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ABSTRACT   

We present the most recent results of photoluminescence (PL) studies, classification of defects in GaN and their 

properties. In particular, the yellow luminescence band (labeled YL1) with a maximum at 2.17 eV in undoped GaN 

grown by most common techniques is unambiguously attributed to the isolated CN acceptor. From the zero-phonon line 

(ZPL) at 2.59 eV, the −/0 level of this acceptor is found at 0.916 eV above the valence band. The PL also reveals the 0/+ 

level of the CN at 0.33 eV above the valence band, which is responsible for the blue band (BLC), with the ZPL at 3.17 

eV. Another yellow band (YL2) with a maximum at 2.3 eV, observed only in GaN grown by the ammonothermal 

method, is attributed to the VGa3H complex. The nitrogen vacancy (VN) causes the green luminescence (GL2) band. The 

VN also forms complexes with acceptors such as Mg, Be, and Ca. These complexes are responsible for the red 

luminescence bands (the RL2 family) in high-resistivity GaN. The results from PL studies are compared with theoretical 

predictions. Uncertainties in the parameters of defects are discussed. 
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1. INTRODUCTION  

Understanding and identifying point defects in GaN is essential for increasing the efficiency of GaN-based light-emitting 

and high-power devices. Identifying point defects in GaN and finding their parameters is also critical for developing 

modern theoretical approaches. Photoluminescence (PL) is one of the most powerful tools to determine the parameters of 

point defects with high precision. Significant progress in the understanding of PL from defects in GaN has been achieved 

since our previous review.1 Improvements in crystal quality and reduction of structural and point defects led to the 

discovery of zero-phonon lines (ZPL) for PL bands from several defects in GaN. The charge transition levels can be 

found from the ZPL with high accuracy and compared with predictions of first-principles calculations. In particular, the 

omnipresent yellow luminescence (YL) band in undoped GaN is unambiguously assigned to the isolated CN acceptor.2,3 

The ZPL at 2.59 eV and the characteristic phonon-related fine structure have been found, which now serve as 

fingerprints of the YL band (named YL1).4 In addition to the −/0 transition level, the CN defect has a donor-like 0/+ level 

at 0.33 eV above the valence band maximum (VBM). Electron transitions via this level are responsible for the blue 

luminescence (BLC) band with a maximum at 2.85 eV and ZPL at 3.17 eV.5,6 A new mechanism of PL quenching has 

been discovered – abrupt and tunable quenching of PL.7 This is the primary mechanism for semi-insulating GaN 

(undoped and doped with acceptors).8 It is also responsible for a superlinear increase of PL with excitation intensity.9 

Strong electric fields in semi-insulating GaN can cause significant shifts of PL bands with excitation intensity and affect 

the thermal quenching of PL.10,11 Photoinduced dissociation of defect complexes, such as CNHi, has been explained.12 

Significant progress in the understanding of point defects in GaN has also been achieved in first-principles 

calculations.13,14 In this Review, we focus on new findings about PL from defects in GaN.  
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2. METHODS  

2.1 Photoluminescence experiment 

Details of the PL experiment can be found in Ref. 8. The two main techniques in the PL experiment are steady-state PL 

(SSPL) and time-resolved PL (TRPL).5,15 In this review and our publications since 2018, the as-measured PL spectra are 

not only corrected for the measurement system's spectral response but additionally multiplied by λ3, where λ is the light 

wavelength, to present the PL spectra in units proportional to the number of emitted photons as a function of photon 

energy.5 Note that such corrections may change the shapes, relative contributions, and positions of broad PL bands.8 The 

light excitation intensity or photon flux, P, can be found from the excitation power density, Pexc, by converting Watts into 

the number of photons with energy hνexc (for the He-Cd laser, Pexc = 1 W/cm2 converts to P   1.6×1018 cm-2s-1).16 The 

laser light intensity inside GaN decreases as exp(-αx), where α is the absorption coefficient (  1.2105 cm-1 for GaN at 

ħ = 3.8 eV),17 and x is the distance from the surface into the sample. In the simplest approximation, the electron-hole 

pair generation rate G (cm-3s-1) can be determined from P as G = P/d, where d is the effective thickness of the active 

layer in which most photons are absorbed (usually, d = α−1). The absolute internal quantum efficiency (IQE) for each PL 

band, ηi, was found by comparing the intensity after integrating over the PL band with that from calibrated GaN 

samples.7,8,18   

2.2 Analysis of photoluminescence data 

Parameters of point defects responsible for PL bands can be found from analysis of SSPL and TRPL data obtained in a 

wide range of excitation intensities and temperatures.1,8 These include the electron- and hole-capture coefficients (Cn and 

