculated using 

total energies of bulk GaN, orthorhombic metal Ga, and N2 molecule, with volumes and atomic 

coordinates fully relaxed with HSE parameterization described above. The resulting   ΔH (GaN) =  

-1.249 eV is in reasonably good agreement with previous theoretical calculations36,56 and the 

experimental value of -1.34 eV reported recently.53 The two remaining terms  ΔV  and  ΔEMP  

correct for the electrostatic errors of two different origins. The potential alignment  ΔV  arises 

from introducing the compensating uniform charge background in a charged supercell.43 This 

term is computed as a difference of the average electrostatic potential far from the defect in the 

supercell, and that in the bulk. This term is proportional to the defect formal charge q, and in our 

128 atoms supercell can be as large as 0.18 eV, for instance for VGa in 3- charge state. However, 

computed transition levels are weakly affected by this term due to its partial cancellation, since a 

transition level is a formation energy difference. The last term MPEΔ  is the electrostatic 

correction according to Makov and Payne54. It arises from the artificial interactions between 

charged defects and compensating background charge due to periodic boundary conditions. Here 

we use the first order term (Madelung energy) and third order term (dipole corrections), since 

these two terms dominate interaction energy, following the procedure outlined by Lany and 

Zunger in Ref. [43. Both terms scale as the square of the charge state of the defect q2, and 

although they have opposite signs, the combined values of this correction are significant; for 

example in our 128 atom supercells, it is 1.16 eV for a defect charge states of ±3. Following Oba 

et al.55, Madelung corrections are also applied to neutral shallow defects. This is because a 

supercell cannot contain a shallow defect wavefunction, and in a neutral charge state a carrier 

(electron or hole) occupies a delocalized perturbed host state. This leads to artificial interactions, 
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similar to those for a charged defect in a compensating charge density, pushing shallow 

transition levels deeper into the bandgap. For this reason, in the literature, somewhat deep 

transition levels (several hundred meV) are sometimes reported for cases of shallow defect 

states.  

Formation energy defined by Eq. (1.1) cannot be expected to yield realistic defect 

concentrations. One reason is that the defect concentrations are determined by the free energy of 

defects, and in the cases of the high temperature growth such as MOCVD, entropic contributions 

are significant.56,57 However, transition levels calculated in this work are compared to PL 

measurements performed at low or room temperature. In this case, vibrational entropic 

contribution to the free energy of the defect and consequently to the defect transition level is 

negligible (< 0.05 eV).56 Also, since materials are often grown in non-equilibrium conditions, the 

values of defect formation energy should be used as rough guidelines for defect formation. 

Furthermore, the presence of contaminants and growth byproducts could change chemical 

potential bounds by introducing additional phases limiting GaN growth, i.e. formation of 

ammonia or oxides in the presence of hydrogen or oxygen. These complications do not affect the 

results of this work, since defect transition levels are calculated from the formation energy 

differences.  
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III. RESULTS 

A. VACANCIES 

Gallium vacancy (VGa) 

Electron irradiation experiments have been shown to create large numbers of native defects, 

such as interstitials and vacancies.15,70 Therefore, a natural question is whether VGa can explain 

infrared PL bands observed in electron irradiated GaN samples. Figure 1 (a, b) shows the 

formation energies of Ga vacancy in Ga-rich and N-rich growth conditions obtained from our 

HSE calculations. The slope of each line corresponds to a charge state of the defect, while the 

intersection points represent thermodynamic transition levels. We find that VGa exhibits both 

donor and acceptor properties, and four thermodynamic transition levels are predicted within the 

bandgap, namely the ( )/ 0 0.94ε + =  eV, the ( )0 / 1.73ε − =  eV, the ( )/ 2 1.87ε − − =  eV, and

( )2 /3 2.34ε − − =  eV, above the valence band maximum (VBM). In the singly positive charge 

state (+), the N atoms near the vacant Ga site, relax away from the vacancy by 12.3%, while with 

addition of electrons the outward distortions decrease. For instance, in the 3- charge state, the 

distances between neighboring N atoms and the vacant Ga site decrease by 9.38% (compared to 

the ideal bulk Ga-N bond length).  
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FIG. 1. Formation energy of VGa as a function of the Fermi energy in (a) Ga-rich and (b) N-rich 

growth conditions. The zero and maximum of the Fermi level scale correspond to the top of the 

valence band and the bottom of the conduction band, respectively. The solid lines correspond to 

the formation energies for the most stable charge states of the defects. The points where each line 

changes slope (charge state) mark thermodynamic transition levels in the GaN band gap.  

 

While VGa has been widely discussed as a possible source of the yellow and green 

luminescence bands in GaN, the exact attribution of these PL bands is still not entirely settled. 

By using the configuration coordinate diagram (CCD)58 fitted into the calculated optical 

transitions and lattice relaxation energies, one can estimate whether the recombination via the 

defect is radiative or non-radiative. An example of such CCD is schematically shown in Fig. 2. 

The likelihood of a non-radiative transition can be estimated by finding the point at which the 

two potential curves corresponding to the two charge states intersect.59,60 The energy of this 

intersection with respect to the vibrational ground state of the upper curve (excited state of the 
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defect) represents the potential barrier for a non-radiative transition. If the resonant optical 

excitation occurs at a higher energy than this crossover, then the energy of the system upon 

excitation is higher than the barrier for a non-radiative transition. In this case there are two 

possible scenarios. Depending on the coherence length and time for the resulting excited 

vibrational state (Fig. 2), the defect can either relax into the vibrational ground state or transfer to 

the lower curve at the crossover point. In the latter case, the defect is likely to be non-radiative.59 

In the former case, if the barrier height 𝛥𝜖! is not too high compared to the temperature of the 

sample, and the radiative transition probability is low (PL lifetime is long), the system can also 

transition to the lower curve by thermally jumping over the barrier. Otherwise, when the barrier 

is too high for a thermal activation, or the lifetime of the excited state is short, (for example, due 

to high electron concentrations in n-type GaN) the recombination is likely to be radiative. The 

radiative and non-radiative transitions are schematically illustrated in Fig.2, using the CCD.61 

Accurate predictions of radiative versus non-radiative transition rates require calculations of 

electron-phonon interactions, and are currently a subject of intensive development (see for 

example recent Refs. [62, 63]). The method based on the intersection point between two 

potential curves for different charge states within the harmonic approximation has been 

successfully used for predicting radiative versus non-radiative transitions in F-centers in the 

alkali halides.59,64,65,66 Nonetheless, this method has not been thoroughly tested in GaN, which is 

why here we only draw preliminary conclusions about radiative or non-radiative nature of 

recombination via common native defects, based on the excitation and barrier energies obtained 

from CCD.   



