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Abstract 

The CaGa acceptor in GaN was studied using photoluminescence (PL) experiments and 

first-principles calculations. The experimentally found /0 transition level of the CaGa at 

0.500.02 eV above the valence band reasonably agrees with the value calculated using 

HSE functional tuned to fulfill the generalized Koopmans condition (0.70 eV). The CaGa 

acceptor is responsible for the green luminescence band (labeled GLCa) with a maximum 

at 2.5 eV.  The electron- and hole-capture coefficients for the CaGa acceptor are obtained 

from PL experiments: Cn = 9×10-14 cm3/s and Cp = 6×10-7 cm3/s. The GLCa band is an 

efficient radiative recombination channel in GaN samples implanted with Ca and in 

unintentionally doped GaN grown by molecular beam epitaxy at relatively low 

temperatures, where Ca is a common contaminant.  
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I. INTRODUCTION 

GaN and its alloys with InN and AlN are important semiconductors used in numerous optical 

and electronic devices, including solid-state lighting and high-power electronics applications.1 

Point defects in GaN remain a limiting factor in the stability of devices and achieving high 

breakdown voltages. Photoluminescence (PL) is a powerful tool for studying point defects in 

semiconductors. While several defect-related PL bands in GaN are reliably identified, many 

questions remain.2,3  

Identifying point defects in GaN and determining their parameters is essential not only for 

technological progress but also for the development of modern theoretical approaches. A good 

agreement between theoretical predictions and experimental data has been achieved for several 

defects in GaN, such as CN, ZnGa, and MgGa acceptors, responsible for the YL1, BL1, and UVL 

bands with the maxima at 2.2, 2.9, and 3.27 eV, respectively.2,4 It should be noted that in some 

cases, such as MGa, theory predicts two different acceptor states, one of which (shallow state) 

agrees with the experiment, while the other (deep state) is absent from it. Searching for other 

acceptors with deep levels, we have found a disagreement between theory and experiment for the 

calcium in gallium site (CaGa) defect. Early first-principles calculations using density functional 

theory (DFT) in the local density approximation (LDA) predicted the /0 transition level of the 

CaGa acceptor at 0.62-0.64 eV. However, according to the most recent calculations using hybrid 

functionals,5,6  the /0 transition level of the CaGa acceptor is at 1.01 eV above the valence band 

maximum (VBM). Electron transitions via this level are expected to cause a PL band with a 

maximum at 2.07 eV.6 These predictions disagree with the published PL results, yet the 

experimental data are scarce.  
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Pankove and Hutchby 7 studied PL from GaN implanted with Ca and found a broad band with 

a maximum at 2.50 eV and full width at half maximum (FWHM) of 0.53 eV at T = 78 K. Monteiro 

et al.8 implanted Ca in GaN grown by molecular beam epitaxy (MBE) and annealed the sample in 

N2 at 1050 C for 15 min. A strong green PL band was observed with a maximum at 2.5 eV at T 

= 14 K (2.59 eV at room temperature), yet several weaker broad PL bands (at 2.95, 2.36, and 1.8 

eV) were also detected after Ca implantation. The authors of Ref. 8 proposed that the green band 

at 2.59 eV is caused by transitions from a deep donor at 0.6 eV below the conduction band to the 

acceptor level at 0.3 eV above the VBM. Alves et al.9 suggested that the broad band at 2.5 eV at 

T = 14 K consisted of two bands – at 2.36 eV and 2.59 eV. Chen and Skromme 10 observed only a 

green band at 2.35 eV after implantation of Ca, very similar to PL from implanted Mg and Zn. 

Godlewski et al.11 studied PL from bulk GaN doped with Ca and observed only a yellow band 

with a maximum at about 2.2 eV at T = 2 K. The review of the above works shows no consensus 

in identifying PL bands related to Ca and sets a puzzle on where the CaGa transition level is.  