Cp, respectively) and thermodynamic charge transition level associated with the ZPL of PL. For n-type GaN with the 

concentration of free electrons n, electron transitions from the conduction band to the defect level occur with a 

characteristic time 0 (the PL lifetime) that can be found from TRPL measurements:  

, ( )
1

0 n
nC

−
= .      (1) 

With increasing temperature T, the experimentally-measured PL lifetime varies as  

 
( )

0( )
1 exp /

A

T
C E kT


 =

+ −
,     (2) 

i.e., it decreases exponentially above a critical temperature T0, which can be found from the relation 
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The PL intensity, IPL, has a similar temperature dependence: 
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In both cases, C = (1 − 0)0 Cp Nv g-1, where 0 and 0 are the PL IQE and PL lifetime, respectively, at T < T0; Nv is the 

effective density of states in the valence band (we assume Nv = NvT3/2 with Nv = 3.15×1015 cm-3K-3/2 for GaN); k is 

Boltzmann’s constant; and g is the degeneracy of the defect level (assumed g = 2). The EA in these expressions is the 

activation energy (the defect ionization energy), which is equal to the distance from the defect level to the valence band 

maximum (VBM) plus a potential barrier for the hole capture if any. The exponential decrease of PL intensity is called 

PL quenching, and it is caused by the emission of holes from the defect to the valence band with the characteristic time 

therm = 0 C-1exp(EA/kT). The quenching caused by the thermal emission of minority carriers and their redistribution 

between different recombination channels (the Schön-Klasens mechanism)19 is typical for n-type GaN. From the fit of 

experimental data with Eqs. (2) and (4) parameters EA and Cp can be determined. 

For semi-insulating (SI) GaN, the abrupt and tunable quenching mechanism is typical.7 The IPL(T) dependence can be 

formally described with Eq. (4), yet the parameters C and EA in this case do not have physical meaning. The parameter 

EA may significantly exceed the ionization energy (the abrupt quenching), and T0 increases with Pexc (tunable quenching). 

For such samples, C = B/G, and the defect ionization energy can be found from the following expression 7  
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Here, B = (0
-1 − 1)(NA − ND)Cp Nv g-1, NA and ND are the concentrations of acceptors and shallow donors. The abrupt and 

tunable quenching is reminiscent of a phase transition: at T < T0, the recombination efficiency is dictated by defects that 



 

 
 

 

 

 

capture holes more efficiently, whereas at T > T0, the dominant recombination channels are deep donors that capture 

electrons faster. 

The shape of a defect-related PL band can be fitted with the following expression obtained in a one-dimensional 

configuration coordinate model 20  
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Here, Se is the Huang-Rhys factor in the excited state of the defect, dFC
g = E0

* − ħmax is the Franck-Condon shift in the 

ground state, E0
* = E0

 + 0.5ħe, E0 is the ZPL energy, ħe is the energy of the effective phonon mode in the excited 

state, ħ and ħmax are the photon energy and position of the PL band maximum, respectively. The  is a minor shift of 

the PL band maximum due to sample-dependent reasons such as in-plane biaxial strain in thin GaN layers grown on 

sapphire substrates or local electric fields.  

The concentrations of defects N can be found from the dependence of PL intensity on the excitation photon flux 21 
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with Pcr = N(00)-1. Here, 0 and I0
PL are the IQE and PL intensity, respectively, in the limit of low excitation intensity. 

3. RESULTS  

Parameters of major defect-related PL bands in GaN are given in Table 1. Most of these PL bands are identified. In 

unintentionally doped GaN, the PL bands appear due to unavoidable contamination during GaN growth. Note that the 

concentration of related defects may be low, and particular PL bands are intense because the defects capture minority 

carriers (holes in n-type) very efficiently. The contamination depends on the growth technique. In particular, GaN grown 

by metalorganic chemical vapor deposition (MOCVD) contains carbon impurities, and the CN-related YL1 band is 

usually strong. 

Table 1. Parameters of defect-related PL bands in GaN. 

PL band name Attribution ZPL 

(eV) 
ħmax 

(eV) 

EA 

(eV) 

Cp 

(cm3/s) 

Cn 

(cm3/s) 
     

(s) 

Se E0
*     

(eV) 

UVLBe BeGa (−/0) 3.38 3.38 0.113 ~10-6 1×10-11 10a 0.2±0.03 - 

UVL, UVLMg MgGa (−/0) 3.28 3.28 0.224 1×10-6 3.2×10-12 30a 0.4±0.05 - 

BL1, BLZn ZnGa (−/0) 3.10 2.86 0.400 5×10-7 6.8×10-13 150a 3.2 (2.8-3.6) 3.14±0.02 