14	
	

 

FIG. 2. Schematic configuration coordinate diagram, displaying possible radiative and non-

radiative transitions between the excited and ground states of a defect. The potential curve of the 

excited state is vertically displaced from that of the ground state according to their formation 

energies and assuming the presence of an electron in the conduction band. The ZPL describes the 

transition between the zero-point vibrational states in excited state and ground-state 

configurations. 𝜖!"# is the resonant excitation energy (absorption energy), PLmax corresponds to 

the peak of the PL band. 𝛥𝜖!
 
and FC (Franck-Condon shift) describe the relaxation energies of 

the excited state and the ground state, respectively. 𝛥𝜖!
 
(energy barrier) is the energy between 

the vibrational ground state of the upper curve and the crossover between the two curves. The 

dashed arrow labeled NR represents a non-radiative transition.  

In n-type GaN, VGa lowest energy charge state is 3- (Fig. 1). The CCD shown in Figure 3 

is based on the harmonic approximation and describes the optical transitions via the (2-/3-) level 

of VGa. The CCD is constructed by fitting parabolic potential curves into HSE computed total 

energies of the defect. The lower potential curve (VGa
3-) is obtained by fitting a parabola into the 
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two calculated total energies of the VGa
3- in the relaxed defect lattices of the 3- and 2- charge 

states (this energy difference is the calculated Franck Condon shift of 0.54 eV). The upper 

potential curve is also obtained in similar manner, where a parabola is fitted into the calculated 

total energies of the VGa
2- in the relaxed defect lattices of the 3- and 2- charge states (the energy 

difference is the calculated relaxation energy of 0.46 eV). Note that in this CCD, all optical 

transitions are calculated directly from HSE, while the energy crossover for the non-radiative 

transition relies on the harmonic approximation.  

In order to demonstrate the validity of the harmonic approximation, we have also directly 

calculated parts of the CCD using HSE total energies of the defects between two minima points 

in the 3- and 2- charge states. Linear displacement was used to obtain intermediate defect 

geometries. As shown in Fig.3, the direct HSE calculations yielded results that are very similar to 

the harmonic approximation, with average energy difference of 4 meV. In case of deep defect 

such as VGa where distortions tend to be large, the harmonic approximation still remains an 

accurate approach to describing the potential curves of the CCD. 

Based on the CCD shown in Fig. 3, the calculated resonant excitation 3 2
Ga GaV V− −→  is 

expected to have a maximum at 1.60 eV, which is 0.33 eV higher than the intersection of the two 

potential curves. Losing the excess energy through phonon emission, the system can either relax 

into the vibrational minimum of the  state, or undergo a non-radiative transition to the 

ground state . In the former case, the subsequent recombination of the hole localized on the 

vacancy and an electron from the CBM, returns the vacancy from  to the   state, with a 

PL maximum computed at 0.60 eV. This transition is then followed by lattice relaxation (FC 

shift) of 0.54 eV, resulting in a ZPL of 1.14 eV. However, based on the CCD (Fig. 3), the barrier 

2
GaV
−

3
GaV
−

2
GaV
− 3

GaV
−
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for the non-radiative transition is 0.13 eV, suggesting that at room temperature the average time 

of the thermal jump over this barrier is several orders of magnitude shorter than a typical defect 

PL lifetime. Thus, the VGa is likely non-radiative.  

 

 

FIG. 3. Configuration coordinate diagram of VGa obtained from the harmonic approximation 

fitting of total energies at relaxed defect lattices only (solid black lines), and direct HSE 

calculations (filled circles). The filled circles correspond to the total energies of ten intermediate 

defect geometries between two minima in the 3- and 2- charge states. An average difference in 

energy of 4 meV is found between the CCD based on the harmonic approximation and the CCD 

obtained from direct HSE calculations. A calculated emission of 0.60 eV, a FC shift of 0.54 eV 

V2-
Ga+e

-

V3-
Ga

1.14 eV

0.54 eV

0.13 eV
0.46 eV

Total Energy

{r}
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and a ZPL of 1.14 eV are obtained. The energy barrier for a non-radiative transition is 0.13 eV, 

making the VGa likely non-radiative.  

 

 

 

(a) 

 

(b) 

 

(c) (d) 
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FIG. 4. Charge density isosurfaces of the four defect states of VGa. The wavefunctions are 

calculated in the 3- charge state of the defect. For clarity, two different orientations are used for 

states (a, b) and (c, d), indicated by the lattice vectors. The (a)-(d) charge densities correspond to 

the eigenvalues shown in Fig. 5 (right panel, 3- charge state of VGa), from lowest (a) to highest 

(d) energy. The small (grey) and large (green) spheres indicate the nitrogen and gallium atoms, 

respectively. The isosurface values are set at 5% of the maximum.  
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FIG. 5. Single-electron energy levels of VGa for all the possible charge states q with their 

respective magnetic moments m. Zero energy corresponds to the VBM.  

 

Our calculations show that removal of Ga atom in bulk GaN, i.e. breaking four bonds 

with nearest N atoms, creates four defect levels within the bandgap. The atomic structure and 

charge density of each of the four defect levels are displayed in Fig. 4. In this example the VGa is 

in the 3- charge state, where all defect states are occupied by electrons. VGa defect states are 

linear combinations of nitrogen p-orbitals, which vary in the degree of localization. Each state 

displayed in Fig. 4 is degenerate with respect to spin. These defect states form four transition 

levels within the bandgap shown in Fig. 1. The HSE calculated single electron energies and their 

changes with addition/removal of electrons to the Ga vacancy are shown in Fig. 5. For example, 

in the 3- charge state, the highest energy occupied defect states (spin-up and down) are located at 

1.12 eV above the VBM. When VGa traps a hole, leading to 2- charge state of the defect, the 
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highest spin-up state is shifted to 2.83 eV above the VBM. This, along with energy of 

accompanying atomic relaxations, results in the 2-/3- transition level occurring at 2.34 eV in Fig. 

1. Another example is the spin-down defect state located at 1.29 eV above VBM in the 1- charge 

state (Fig. 5). Removing an electron from this defect state leads to the 0/- transition level at 1.68 

eV in Fig 1.  