The practical importance of studying Ca in GaN is also related to the fact that Ca is potentially 

a source of nonradiative recombination that detrimentally affects the efficiency of III-nitride-based 

light-emitting devices.5,12 Contamination of GaN or InGaN with Ca could pose a serious problem, 

especially in devices fabricated by using the MBE technique. Young et al.12 investigated MBE-

grown GaN and InGaN layers deposited on top of GaN/sapphire substrates grown by metal-organic 

chemical vapor deposition (MOCVD). From secondary ion mass spectrometry (SIMS) 

measurements, the concentration of Ca was below the detection limit (1013 cm-3) in the MOCVD 

GaN substrate; however, it increased to 8×1015 cm-3 in the n-type MBE GaN layer grown at T = 

820 C and 1018 cm-3 in InGaN/GaN quantum wells grown at 600 C. The authors of Ref. 12 

proposed that Ca impurities in the MBE-grown GaN and InGaN originate from surface 
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contamination (possibly from deionized water) of the GaN substrates, despite the careful cleaning 

procedures. They did not find Ca in GaN grown by MOCVD and explained it by much higher 

growth temperatures. High concentrations of Ca were also found by other researchers in 

unintentionally doped GaN grown by MBE at T = 700-730 C.13,14 These publications gave us an 

insight that Ca is responsible for the aquamarine luminescence (AL) band with a maximum at 2.55 

eV in GaN grown at low temperatures (~600 C) by MBE.3,15,16     

This paper presents the detailed study of PL from GaN implanted with Ca. We also identified 

the Ca-related green PL band with a maximum at 2.5 eV in undoped GaN grown by MBE. The 

experimental results are compared with first-principles calculations using the Heyd-Scuseria-

Ernzerhof (HSE) hybrid functional tuned to fulfill the generalized Koopmans condition, and a 

reasonable agreement is achieved. 

 

 

II. METHODS 

A. Samples 

The Ca ion implantation was performed at CuttingEdge Ions, LLC. The original 2-inch GaN 

wafers were grown on c-plane sapphire by hydride vapor phase epitaxy (HVPE) technique at Kyma 

Technologies. Some GaN layers were undoped (u-GaN, with the room-temperature concentration 

of free electrons, n, lower than 1017 cm-3), and others were doped with Si (GaN:Si, with n  1018 

cm-3). In total, 26 samples implanted with different doses/energies of Ca and annealed in different 

conditions were studied in detail by PL. Parameters of representative samples to be analyzed in 

this paper are shown in Table I. 
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Table I. Parameters of representative GaN samples implanted with Ca 

Sample Implantation Annealing 

name group number substrate E 

(keV) 

Dose 

(cm-2) 

T 

(C) 

Tann 

(C) 

Time 

(min) 

AlN 

cap 

Pres-

sure 

A I Ca-R-2 GaN:Si 180 1014 30 1100 10 No 1 atm 

B I s1481 GaN:Si 180 1014 30 1100 60 Yes 1 atm 

C I s1486 GaN:Si 180 1014 500 1100 240 Yes 1 atm 

D I Ca-R-1400 GaN:Si 180 1014 30 1400 30 No 1 GPa 

E II s1676f u-GaN 190 1012 600 1200 60 Yes 1 atm 

F II s1679d GaN:Si 190 1012 600 1100 60 Yes 1 atm 

G II s1679f GaN:Si 190 1012 600 1200 60 Yes 1 atm 

 

The samples from group I (A-D) were implanted with 40Ca+ ions at room temperature and T 

= 500 C with Ca ion energy and dose fixed at 180 keV and 1014 cm-2. The peak concentration of 

Ca in these samples is approximately 1019 cm-3 at a depth of 100 nm. The samples of group II (E-

G) were first capped with a 70-nm-thick AlN layer and then implanted with Ca at T = 600 C with 

Ca ion energy of 190 keV and a dose of 1012 cm-2. The peak concentration of Ca in these samples 

is approximately 1017 cm-3 at a depth of 55 nm (after AlN removal). Several samples of group I 

were annealed uncapped under atmospheric N2 pressure at temperatures (Tann) of 950 and 1100 C 

for 10 min (representative sample A). Alternatively, an AlN cap was deposited, and the samples 

were annealed for one hour (sample B) or 4 hours (sample C) at Tann = 1100 C. Some samples of 

group I were annealed uncapped at temperatures from 1250 to 1400 C with the ultra-high pressure 

annealing (UHPA) method at the Institute of High Pressure Physics in Poland (representative 

sample D).17 The samples of group II (E-G) remained capped with AlN after the implantation and 

were annealed at Tann =  1100 and 1200 C for one hour or at 1300 C for 30 min.  
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The Ca-related green PL band was also found in unintentionally doped GaN samples grown 

in 2001 by MBE at T = 620-720 C on top of HVPE GaN substrates (Prof. Morkoç’s group, 

VCU).15,16  Now, we conducted more detailed PL studies for two of these samples. In sample 

MBE-1 (the original name is svt848), a region close to the sample’s edge showed bright green PL. 