BL2 CNHi (0/+) 3.33 3.00 0.15 4.5×10-8 - 0.30b 4.6 (4-5) 3.38±0.02 

BLC CN (0/+) 3.17 2.85 0.33 ~10-10 ~10-9 0.001b 3.5 (2.5-4) 3.20±0.03 

BL3 “RY3” (0/+) 3.01 2.80 0.46 ~10-9 - 0.001b 2.0 (1.6-2.5) 3.07±0.03 

BLCd CdGa (−/0) 2.96 2.70 0.55 - - - 4.0 (3.5-4.5) 3.00±0.02 

GL1 ? (0/+) - 2.35 ~0.5 3.7×10-8 - 1c 10.3 (7-14) 2.97±0.10 

GL2 VN (+/2+) - 2.33 ~0.7 - - 250b 13.5 (10-18) 2.70±0.05 

AL, GLCa CaGa (−/0) - 2.50 0.50 6×10-7 9×10-14 1100a 8.5 (7-10) 3.00±0.03 

YL1, YLC CN (−/0) 2.59 2.17 0.916 3.7×10-7 1.1×10-13 900a 7.8 (6.5-9) 2.67±0.03 

YL2 VGa3Hi (0/+) - 2.3 ~0.6 - - - 7 (5-9) 2.87±0.1 

YL3 “RY3” (−/0) 2.38 2.07 1.130 ~10-7 2×10-13 500a 6.2 (5-7.5) 2.41±0.03 

YLBe BeGa (−/0) - 2.15 0.3 4×10-7 1×10-13 1000a 23 (18-28) 3.2±0.1 

RL1 Cl? (−/0) - 1.73 ~1.2 2.9×10-7 4.3×10-14 2200a 14 (9-22) 2.4±0.15 

RL2 VNA (0/+) - 1.72 ~0.9 - - 110b 20 (10-30) 2.45±0.15 

RLMg VNMgGa (0/+) - 1.73    1.4b 12.5 (10-16) 2.3±0.1 

RLBe VNBeGa (0/+) - 1.77 ~0.8 - - 3b 15 (7-27) 2.6±0.2 

RLCa VNCaGa (0/+) - 1.82 ~1.1 - - 2000b 12 (6-18) 2.2±0.1 

RL3 “RY3” (−/0) - 1.77 ~2.6 ~10-5 - 0.010b - - 

a For n = 1016 cm-3 
b Internal transition at T = 18 K 
c Internal transition at T = 100 K 



 

 
 

 

 

 

The RL3, YL3, and BL3 bands are three emission bands from a single defect (called the RY3 center) and observed in 

GaN grown by hydride vapor phase epitaxy (HVPE).22 Two other PL bands in undoped GaN produced by HVPE are the 

RL1 and GL1 bands. GaN samples grown by molecular beam epitaxy (MBE) at relatively low temperatures are often 

contaminated by Ca and exhibit a strong GLCa band.23 The YL2 band is observed only in GaN grown by the 

ammonothermal method, where high concentrations of gallium vacancies (VGa), oxygen, and hydrogen are 

unavoidable.24 

The appearance of PL bands also depends on conductivity type. In conductive n-type GaN, the capture of photogenerated 

holes dictates the electron-hole recombination efficiency, and acceptors usually contribute to PL spectra. In semi-

insulating GaN, the efficiency of electron capture may dictate the PL intensities, and donor-related PL bands appear. For 

example, the nitrogen vacancy (VN) is a deep donor with the +/2+ transition level at about 0.4-0.7 eV above the VBM. 

The VN is responsible for the green (GL2) band, with a maximum at 2.33 eV.  

 

3.1 Acceptors 

In n-type GaN, PL from only acceptors is usually observed because negatively charged acceptors attract holes and have 

large hole-capture coefficients, Cp (Table 1). Even in undoped GaN, PL related to the MgGa, ZnGa, and CN acceptors (the 

UVLMg, BL1, and YL1 bands, respectively) may have quantum efficiency close to unity due to contamination with 

impurities at levels close to or below the detection limit of secondary-ion mass-spectrometry (SIMS), typically around 

1016 cm-3. The RL1 band is the dominant PL band in undoped GaN grown by HVPE and presumably caused by Cl. 