As shown in Fig. 5, unpaired spins of the electrons localized at the Ga vacancy lead to the 

local magnetic moment of VGa. When all defect states are occupied by electrons in 3- charge 

state, the charge density is equally distributed over four spin-up and four spin-down states, 

resulting in zero magnetic moment of the vacancy. Removing one electron, i.e. introducing one 

hole to the highest energy spin-up state leads to the magnetic moment of 1 Bµ  for the 2- charge 

state of the defect. In this case ~80% of magnetization is localized on one of the nearest nitrogen 

atoms. In the singly negative charge state, the magnetic moment is 2 Bµ , with most of the 

magnetization density (about 90%) localized on the three neighboring nitrogen atoms, about 

~0.59 Bµ each. In this case two of the four spin-down states are occupied by electrons (Fig. 5). 

Finally, in 0 and + charge states of VGa, the spin-down defect states have three and four localized 

holes, respectively, while in both cases all spin up states are occupied by electrons. This results 

in the vacancy magnetic moments of 3 Bµ and 4 Bµ , in 0 and + charge states, respectively. In this 

case, calculations show that each of the four neighboring nitrogen atoms has local magnetic 

moments of 0.64 Bµ and 0.82 Bµ  in 0 and + charge state respectively, and all local magnetic 

moments are ferromagnetically (FM) ordered. In both cases, the nearest neighbor nitrogen atoms 

provide ~85% of the total vacancy magnetic moment, while the remaining magnetization of the 

VGa comes from farther nitrogen atoms.  
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(a) 

 

(b) 

 

 

FIG. 6. Magnetization density isosurfaces of VGa in the singly positive charge state in the 

(a) FM spin configuration and (b) AFM spin configuration. The positive (yellow) and negative 

(light blue) isosurface values are plotted at 10% of the maximum. AFM spin alignment has lower 

energy than FM alignment by 75 meV.  

 

 

Large magnetic moments of VGa in + and 0 charge state raise questions about whether 

these ferromagnetic alignments of spins on neighboring N atoms are of the lowest energy. HSE 

calculations show that the antiferromagnetic (AFM) spin configuration on the four nearest N 

around the vacant Ga site in the + charge state is more energetically favorable than the FM 

alignment by ~ 75fEΔ  meV. In AFM configuration, two of the spin-up and two of the spin-

down defect states are occupied by electrons while the remaining two states of each spin have 

two localized holes, as shown in Fig. 5, leading to a net magnetic moment of 0 Bµ . Comparison 
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of the magnetization density of GaV
+  in both AFM and FM spin configurations are displayed in 

Fig. 6. The defect states consisting of linear combination of p-orbitals localized at the four 

nearest N atoms create four aligned magnetic moments in the FM spin configuration (Fig. 6(a)). 

In the AFM configuration, each pair of the local magnetic moments is antiparallel (Fig. 6(b)). 

Similarly to FM case, local magnetic moments of each of the four neighboring N atoms are 

computed to be ~0.80 Bµ , while the remaining magnetization mostly originates from next nearest 

N atoms. In contrast to the + charge state, the magnetic moment of 3 Bµ  in the neutral charge 

state of VGa is more energetically favorable with respect to the possible AFM alignment by 47.5 

meV. Thus, following Fig. 1, in p-type or high resistivity samples, VGa is predicted to have a 

magnetic moment of zero for Fermi energies up to 0.94 eV above the VBM, then a large 3 Bµ  for 

Fermi levels between 0.94 eV and 1.73 eV, 1 Bµ  for Fermi levels between 1.87 eV and 2.34 eV, 

and zero again for Fermi levels over 2.34 eV above the VBM.  

According to Fig. 1 (a,b) for Fermi level close to the CBM, Ga vacancies exhibit the lowest 

formation energy among all investigated native defects in all growing environments. This 

indicates that VGa can play a role as a compensating center in n-type GaN, which is consistent 

with previous experimental predictions.4 In all other kinds of samples, i.e, high resistivity, p-type 

and compensated GaN, isolated vacancies of Ga exhibit fairly high formation energies and are 

unlikely to occur, unless created by electron irradiation.  
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 Nitrogen vacancy (VN) 

Figure 7 shows formation energies of the nitrogen vacancy (VN) in the lowest energy 

charge states + and 3+. HSE calculated 2+/+ and 3+/2+ transition levels are located at 0.47 eV 

and 0.61 eV above the VBM, respectively. The formation energy of the 2+ charge state is always 

higher than the + and 3+ charge states, hence VN exhibits properties of a negative-U center (with 

U = -0.13 eV). The crossover 3+/+ occurs at 0.54 eV above the VBM, which is between the 

value of 0.47 eV reported in Refs. [36, 40] and the value of 0.70 eV obtained in recent HSE 

calculations.56 Overall, nitrogen vacancy is a donor defect with both deep and shallow levels.  

Relatively high formation energy of VN for Fermi-level positions near the CBM indicates that 

nitrogen vacancies are unlikely to be an effective n-type source in GaN. However, in high 

resistivity and p-type samples, nitrogen vacancies can be a compensating defect.  
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FIG. 7. Formation energies of the VN defect in GaN grown under (a) Ga-rich and (b) N-rich 

conditions. The dashed lines are used to emphasize the presence of negative-U behavior where 
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0.13U = −  eV. The insets show the regions with the 2+/+ and 3+/2+ transition levels located at 

0.47 eV and 0.61 eV above the VBM, respectively.  

 

A nitrogen vacancy in GaN introduces two nearly degenerate localized defect states 

within the electronic bandgap, and a weakly localized shallow donor state, which is too shallow 

to be accurately described in our supercell calculations. The charge density of one of the nearly 

degenerate localized defect states (computed in 3+ charge state of VN) is displayed in Figure 8. 

This defect state is a spd-hybridized orbital. The charge density strongly localized at the vacancy 

site consists of mostly s-character. The defect state also spreads to nearest Ga atoms (where it 

has 10% s-, 70% p-, and 20% d-character) and next nearest N atoms (80% p- and 20% s-

character). The degeneracy of the two defect states along with large lattice relaxation causes the 

negative-U behavior of VN. In the singly positive charge state, the Ga nearest neighbor along the 

c-axis relaxes away from the N vacant site by 2.15%, while the remaining three Ga neighbors 

also undergo an outward relaxation of 1.60%, compared to ideal Ga-N bond length. In the +3 

charge state (Fig. 8), the breathing relaxation is much larger, where the neighboring Ga atom 

moves away from the N vacant site by 22.1% (Ga atom along the c-axis) and 19.5% (atoms in 

Ga plane).  
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FIG. 8. Charge density of the localized defect state of VN calculated in the 3+ charge 

state. The isosurfaces with the value 6 % of the maximum are shown. There is a strongly 

localized charge density at the vacancy site, which is of s-character, while s- and p-hybridized 

parts of the defect state are formed at the neighboring N sites.  