Figure 1 shows the shapes of these PL bands at a low temperature. In high-quality GaN crystals, the ZPL of the UVLMg, 

BL1, YL1, and YL3 bands can be observed (Table 1). For all these acceptors, PL at T < 50 K is caused by electron 

transitions from shallow donors (ON or SiGa) to the −/0 transition level, the so-called donor-acceptor pair (DAP) 

transitions. This PL (including ZPL) shifts to higher photon energies by about 7 meV as the Pexc increases from ~10-4 to 

1 W/cm2. At T > 50 K, the DAP transitions are replaced with transitions from the conduction band to the −/0 level, the 

eA transitions. The eA components of PL (including the ZPL, phonon replicas, and broad envelope) emerge at higher 

photon energies (~20 meV above the DAP components), and the PL band shape usually does not change much up to a 

critical temperature T0. At T > T0, the PL intensity decreases exponentially, and the temperature dependence can be fitted 

with Eq. (4). With known 0 (found from TRPL experiments) and 0 (usually estimated from a comparison of PL 

intensity with that from calibrated samples), the Cp and EA can be found from the fit with Eq. (4). Note that sometimes 

the obtained parameter EA is smaller than the distance from the −/0 transition level to the VBM due to diagonal 

transitions in crystals with a high concentration of defects.  

 

Figure 1. PL spectra from major acceptors in undoped GaN at T = 18 K. The UVLMg, BL1, and YL1 bands are related to the 

MgGa, ZnGa, and CN acceptors, respectively.  

 



 

 
 

 

 

 

In TRPL, the nonexponential decay of PL at low temperatures is explained by the DAP nature of transitions.25 At T > 50 

K, eA transitions gradually replace the DAP transitions, and PL decay after a laser pulse becomes more and more 

exponential. The characteristic time of PL decay, 0, is inversely proportional to the concentration of free electrons, see 

Eq. (1). At intermediate temperatures (when the DAP and eA contributions are comparable) 0 can be defined as the time 

at which the IPL(t)t dependence has a maximum.26 

 

3.2 Donors 

PL from donors is rarely observed in n-type GaN. Among the reasons are low formation energy of donors and low Cp 

resulting in inefficient capture of photogenerated holes. The PL from donors in GaN is usually caused by internal 

transitions: from an excited state close to the conduction band to the ground state.8 In this case, the PL decay is 

exponential even at very low temperatures and independent of n. A well-studied case is the CNHi complex which has a 

0/+ level at 0.15 eV above the VBM.12 The VN is a deep donor with the +/2+ transition level at ~0.5 eV above the VBM 

and an excited state close to the conduction band.20 The internal transitions in this defect are responsible for the GL2 

band with a maximum at 2.33 eV. The GL2 band is observed only in semi-insulating GaN. First, an electron is captured 

by the excited state; then, a hole is captured at the +/2+ level. In conductive n-type GaN, the GL2 band is not observed 

even if the nitrogen vacancies are abundant because the defects are neutral. In conductive p-type GaN, the GL2 band 

may not be observed because the defects are in the 3+ state. The VN forms complexes with acceptors in GaN. The 

resulting VNA complexes are deep donors responsible for red PL bands. In particular, CaGa, MgGa, and BeGa form 

complexes with VN.8,27,28 The RL2 band in undoped GaN is also presumably caused by the VNA complex, yet the origin 

of the acceptor is unknown. Figure 2 shows PL spectra from typical donors in GaN. 

 

Figure 2. PL spectra from donors in undoped GaN at T = 18 K. The RL2 and GL2 bands are related to the VN, and the BL2 

band is caused by the CNHi complex.  

 

In GaN, defects often have more than one charge transition level in the gap. At high excitation intensity, the acceptors 

can be saturated with holes, and new holes will be captured by the 0/+ level. For example, a saturation of the YL1 band 

in n-type GaN leads to the emergence of the BLC band. The BLC band with a maximum at 2.85 eV and ZPL at 3.17 eV is 

caused by electron transitions from an excited state near the conduction band to the donor-like state of the CN located at 

0.33 eV above the VBM. Similarly, the BL3 band is the secondary PL band of the RY3 acceptor, and the GL1 band is 

the secondary PL band of an unknown acceptor in HVPE GaN (predicted in the infrared region). 

Complexes containing the VGa, such as VGa3H, VGa2ONH, VGaON2H, and VGa3ON, are also donors.24,29 They are 

responsible for broad PL bands in the red-yellow part of the PL spectrum from GaN grown by ammonothermal method 

and containing high concentrations of the VGa, H, and O. Note that the isolated VGa and the VGaON complex are likely 

nonradiative defects.3,24,30  



 

 
 

 

 

 

3.3 Shapes of PL bands 

Shapes of PL bands in GaN are dictated by electron-phonon coupling and can be explained with a one-dimensional 

configuration-coordinate model.20 The strength of electron-phonon coupling is described with the Huang-Rhys factor S 

(Table 1). For shallow acceptors (MgGa and BeGa), S is small, and the PL band appears as a sharp peak (the ZPL) 

followed by decreasing in intensity LO phonon replicas. The Huang-Rhys factor increases with increasing acceptor 

ionization energy because the bound hole becomes more localized. For deep defects, broad PL bands are observed, and 

the ZPL is either weak or not observed because of the small weight of the ZPL in the band spectrum, wZPL  exp(-S).31 

The shape of the band can often be simulated with Eq. (6). Examples for the CN-related YL1 band and BeGa-related YLBe 

band are shown in Fig. 3. The PL band shape, position of its maximum, fine structure if any, and capture coefficients 

represent fingerprints of the defect and are expected to be identical in different samples. Note, however, that local 

electric fields and other reasons sometimes cause significant broadening and shifts of PL bands.10 For some PL bands, 

the ZPL can be observed (the YL1 band has the ZPL at 2.59 eV), while for others, the magnitude of S is too large, and 

the ZPL cannot be found (the ZPL for the YLBe band is expected at 3.2 eV with peak intensity about 10-12 from that of 

the band maximum).  

 

Figure 3. PL spectra Si-doped and Be-doped GaN at T = 18 K. The solid, dotted, and dashed lines are calculated using Eq. 

(6) with the following parameters: Se = 7.6, 8.5, 6.5, E0
* = 2.67 eV, 2.69, 2.64 and ħmax = 2.17 eV for the YL1 band; Se = 

23, 32, 19, E0
* = 3.2 eV, 3.4, 3.1 and ħmax = 2.15 eV for the YLBe band. 

 

Eq. (6) helps distinguish PL bands and reproduce their shapes. However, the fitting parameters may not be accurate or 

unique (Fig.3), especially if the exact location of the ZPL is unknown. In particular, similar PL band shapes can be 

obtained if parameters E0
* and Se in Eq. (6) are increased simultaneously. Figure 4 shows ranges of these parameters for 

which acceptable agreement with experimental data can be achieved. While for the YL1 band, the uncertainties in E0
* 

and Se are small, they are large for PL bands for which the ZPL is not observed. Table 1 shows the optimal values of E0
* 

and Se with their uncertainties. 



 

 
 

 

 

 

 

Figure 4. Ranges of parameters E0
* and S in Eq. (6) providing acceptable fits for the shapes of the YL1, YL2, and YLBe 

bands in GaN. Symbols show the optimal values.  

 

Another critical parameter is the Franck-Condon shift dFC. It is equal to the energy difference between the ZPL and band 

maximum. Since ħmax is known from the experiment, the uncertainty in the dFC is similar to that of the E0
*. Figure 5 

shows the values of dFC for selected defects in GaN. 

 

Figure 5. Franck-Condon shift as a function of the ionization energy for defects in GaN 

 



 

 
 

 

 

 

3.4 Relation between photoluminescence intensity and defect concentration 

It is commonly expected that PL intensity is proportional to the concentration of related defects. However, this is true 

only in limited cases and often leads to wrong conclusions. Furthermore, attempts to find the concentration of defects 

from PL are extremely rare. The problem of finding concentrations of defects is closely related to the problem of finding 

the absolute IQE. Both parameters can be reliably found for conductive n-type GaN samples from analysis of excitation 

intensity and temperature dependences and using rate equation models.7,8,16,18,24,32 The concentration N can be found from 

the saturation of defect-related PL intensity (SSPL or TRPL) with increasing excitation intensity described with Eq. 

(7).15,32 In this fit, the largest uncertainty originates from parameter 0 - the absolute IQE in the limit of low excitation 

intensities. The 0 can be found with high accuracy from the competition of recombination channels in samples where 

one of the PL bands is very strong, with the IQE approaching unity.18 These samples can serve as standards of the IQE. 

The IQE from other samples can be estimated by comparison of integrated PL intensities with those in calibrated 

samples. The errors, in this case, may originate from different light extraction efficiencies in different samples. We 

conclude that the concentration N can be found with the accuracy of plus-minus half an order of magnitude.32 Better 

accuracy can be achieved for relative concentrations of defects responsible for PL bands in the same sample.23,32 For this, 

the hole-capture coefficients should be known. Indeed, the integrated PL intensities in n-type semiconductors at low 

excitation intensities and temperatures are proportional to the product of Cp and N.  

Figure 6 shows the dependence of PL intensity on the concentration of the related defect for the MgGa, ZnGa, and CN 

defects responsible for the UVL, BL1, and YL1 bands, respectively, in GaN. The PL was measured in identical 

conditions, and the PL intensities are given in relative units, approximately equal to the IQE. For low concentrations (N 

< 1016 cm-3), the PL intensity increases linearly with N. For these samples, the N was found from the fit of the (P) 

dependences with Eq. (7). Such low concentrations of defects are challenging to detect with other techniques. For 

example, the typical detection limit in SIMS measurements for these impurities is about 1016 cm-3 (shown with a vertical 

dashed line). The quality of GaN samples analyzed in Fig. 6 is reasonably high (what can be concluded from a high 

intensity of the exciton emission), and the scatter of experimental points in the left half of this figure can be explained by 

different concentrations of nonradiative defects in different samples. For N > 1016 cm-3, the PL intensity cannot increase 

because the  is already close to unity. As a result, PL intensity becomes independent of N, and the scatter in the data can 

be attributed to different concentrations of nonradiative defects and/or to the effect of the surface. 