 

A detailed experimental and theoretical analysis of the optical properties of VN in bulk 

GaN has been previously published in Ref. [20]; here we briefly outline them to present a 

complete picture of native defects in GaN. The optical transition through the VN 2+/+ level is 

internal, as previously suggested.20 Initially, a positive VN
+ ground state cannot efficiently trap a 

photogenerated hole, instead it traps an electron at the shallow +/0 level, making the defect 

overall neutral. It then traps a hole at a deep 2+/+ level, transferring the VN into excited + charge 

state. The optical transition due to the recombination of the weakly localized electron at the 



26	
	

shallow +/0 level and a hole localized at the 2+/+ level has a calculated energy of 2.24 eV. The 

Frank-Condon shift (relaxation energy) of the + charge state following this transition is 0.78 eV, 

yielding a ZPL of 3.02 eV. The CCD (Fig. 9) fitted into the calculated optical transitions show 

that the resonant excitation energy is 0.77 eV below the energy of the crossover of the parabolas. 

The barrier for the thermal jump via this crossover from the vibrational ground state is 1.53 eV.  

This makes nitrogen vacancy most likely a radiative defect via the +/2+ transition level. The 

calculated optical transitions are in good agreement with the experimentally measured GL2,20 i.e. 

PL maximum of 2.35 eV, and estimated ZPL in the range of 2.85-3.0 eV. The assumption that 

the GL2 band is caused by an internal transition between the excited and ground states of NV
+ , is 

supported by the experimentally observed exponential decay of the GL2 emission after pulsed 

excitation at low temperature, and invariance of the GL2 band’s shape and position with 

changing excitation intensity.20  

HSE calculations of optical transitions of VN in p-type GaN, via the 3+/2+ level, can also 

be performed, where the emission line is computed to be 2.09 eV and the ZPL at 2.88 eV.20 

However, no experimental PL band for such transition has been observed.  
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FIG. 9. Configuration coordinate diagram of optical transitions for VN. The PL maximum is 2.24 

eV. Here the vibrational ground state of VN
2+ is 1.53 eV lower than the energy of the crossover of 

the potential curves, which makes transitions via the +/2+ level of VN most likely radiative. The 

Franck–Condon shift of VN
+ is computed to be 0.78 eV and the ZPL is 3.02 eV. These 

parameters are in close agreement with experimentally observed GL2 band. 
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Ga-N divacancy (VGaVN)  

The relatively low formation energies of both VGa and VN in n-type and p-type GaN, 

respectively, prompt the question of whether the isolated vacancies could bind into a stable 

complex (VGaVN) divacancy. Figure 10 (a) displays the formation energies of the divacancy in its 

most stable charge states, i.e, 3+, +, 0, -, and 2-. The divacancy behaves as a deep donor as well 

as a deep acceptor, with calculated transition levels 3+/2+, 2+/+, +/0, 0/- and -/2- occurring at 

0.81 eV, 0.68 eV, 0.98 eV, 1.48 eV and 1.95 eV above the VBM, respectively. The lack of 

stability of the 2+ charge state, being a characteristic of a negative-U defect, is a result of large 

charge-dependent atomic relaxations around the divacancy. In the 3+ charge state, the nearest N 

atoms around the vacant Ga site relax away by 11.7%, while the neighboring Ga atoms around 

the vacant N site move outwardly by 19.3%, compared to bulk Ga-N bonds.  The 2- charge state 

is associated with smaller breathing relaxations around the empty Ga site (5.95 %) and vacant N 

site (5.33 %). According to Fig. 10 (a), divacancies (VGaVN) display relatively low formation 

energies for Fermi levels close to the CBM. Note that the formation energy of the complex is 

comparable to that of VGa ( ~ 0.08fEΔ eV) in n-type GaN, making it the second most probable 

intrinsic defect to occur in n-type GaN.  In addition to the divacancy being fairly favorable in n-

type GaN, it also displays a significantly large binding energy of 3.04 eV (Fig. 10 (b)) for Fermi 

levels above 2.34 eV from the VBM. In p-type GaN, the divacancy exhibits a binding energy of 

~1 eV. Hence, divacancies are expected to be stable in bulk GaN if they are formed during 

growth or as a result of the electron irradiation. The stability of divacancies in n-type GaN was 

also suggested in Refs. [27, 34]; however no definite experimental identification of divacancies 

in n-type GaN has been demonstrated to date.  
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FIG. 10. (a) Formation energy of the most stable charge states of the VGaVN defect (solid black 

line), in GaN grown under either Ga- or N-rich conditions. The dashed lines display the 

instability of the 2+ charge state or the negative-U behavior ( 0.13U = −  eV). The insets show the 

2+/+ and 3+/2+ transition levels occurring at 0.68 eV and 0.81 eV, above the VBM, respectively. 

(b) Binding energy (B) of VGaVN as a function of the Fermi level across the band gap. In n-type 

GaN, the binding energy is calculated to be 3.04 eV.  

 

Figure 11 displays the CCD obtained by parabolic fits into the calculated optical 

transitions of divacancy via the 2-/- transition level. Starting from 2
Ga NV V − as the ground state in 

typical n-type GaN, the resonant excitation energy is predicted at 2.00 eV. A negatively charged 

2
Ga NV V −

 captures a free hole at the 2-/- level. If radiative, the subsequent recombination of an 

electron in the conduction band (or bound to a shallow donor) and the hole localized at Ga NV V − , 

has a calculated energy of 0.99 eV, with a Franck–Condon shift of 0.54 eV, and a ZPL of 1.53 
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eV. The calculated 0.99 eV emission peak is very close to the maximum of the experimentally 

observed broad structureless near-IR band (~0.95 eV) in electron irradiated GaN epilayers,12-17 

thus making divacancy a possible candidate for this PL band. However, in the divacancy case, 

the calculated absorption energy is 0.12 eV larger than the energy of the crossover of the 

potential curves. The barrier for a non-radiative transition from the vibrational ground state of 

Ga NV V −  via this crossover is 0.35 eV. This value of the energy barrier suggests significant 

temperature dependence of the non-radiative transition probability. Assuming a typical phonon 

frequency of 1013 s-1 and following Ref. [28], an estimation of the thermal jump probability 

suggests that at room temperature this defect is likely non-radiative. However, depending on the 

radiative lifetime of the PL, (the time the defect remains in the excited state), at a certain low 

temperature, the radiative recombination should prevail. Estimating this temperature requires the 

knowledge of the PL lifetime. This is in reasonable agreement with recent experimental studies 

of electron-irradiated GaN samples where appearance of the broad 0.95 eV PL band at low 

temperature (4.2 K) was observed and its near disappearance (~85%) after room temperature 

annealing (295 K) occurred.17 

An alternative explanation of 0.95 eV near-IR band has been discussed based on 

experiments (Refs. [15-17]). It was suggested that the migration of interstitial Ga (Gai defects are 

analyzed in Section B) near a vacant Ga site could play an important role in the broad 0.95 eV PL 

band. We performed HSE calculations of various configurations of defect complexes consisting 

of Gai with neighboring VGa. However, as a result of relaxation, interstitial Ga relocates into the 

vacancy making the complex VGaGai unstable. Therefore, if electron irradiation creates Gai in the 

immediate vicinity of VGa, the resulting complex quickly annihilates. In addition to VGaGai, 
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several atomic configurations of the complex GaNVGa were investigated. However, upon 

relaxation, Ga antisite also relocates into the Ga vacancy, yielding the isolated nitrogen vacancy.  

 

FIG. 11. Configuration coordinate diagram for the optical transitions via VGaVN defect in GaN. 

The emission is predicted to occur at 0.99 eV while the FC shift and ZPL are calculated to be 

0.54 eV and 1.53 eV, respectively. Here the vibrational ground state of Ga NV V −  is 0.35 eV below 

the energy of the crossover of the potential curves, suggesting that this defect is radiative only at 

low temperatures. 
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B. Gallium Defects 

Interstitial Ga (Gai)  

HSE calculations show that interstitial Ga occurs in the +, 2+ and 3+ charge states and its 

most stable configuration is a near octahedral site, which is in agreement with recent HSE 

results.39,40 Interstitial Ga at the tetrahedral site is found to be 93 meV higher in energy than a 

near octahedral Gai. Figure 12. (a) displays the ideal atomic configurations of the tetrahedral and 

octahedral interstitial sites in the primitive wurtzite GaN unit cell. For comparison, the relaxed 

geometry of Gai in the + charge state is shown in Fig. 12. (b). In a singly positive charge state 

(+), the distances from interstitial Ga to the two neighboring Ga planes are 2.52 Å and 2.39 Å, 

and the distances between Gai and N atoms in the two nearest N planes are 2.00 Å and 2.75 Å. In 

the 3+ charge state, when compared to the corresponding bonds of Gai
+, the Gai-Ga bonds 

exhibit slight outward breathing relaxation of 3.38% and 0.89%, respectively, while the Gai-N 

distances decrease by 1.76% and 12.2%. The attraction between interstitial Ga and nearest N 

atoms in the 3+ charge state obtained from HSE calculations also agrees well with previous DFT 

results.28 

The formation energies and transition levels of interstitial Ga are shown in Fig. 13. This 

defect forms two deep donor transition levels 3+/2+ and 2+/+ at 2.33 eV and 2.64 eV, above the 

VBM, respectively. The +/0 transition level is found to be resonant with the CBM, suggesting 

the existence of a shallow donor state inaccessible in our supercell calculations. In both growing 

environments, for Fermi level values close to the VBM, Gai is the most energetically favorable 

defect among substitutional and interstitial native defects (i.e. excluding vacancies). Since Gai is 

a donor defect, it could therefore act as compensating center for p-type GaN. On the other hand, 
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interstitial Ga has high formation energy for Fermi levels near the CBM, suggesting that it is 

unlikely to form in n-type GaN. 

Our calculations of the interstitial Ga can help explain the nature of the sharp near-IR 

band observed in 2.5 MeV electron-irradiated GaN samples. This PL band peaks at 0.85 eV, and 

has a zero phonon line (ZPL) at 0.88 eV. Based on the slight shift of the peak of this PL band 

observed in different GaN epilayers, Buyanova et al.13,67 argued that it could be caused by an 

internal transition between the excited state close to the CBM and the ground state of a deep 

isolated defect. Further experimental study on this PL band performed by Chen et al.68 suggested 

that the sharp near IR PL peak is related to either isolated substitutional ON impurity (which is 

unexpected since ON is known to be a shallow donor) or a complex associated with ON. Overall, 

to our knowledge, no conclusive experimental or theoretical explanation of the microscopic 

origin of the sharp 0.85 PL band in electron-irradiated GaN has been provided thus far. Our HSE 

calculations suggest that an internal transition between the excited and ground state of the + 

charge state of the interstitial Ga is responsible for this PL band.12-17,67 

For Fermi levels close to the CBM, interstitial Ga has the lowest energy in the + charge 

state (Fig. 13). As mentioned above, in our calculations, the +/0 transition level is resonant with 

the conduction band, which implies a shallow donor level likely a few tens of meV below the 

CBM. At low temperatures and under the ultraviolet (UV) illumination, generating an electron-

hole pair, the unoccupied shallow donor level of iGa+  can capture the electron, transferring the 

defect into neutral charge state 0
iGa . Since the captured electron is weakly localized on Gai, 

almost no relaxation of the lattice occurs. Subsequently a free hole from the VBM is captured by 

the neutral defect at the 2+/+ transition level. Since this defect state is strongly localized, the hole 

capture leads to the lattice relaxation, which corresponds to the minimum energy lattice of 2
iGa + . 
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Consequently, the defect is now converted into 2
iGa + plus a weakly localized electron. Finally, an 

internal transition occurs, i.e. the recombination of the weakly localized electron from the 

shallow +/0 level and a hole strongly localized at the 2+/+ deep defect level. We calculate the 

energy of this transition to be 0.72 eV, which should cause a near IR PL band. The obtained 

relaxation energy (Franck-Condon shift) following this transition is 0.12 eV, yielding a ZPL of 

0.84 eV, suggesting that this transition produces a sharp PL band. 

 The calculated CCD and the optical transitions via interstitial Ga are displayed in Fig. 14. 