 

Figure 6. Dependence of PL intensity on the concentration of related defect. The UVL, BL1, and YL1 bands are related 

to the MgGa, ZnGa, and CN acceptors, respectively.  

 



 

 
 

 

 

 

For semi-insulating GaN samples, no correlation between the PL intensity and N can be found (the filled symbols in Fig. 

6). For N > 1016 cm-3 (the N was found from SIMS measurements for most of these data points), only the Zn-related BL1 

band remains very strong up to N = 1019 cm-3, whereas PL bands related to C and Mg are often very weak in SI samples. 

This may happen because there are no equilibrium charge carriers in SI samples, and the dynamics of recombination of 

photogenerated carriers are often complex. Among the unusual effects in such samples is the abrupt and tunable 

quenching of PL, briefly analyzed below.  

3.5 Quenching of photoluminescence 

The intensity of defect-related PL decreases exponentially with increasing temperature above a characteristic 

temperature T0, a process called PL quenching. In most cases, the temperature dependence can be described with Eq. (4), 

yet the meaning of parameters C and EA depends on the quenching mechanism.33 PL from defects in conductive n-type 

GaN is quenched with the Schön-Klasens mechanism).34,35 According to this mechanism, bound holes are thermally 

emitted to the valence band and re-captured by nonradiative defects. The EA in Eq. (4) is the ionization energy (the 

distance from the charge transition level to the VBM plus a barrier for the hole capture/emission, if any). The parameter 

C is proportional to the PL lifetime and the hole-capture coefficient: C = (1 − 0)0 Cp Nv g-1. The critical temperature of 

the quenching, T0 = EA(klnC)-1, can be viewed as the temperature at which the characteristic time of thermal emission of 

holes to the valence band becomes equal to the PL lifetime.11 An example of the quenching of the CN-related YL1 band 

by the Schön-Klasens mechanism in conductive n-type GaN is shown in Fig. 7 and fitted with Eq. (4) (the solid line 1). 

In this mechanism, T0 is independent of the excitation intensity (T0 =445 K for n-type GaN in Fig. 7) unless Pexc is very 

high and PL saturates. The T0 increases with the concentration of free electrons (through a parameter 0) and increases in 

samples with the IQE close to unity.18,33  

 

Figure 7. Temperature dependence of PL intensity of the YL1 band in conductive n-type and SI GaN samples. Pexc (in 

W/cm2) is indicated in parentheses. The solid lines are the fits using Eq. (4) with the following parameters: EA = 0.84 eV, 

Cp = 3×10-7 cm3/s, and 0 = 0.5 ms (curve 1); EA = 2.6 eV and C = 1×1027 (curve 2); EA = 2.6 eV and C = 5×1034 (curve 3).  

 

In high-resistivity or semi-insulating GaN, PL is usually quenched by the abrupt and tunable mechanism.7 Examples 

include the CN-related YL1 band,36 Zn-related BL1 band,7 Mg-related UVL band,37 Be-related YLBe and UVLBe bands,27 

Ca-related GLCa band,23 VN-related GL2 band,20 and the BL2 band caused by the CNHi complex.12 Figure 7 shows the 

IPL(T) dependences for the YL1 band in semi-insulating GaN:C. The quenching is abrupt (“EA” = 2.6 eV) and tunable by 

excitation intensity: the T0 increases from 375 to 475 K as the Pexc increases from 1.4×10-4 to 0.14 W/cm2 (curves 2 and 3 

in Fig. 7). Note that the slope of the quenching has no physical meaning. It is an abrupt transition from the conditions 



 

 
 

 

 

 

when PL intensities are dictated by the capture of holes to the conditions when electron-hole recombination 

predominantly occurs via defects that capture electrons fast.  

In the classical case of abrupt and tunable quenching,7 dominant nonradiative deep donors become saturated with 

photogenerated holes at T < T0. This also causes the accumulation of photogenerated electrons in the conduction band, 

population inversion, and the conversion of p-type conductivity to n-type.38 In such conditions, the IQE of PL via 

acceptors is very high. With increasing temperature, at T = T0, the thermal emission of holes from the radiative acceptor 

unblocks the dominant nonradiative channel. This occurs when the concentration of holes in the valence band, which are 

thermally emitted from the acceptor, becomes equal to the concentration of optically generated holes. Since the latter is 

proportional to the excitation intensity or electron-hole generation rate G, the T0 increases with Pexc or G. The actual 

ionization energy of the acceptor (EA) in this case can be found from the T0(G) dependence (Eq. (5)). 

For both mechanisms, T0 is proportional to EA; compare Eqs. (3) and (5). The slope of the T0(EA) dependence is the same 

when B/G = C, or (NA − ND)/(0G) = 0. For typical parameters, this occurs when Pexc is of the order of 0.1 W/cm2 (a 

typical excitation power density of an unfocused beam of a HeCd laser). Figure 8 shows the dependence of T0 on EA for 

major defects in undoped GaN and GaN doped with C, Mg, or Zn. The dashed lines indicate the typical range of 

parameter C (between 107 and 1010). Note that the data points obtained from the abrupt and tunable quenching in semi-

insulating GaN samples (the filled symbols for the BL1 and YL1 bands) are also within this range. A few data points for 

the BL1 band outside the outlined region correspond to GaN:Si,Zn samples with an unusually high concentration of 

electrons (~1019 cm-3) and extraordinarily high IQE (0.8-0.95).18 By using this dependence, we can predict the ionization 

energy of defects in GaN from observation of T0 in the temperature dependence of PL intensity or PL lifetime. 

Sometimes this approach gives more realistic results than the EA found by fitting the slope of the IPL(T) dependence. For 

example, the values of EA between 0.06 and 2.6 eV can be obtained for the YL1 band from the slope of the IPL(T) 

dependence.36,38 However, the YL1 quenching begins between 450 and 550 K in all these samples, which indicates that 

EA  0.8 eV. Another example is the BeGa-related yellow band. In Be-doped GaN layers grown by MBE or MOCVD 

(semi-insulating and conductive n-type), the quenching of the YLBe band begins at 180-200 K, in agreement with the 

estimated EA = 0.30 eV for the BeGa defect.39 A similar yellow band in bulk GaN with high concentrations of Be and O is 

attributed to the BeGaON complex.40 This yellow band is quenched only at T > 500 K,41 which indicates that the related 

defect level is located at about 0.8 eV above the VBM.  

 

Figure 8. Dependence of critical temperature of PL quenching on the acceptor ionization energy for the UVL, BL1, GL1, 

and YL1 bands in GaN. Empty symbols are data from conductive n-type samples, and the filled black symbols are for 

semi-insulating samples exhibiting the abrupt and tunable quenching (Pexc  0.1 W/cm2). The circled data points for the 

BL1 band are from samples with exceptionally high 0 and small 0.   



 

 
 

 

 

 

The third mechanism of PL quenching is the Seitz-Mott mechanism.42,43 The PL quenching is caused by a gradual 

replacement of radiative transitions with non-radiative ones in the same defect.38 In this mechanism, EA is the energy 

difference between the potential minimum of the excited state and the cross-over point of the excited and ground states 

of the defect, and C is the product of PL lifetime in the excited state and the vibrational frequency of the defect. This 

mechanism of PL quenching is commonly used to explain PL from F centers in alkali halides.44,45 However, we cannot 

find any defect in GaN, the PL from which is quenched by this mechanism. Earlier, we proposed that the Seitz-Mott 

mechanism can explain the quenching of the GL2 and RL2 bands with EA  0.1 eV.1 However, the accumulated in the 

last 15 years’ experimental data indicate that the quenching of these PL bands is rather caused by the thermal emission of 

electrons from excited states of deep donors to the conduction band.8,20,28 

PL intensity from defects sometimes increases with temperature, the phenomenon often called the “negative thermal 

quenching” (NTQ), with many examples in GaN. These IPL(T) dependences can be explained with rate equation models. 

The typical reason for the NTQ is the quenching of another PL band or a nonradiative recombination channel and 

associated with this redistribution of charge carrier flows.33      

3.6 Parameters of defects 

From the analysis of temperature dependences of PL intensity or PL lifetime in n-type GaN, the hole-capture coefficient 

Cp can be found (see Eqs. (2) and (4)). Alternatively, the Cp can be estimated by comparing integrated PL intensities 

because the PL intensity at low temperatures is proportional to CpN. The results for defects in GaN are summarized in 

Table 1 and Fig. 9(a). For acceptors, Cp is between 10-7 and 10-6 cm3/s. It is possible that acceptors with smaller Cp exist 

but cannot be found in the PL spectrum because of relatively high concentrations of typical contaminants, such as Mg, C, 

or Zn. The Cp for the RY3 defect is exceptionally high because holes are captured by a shallow effective-mass state near 

the VBM.22 Donors capture holes less efficiently because they are neutral. The data for the GL1, BL2, and BL3 bands 

look reasonable. The very low value of Cp for the BLC band, obtained from the comparison of PL intensities,5 is 

surprising.  