In this case, the potential curves are found to never intersect, hence the path for non-radiative 

transitions described above in section III. A is unavailable. This defect is therefore likely to be 

radiative. Our calculated optical transitions (shown in Fig. 14) for interstitial Ga are in good 

agreement with the previously observed 0.85 eV PL band associated with a sharp ZPL of 0.88 

eV in electron-irradiated GaN samples.12-17,67 Most recent HSE calculations of the migration 

mechanisms of interstitial Ga in the + charge state show a diffusion energy barrier of 1.6 eV.40  

In n-type GaN, Gai occurs in the + charge state (Fig. 13). Using the approximation for thermal 

jump rate (discussed in the section I.C. Ga-N divacancies), it can be estimated that Gai become 

mobile at temperatures around 620 K.  
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(a) 

 

(b) 

 

 

FIG. 12. (a) Atomic configuration of the tetrahedral (labeled T) and octahedral (labeled O) 

interstitial sites in the wurtzite GaN. Large green spheres represent Ga atoms and small grey 

spheres represent N atoms. (b) Relaxed atomic structure of Gai in the + charge state. The Ga 

atom occupies a slightly distorted octahedral site, where the distances between Gai and nearest N 

atoms decrease by 4.28%, when compared to ideal octahedral configuration.  
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FIG. 13. Formation energies of the Ga native defects as a function of the Fermi energy calculated 

for (a) Ga-rich and (b) N-rich growth conditions. In p-type GaN and Ga-rich environment, both 

interstitial and antisite Ga possess the lowest formation energies among investigated 

substitutional and interstitial native defects, while displaying very high formation energies in n-

type GaN in both growth conditions.  
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FIG. 14. Configuration coordinate diagram for the isolated interstitial Ga, displaying calculated 

optical transitions via the +/2+ transition level. The peak of the PL band is at 0.72 eV. The two 

potential curves never intersect, making Gai likely a radiative defect. The ZPL is found to be 

0.84 eV and the Franck-Condon shift (relaxation energy) is 0.12 eV.  
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Gallium antisite (GaN)  

HSE calculations show that Ga antisite exhibits multiple stable charge states, depending on the 

Fermi level within the gap, i.e, 4+, 3+, 2+, +, 0, - and 2-. The 4+ charge state is associated with 

considerable atomic distortions where the antisite defect relaxes along the c-axis which 

consequently pushes away its c-axis neighboring Ga atom by ~0.50 Å from its initial site. As a 

result, the GaN-Ga bond parallel to the c-axis is 36.8% longer than the ideal bulk Ga-N bond 

length. The three remaining GaN-Ga bonds are 24.3% longer. In contrast, in the 2- state, the GaN-

Ga bonds undergo weaker outward relaxations of 11.1% and 10.3%, respectively.  

Figure 13 displays the formation energy as a function of the Fermi level for Ga antisite in 

GaN grown under (a) Ga-rich and (b) N-rich conditions. Ga antisite behaves as a donor and an 

acceptor defect and exhibits six transition levels within the bandgap. The 4+/3+ occurs at 0.52 

eV, 3+/2+ at 1.24 eV, 2+/+ at 1.50 eV, +/0 at 2.42 eV, 0/- at 2.99 eV and -/2- at 3.44 eV, above 

the VBM. Note that the -/2- transition level is very close to the CBM (~0.06 eV), making it 

difficult to confirm the stability of the 2- charge state. In Ga-rich conditions and for Fermi level 

close to the CBM, Ga antisites display formation energies lower to that of interstitial Ga (

~ 2.67fEΔ eV), whereas in p-type GaN, GaN is less energetically favorable than Gai by~ 0.7 eV.  
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C. Nitrogen Defects 

Interstitial Nitrogen  

As possible interstitial configurations of N in wurtzite GaN, we consider two distinct 

hexagonal sites (NHex-Ga and NHex-N), the channel-centered site69 (NCC), the two octahedral sites 

(NO), and the split interstitial geometry (Ni-Ni). The two interstitial hexagonal configurations, 

NHex-Ga and NHex-N, are located at the centers of the Ga and N triangles in hexagonal planes, 

respectively. The channel-centered site (NCC) is located at the center of the hexagonal channel 

between the two adjacent Ga and N planes. The two NO sites are octahedrally coordinated by Ga 

and N atoms respectively, and located symmetrically at ~0.32 Å away from the NCC cite along 

the wurtzite c-axis. Finally, the split-interstitial site corresponds to the two neighboring N atoms 

sharing the same N site as shown in Fig.15(b, c), compared to ideal GaN lattice (Fig.15(a)).  

Neutral interstitial N in the channel-centered site ( )0
CCN  

is slightly distorted as a result of 

relaxation. Interstitial N atom moves along the wurtzite c-axis into a site located at about 2.10 Å 

and 2.22 Å from the Ga and N planes, respectively. Both neutral octahedral interstitial N sites are 

unstable, and the N atom relaxes into the above mentioned near channel-centered site. Similarly, 

nitrogen interstitial in the hexagonal site (NHex-Ga) is unstable, and upon relaxation, the N atom 

also relocates to the near channel-centered site (NCC). The other hexagonal geometry NHex-N in 

the neutral state is also distorted, i.e. the N atom is pushed away by one of three adjacent N 

atoms toward the other two by ~0.2 Å within the same nitrogen layer.  

Our HSE calculations show that among all investigated interstitial N sites, the most stable 

configuration is the split-interstitial geometry (Fig. 15(b, c)). This defect was recently observed 

using high frequency EPR and electron nuclear double resonance (ENDOR) measurements in 
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irradiated n-type GaN.70 In the calculations, the initial Ni-Ni bond distance was chosen to be 1.13 

Å, which is comparable to the bond distance of ideal N2 molecule (1.1 Å).28 N split interstitial 

defect exhibits multiple charge states, 3+, 2+, +, 0 and -. The relaxed atomic structures of the 

singly negative (-) and 3+ charge states of split interstitial N are displayed in Figs. 1(b) and 1(c). 

In the negative charge state, the Ni-Ni bond length is 1.41 Å while the distances from the Ni 

atoms to their nearest Ga atoms decrease by 7.48% and 6.82%, respectively, when compared to 

corresponding ideal Ga-N bonds. In the 3+ charge state, the Ni-Ni bond length is 1.11 Å and the 

Ni-Ga bonds undergo outward breathing relaxations of 29.7% and 17.4%, respectively. After 

relaxation, N split interstitial defect has formation energy that is 2.58 eV and 2.97 eV lower than 

those obtained in the NHex-N and the near channel-centered sites, respectively. The obtained large 

differences in formation energies are also in good agreement with previous DFT calculations.24,28 

Figure 16 shows calculated formation energies of the N split interstitial (Ni-Ni) as a function 

of the Fermi energy in Ga- and N-rich growth conditions. N split interstitial displays both 

acceptor 0/- transition level at 0.48 eV below the CBM, and several deep donor levels, namely, 

the +/0, 2+/+ and 3+/2+, respectively occurring at 2.45 eV, 0.51 eV and 0.22 eV above the 

VBM. Overall, nitrogen interstitial defect has relatively low formation energy, compared to other 

interstitial and antisite defects in GaN.  