Note that Cp may have a strong temperature dependence if a hole capture is a thermally activated process.46 For example, 

the Cp for the CN acceptor is predicted to increase by two orders of magnitude as the temperature increases from ~50 to 

600 K.47 This dependence is attributed to the expected barrier for the hole capture. However, in the experiment, no 

variation of the Cp for the YL1 band could be found for temperatures between 18 and 500 K.3 It appears that there are no 

substantial barriers for the hole capture at acceptors commonly contributing to PL in GaN. It is possible that PL bands 

from defects with significant barriers for hole capture are not observed because they are extremely weak.  

 

  

Figure 9. Parameters of defects in GaN. (a) Hole-capture coefficient (b) Electron-capture coefficient. 

 



 

 
 

 

 

 

The electron-capture coefficient Cn can be found for acceptors in conductive n-type GaN from TRPL (Eq. (1)). As can be 

seen from Fig. 9b and Table 1, the Cn increases from 10-13 cm3/s for deep acceptors to 10-11 cm3/s for shallow ones. 

These are typical values for radiative transitions and they reasonably agree with predictions from first-principles 

calculations.48 For donors, Cn cannot be found from TRPL because electrons are captured fast (nonradiatively) at excited 

states, and the PL lifetime is independent of the Cn. 

 

3.7 Comparison with first-principles calculations 

Early first-principles calculations for defects in semiconductors relied on local or semi-local approximations to the 

density functional theory (DFT). Since these calculations significantly underestimated the calculated bandgap, various 

correction methods were developed. As it became known later, the calculated parameters of defects in GaN (such as ZPL 

and position of PL band maximum) were not accurate, especially for multi-charged defects. For example, the CN was 

predicted to be a shallow acceptor with EA  0.2 eV, and the 3−/2− level of the VGa was calculated at 1.1 eV.49 These 

inaccurate predictions contributed to wrong identifications of PL bands in GaN. In particular, the YL band with a 

maximum at 2.2 eV in undoped GaN was often attributed to the VGa or VGaON defects,1 which contradicts the modern 

view.3 

Currently, the most common approach for the theoretical analysis of defects is the hybrid DFT, and the most popular 

hybrid functional used in this field is the Heyd-Scuseria-Ernzerhof (HSE) functional.50 Several versions of hybrid 

functionals are used to describe defects in GaN, and the results of the calculations are slightly different.51,52 Figure 10 

compares experimentally found positions of PL band maxima with those calculated by three groups – D. Demchenko 

(DD),20,12,27,23,11,39 Van de Walle (VDW),14,53 and Lany and Zunger (LZ).54 A good agreement with the experiment has 

been achieved for the CN defect. For many defects, the PL maximum is predicted at lower photon energy than observed 

in the experiment. 

 

 
Figure 10. Positions of PL band maxima for defects in GaN compared with first-principles calculations.  

 

Several puzzles in PL from defects in GaN remain unsolved. One is the dual nature of acceptors, a coexistence of a deep 

state with a localized hole and a shallow state with a delocalized hole, predicted by theory.54 In particular, the UVLMg 

band was attributed to the shallow state of the MgGa defect, and the blue luminescence (BLMg) band in GaN heavily 

doped with Mg was thought to be caused by the deep state. However, analysis of experimental results indicates that only 

the UVLMg band with a maximum at 3.28 eV is related to the isolated MgGa defect, whereas the BLMg band with a 

maximum at 2.7-2.9 eV is caused by transitions from a deep donor to the shallow MgGa acceptor.1,11 Another dual-nature 

acceptor in GaN is the BeGa defect.54 Recent experimental results indicate that the yellow band (YLBe) with a maximum 

at 2.15 eV in Be-doped GaN is caused by electron transitions via the deep state of the BeGa acceptor,39 in agreement with 



 

 
 

 

 

 

theoretical predictions.14,54 The UVLBe band with a maximum at 3.38 eV has been attributed to the shallow state of the 

BeGa acceptor.55 However, it is not clear why there is no correlation between the UVLBe and YLBe bands.   

 

4. SUMMARY  

Identifying defects in GaN and understanding their properties are needed to eliminate defects or reduce their detrimental 

effect on devices. PL is one of the most powerful tools for studying point defects in GaN. The classification of PL band 

shapes, positions, and other properties allows us to recognize defects in PL spectra. The shapes of PL bands from defects 

in GaN can be explained using a one-dimensional configuration coordinate model. Important parameters have been 

determined for several defects, such as the ZPL, phonon energies, Huang-Rhys factor, electron- and hole-capture 

coefficients. These parameters help develop theoretical approaches to describe and predict the defect properties with high 

precision. GaN serves as the case study, and PL from defects in GaN provides the most reliable experimental data for 

this purpose.  
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