In addition to N split interstitial, the possible incorporation of the nitrogen molecule (N2) into 

the GaN lattice was investigated. The N2 molecule was placed at the center of the hexagonal 

cage in various directions relative to the c-axis and at the Ga-N bond center. HSE calculations of 

the various relaxed configurations of N2 yield formation energies that are significantly higher 

than that obtained for the N split interstitial ( 4.81fEΔ ≥  eV), hence making the interstitial N2 

molecules incorporation into bulk GaN unlikely. 
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 FIG. 15 (a) Atomic structure of the section of ideal wurtzite GaN; (b) equivalent section of the 

relaxed N split interstitial (Ni-Ni) in the singly negative (-) charge state and (c) in the 3+ charge 

state. Large green spheres represent Ga atoms and small grey spheres represent N atoms. In the - 

charge state, the Ni-Ni bond is 1.41 Å; in the 3+ charge state, the Ni-Ni bond is reduced to 1.11 

Å.  
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FIG. 16. Formation energies of native nitrogen defects as a function of the Fermi energy for GaN 

grown in (a) Ga-rich and (b) N-rich environments. The dashed lines are used to show the 

instability of the + charge state for the N antisite, displaying a negative-U character ( 0.73U = −  

eV). 
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Nitrogen Antisite (NGa)  

The formation energies of N antisite (NGa) are shown in Fig. 16(a) and (b). N antisite is a 

deep donor, stable in the 2+ charge state for Fermi levels below ~2.40 eV from the VBM, and in 

the neutral state above that value. In the neutral charge state, the distance between N antisite and 

its three nearest N atoms decrease by 6.3 %, compared to bulk Ga-N bond length. The 2+ charge 

state of NGa is associated with substantial inward relaxation of 23.9% of NGa-N bonds, where the 

neighboring N atoms relax towards N antisite. Note that the + charge state is higher than both 2+ 

and 0 charge states; this is a characteristic of a negative-U defect, which is associated with large 

lattice relaxations in 2+ charge state. Among all possible native defects investigated in this paper, 

NGa possesses the highest formation energy in both growing environments, and in both n-type 

and p-type GaN. Such high formation energy implies that NGa defects are unlikely to form.   
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Summary of thermodynamic transition levels ( )1 2/q qε  of native defects in GaN 

TABLE I. Thermodynamic transition levels ( )1 2/q qε  of all investigated native defects in GaN, 

with the reference to the VBM, and their comparison with previous theoretical works.  

 

Defects 

 

q1/q2 

 

ϵ(q1/q2) 

in eV 

Present 
work 

 

ϵ(q1/q2) 

in eV  

HSE 

 

 

ϵ(q1/q2) 

in eV 

sX-LDA 

 

ϵ(q1/q2) 

in eV 

LDA and 
PBE-GGA 

VGa +/0 

0/- 

-/2- 

3-/2- 

0.94 

1.73 

1.87 

2.34 

0.82g; 0.97d 

1.63g; 1.88b; 1.68d 

2.09g; 2.10b; 2.33d 

2.3-2.4g; 3.13b; 2.80d 

… 

1.37e 

1.88e 

2.09e 

… 

0.25a 

0.64a 

1.10a 

VN 3+/2+ 

3+/+** 

2+/+ 

+/0 

+/-** 

0/- 

0.61 

0.54 

0.47 

CBM* 

… 
… 

… 

0.50g; 0.68b; 0.47f; 0.70i 

… 

3.21g; 3.17b; 3.26f 

… 
3.4g 

… 

0.68e 

… 

… 

3.32e 

… 

1.18a 

… 

… 

… 

VGaVN 3+/2+ 

3+/+** 

2+/+ 

+/0 

0/- 

0.81 

0.74 

0.68 

0.98 

1.48 

… 

… 

… 

… 

… 

… 

… 

… 

… 

… 

… 

… 

0.5c 

0.65c 

… 
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0/2-** 

-/2- 

… 

1.95 

… 

… 

… 

… 

~0.66-0.7c 

… 

Gai 3+/2+ 

2+/+ 

+/0 

2.33 

2.64 

CBM* 

2.18g; 2.43b 

2.42g; 2.83b 

… 

… 

… 

… 

2.55a 

2.39a 

… 

GaN 4+/3+ 

3+/2+ 

2+/+ 

+/0 

0/- 

-/2- 

0.52 

1.24 

1.50 

2.42 

2.99 

3.44 

1.56b 

1.60b 

2.13b 

2.50b 

3.23b 

… 

… 

… 

… 

… 

… 

… 

0.93h 

1.86h 

2.08h 

2.27h 

2.70h 

… 

Ni 3+/2+ 

2+/+ 

+/0 

0/- 

0.22 

0.51 

2.45 

3.02 

VBMǂ(g); 0.77b 

0.50g; 1.80b 

2.16g; 2.20b 

2.82g; 3.28b 

… 

… 

… 

… 

0.74a 

0.90a 

1.48a 

2.00a 

NGa 2+/+ 

+/0 

2+/0** 

0/- 

2.76 

2.03 

2.40 

… 

1.70b 

2.67b 

… 

… 

… 

… 

… 

… 

0.88h 

1.68h 

… 

2.70h 

 

*: Shallow transition level resonant with the CBM. 
**: Crossover due to –U behavior. 

ǂ: Transition level resonant with the VBM. 
a Reference 28. 
b Reference 39. 
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c Reference 34. 
d Reference 38.  
e Reference 37 with Freysoldt corrections.71,72  
f Reference 36. 
g Reference 40. 
h Reference 26. 
i Reference 56.  

Transition levels of all investigated intrinsic defects in this paper are shown in Fig. 17. 

Also, a comparison between defect transition levels obtained here and in previous theoretical 

works is displayed in Table I.  

In the case of VGa, the absence of the +/0 transition level in Ref. [28] (using LDA) and 

Ref. [37] (using sX-LDA), and the differences in other transition energies could be attributed to 

the use of different exchange-correlation functionals in these works. The application of different 

functionals can also lead to different atomic relaxations of the nearest N atoms around the vacant 

Ga site. For example, in the 3- charge state, our HSE calculations yield an outward breathing 

relaxation of ~9-10%, which is approximately twice of that previously obtained with LDA 

(4%).28 The differences in lattice relaxations of a defect also contribute to the discrepancies in 

calculated transition levels. However, our calculated relaxations of nearest N atoms around VGa
3- 

are similar to the 11-12% relaxation values obtained by sX-LDA in Ref. [37], while the resulting 

2-/3- transition levels differ by 0.25 eV. Therefore the difference in defect relaxations in different 

methods is not the only contributing factor in the transition level discrepancies.  

The transition levels for vacancy of Ga described in this paper mostly agree with most 

recent HSE calculations (see Table I). However, Ga vacancy transition levels 2-/3- and -/2- 

obtained in Refs. [38, 39], were found to occur deeper with respect to VBM in the band gap. 
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Although the Ga 3d electrons were used in those calculations, our tests show that the inclusion of 

Ga 3d electrons results in negligible differences for calculated transition levels. Other possible 

sources of the discrepancies are the k-point sampling methods and supercell sizes. For example, 

in Ref. [38], using a 2×2×2 k-point mesh and 96-atom supercells, a formation energy of 4.42 eV 

(calculated at CBM) was obtained for VGa
3- which is 1.10 eV higher than our obtained values of 

3.32 eV (calculated at Γ-point in 128-atom hexagonal supercell). In Ref. [39], HSE calculation 

with an off-center single k-point and 108 atom-supercells, an energy of 3.2 eV (at CBM) was 

obtained for VGa
3- which only differs from our result by 0.1 eV. Our tests also show that using 

the above k-point sampling methods produces formation energy differences of ~0.05 eV.  

Finally, the difference in the results could be due to the use of different electrostatic 

correction schemes. Two common approaches are the Freysoldt corrections71,72, used in Refs. 

[38-40], and the Lany and Zunger corrections43 used in this paper. As could be seen from Table 

I, our results tend to be similar to HSE results of Refs. [38, 39] for transition levels between the 

low charge states, and significantly different for high charge state transition levels. However, the 

discrepancies between our results and the results from Ref. [40] tend to be small even for high 

charge state transition levels (in the latter work, a slightly smaller amount of exact exchange of 

29% was used). 

For the nitrogen vacancy, the crossover 3+/+ (negative-U center) is also similar in most 

recent HSE calculations.36,40 Nevertheless, in contrast to this work, the shallow +/0 transition 

level was not obtained, rather a +/0 level was predicted to be deep, occurring at 0.15-0.2 eV 

below the CBM.36,39,40 
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Although the negative-U character of divacancies was also described in Ref. [34] using 

GGA, authors obtained a 0/2- crossover at ~0.66-0.7 eV above the VBM, while we obtain a 3+/+ 

crossover at 0.74 eV. The formation energy calculated in Ref. [34] for the divacancy in the 2- 

charge state is ~1.2 eV lower than in this work.  

Previous LDA predictions of negative-U center of interstitial Ga are not reproduced in 

this paper.26,28 The atomic relaxations obtained here are very similar to previous LDA results for 

interstitial Ga in the 2+ charge state. The use of the LDA functional in Refs. [26, 28] is the 

source of the transition levels discrepancies. Recent HSE calculations39 of Gai show a difference 

in transition levels of the 3+/2+ and 2+/+ of 0.1 eV and 0.2 eV, in the + and 3+ charge states, 

respectively, when compared to our work. Here, we also notice that the differences are not 

following the charge states of the defects. Comparison of transition levels of antisite defects 

(GaN and NGa) and N split interstitial with previous HSE results show similar trends as previously 

discussed.  
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FIG. 17. Thermodynamic transition levels ( )1 2/q qε  of all investigated native defects in GaN, 

with the reference to the VBM. The solid lines denote the positions of the deep defect transition 

levels. The +/0 transition levels of Gai and VN are calculated to be resonant with the conduction 

band, which suggests that experimentally, shallow donor levels (dashed lines) of these defects 

should be observed.  
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IV. CONCLUSIONS  

We have performed theoretical investigation of the electronic and optical properties of 

native defects in GaN. The use of exchange tuned HSE leads to significant changes in the 

predictions of thermodynamic transition levels and optical transitions for several intrinsic defects 

in GaN compared to local approximations to the DFT. The differences can be attributed to the 

improved treatment of electronic interactions forming defect levels. In this paper, we have 

considered most common native defects, i.e, VGa, VN, VGaVN, Gai, GaN, Ni-Ni, NGa, GaiVGa and 

GaNVGa. We estimate the likelihood of radiative versus non-radiative nature of transitions via 

defects based on the barrier height for the crossover of the potential curves of two different 

charge states. 

Analysis of the configuration coordinate diagram constructed from the computed HSE 

transition energies suggests that Ga vacancy is likely a non-radiative defect. Our calculations of 

Ga vacancy show that VGa in the neutral state exhibits a large magnetic moment of 3 Bµ , while in 

the + charge state, the spins on the four neighboring nitrogen atoms around the vacant Ga site 

favor an AFM order over a FM spin configuration with energy difference of 75 meV.  

Nitrogen vacancy is found to be the most energetically stable native defect in p-type GaN 

and for Fermi levels up to ~3 eV above the VBM. Calculated transitions via the 2+/+ level of VN 

show an emission occurring at 2.24 eV and a zero phonon line of 3.02 eV, which is in good 

agreement with recent experimental data on observed GL2 band.20 The PL band of VN is 

predicted to originate from internal transitions between a shallow and a deep level of the same 

defect. The HSE fitted configuration coordinate diagram suggests that VN is a radiative defect.  

In n-type GaN, we show divacancies to be fairly energetically stable with a binding 

energy of 3.04 eV. We also calculate an optical transition (emission) at 0.99 eV via the 2-/- level 
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of the divacancy, with ZPL of 1.53 eV. This transition could be related to the near IR broad 0.95 

PL band, frequently observed in 2.5 MeV electron irradiated GaN samples.12-17 The calculations 

also suggest that the transitions via this defect level are radiative at low temperatures and become 

non-radiative at room temperature.  

Among investigated interstitial and antisite defects, both Gai and GaN were found to be 

energetically favorable in p-type GaN while split interstitial Ni-Ni exhibits the lowest formation 

energy in n-type GaN. Since calculations predict both a shallow donor level and deep levels of 

Gai, the optical transition via this defect is also suggested to be internal, with an electron weakly 

localized on the shallow level and a hole localized on a deep level of same defect prior to the 

recombination. Configuration coordinate diagram fitted into the HSE computed optical 

transitions and lattice relaxations, suggests that Ga interstitial is a radiative defect. Furthermore, 

interstitial Ga was found to be a good candidate for a defect responsible for the sharp near-IR 

0.85 eV PL band associated with a ZPL at 0.88 eV observed in electron-irradiated GaN 

epilayers.12-17,67 Calculations also suggest that N antisites are unlikely to occur in bulk GaN.  
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