Another sample (MBE-2  or svt890) is included in the analysis because it has a very low 

concentration of defects, while the Ca-related green PL band can be reliably identified, and 

important parameters of the defect can be found with higher accuracy.        

 

B. Measurement Details 

Steady-state PL (SSPL) and time-resolved PL (TRPL) were excited with HeCd and nitrogen 

lasers, respectively.2,18,19 The PL was dispersed by the 1200 rules/mm diffraction grating in a 0.3-

m monochromator and detected by a Peltier-cooled photomultiplier tube. The neutral density filters 

were used to attenuate the excitation intensity, Pexc, in the range from 10−6 to 0.13 W/cm2. A 

closed-cycle optical cryostat was used for the temperature range from 18 to 320 K. The as-

measured PL spectra were corrected for the measurement system's spectral response, and PL 

intensity was 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.19 

The PL from the samples was measured under identical conditions. The internal quantum 

efficiency (IQE) for each PL band, ηi, was found by comparing the intensity after integrating over 

PL band with that from calibrated GaN samples.2,20,21  

C. Photoluminescence analysis 

Quantitative analysis of SSPL and TRPL data obtained in a wide range of excitation intensities 

and temperatures allows one to find important parameters of point defects responsible for PL 



7 
 

bands.2,3 These include the electron- and hole-capture coefficients (Cn and Cp, respectively) and 

thermodynamic charge transition level, often associated with the zero-phonon line (ZPL) of PL.  

The Cn can be found from PL lifetime 0 when PL is caused by electron transitions from the 

conduction band to the defect level, as 

0

1
n

C
n

 ,      (1) 

where the concentration of free electrons  (n) can be determined from the Hall effect 

measurements. After the Cn is determined for a particular PL band, it can be used as a standard to 

find n in other GaN samples where the PL band is recognized, and TRPL measurements are 

conducted.  

The Cp can be found from the temperature dependences of the PL intensity, IPL, and/or PL 

lifetime . The IPL commonly decreases exponentially with increasing temperature T above a 

critical temperature T0, a process called the PL quenching. For most of the defects in n-type GaN, 

the PL quenching is caused by the thermal emission of holes from the defect level to the valence 

band (the Schön-Klasens mechanism).22 For PL caused by transitions from the conduction band to 

the defect level, the IPL(T) and (T) dependences can be described with the following 

expressions:18,21 

 
 0

1 exp

PL

PL

A

I
I T

E
C

kT





 
 
 

    (2) 

and 
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  0

1 exp A

T
E

C
kT


 




 
 
 

     (3) 

with C = (1  0)0 Cp Nv g
-1.  Here, IPL(0), 0 and 0 are the PL intensity, IQE, and PL lifetime, 

respectively, at T < T0; Nv is the effective density of states in the valence band (we assumed Nv = 

NvT
3/2 with Nv = 3.15×1015 cm-3K-3/2 for GaN); k is Boltzmann 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 plus a 

potential barrier for the hole capture if any.  

For semi-insulating (SI) GaN, the abrupt and tunable quenching mechanism is common.21 The 

IPL(T) dependence can be formally described with Eq. (2), yet in this case the parameters C and EA 

do not have any physical meaning. The EA may greatly exceed the real activation energy (the abrupt 

quenching), and T0 increases with Pexc (i.e., tunable quenching). For such samples, the defect 

ionization energy can be found from the following expression 21  

0
ln

A

exc

B
kT

P
E

 
  

 
,     (4) 

where B' is a parameter depending on Cp and relative concentrations of defects participating in 

charge carrier recombination. 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 defects that capture electrons faster become the dominant 

recombination channels. 
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The parameters related to the electron-phonon coupling for the defect can be estimated from 

the PL band shape. The shape of a defect-related PL band can be fitted with the following 

expression obtained in a one-dimensional configuration coordinate model.23  

2
*

0

max( ) ( ) exp 2 1
e g

FC

PL PL
I I

E
S

d
 




  
 

  
      

.  (5) 

Here, Se is the Huang-Rhys factor in the excited state of the defect, 
*

0 max

g

FC
d E    is the 

Frank-Condon shift in the ground state, 
*

0 0
0.5

e
E E   , E0 is the ZPL energy, e

 is the energy 

of the effective phonon mode in the excited state,  and max
  are the photon energy and 

position of the PL band maximum, respectively. The  is a small 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 e
 can be determined from the temperature 

dependence of the PL band FWHM, W. In a simple model, it is described with the following 

expression 3,23 

   0 coth
2

e
W T W

kT




 
 
 

.    (6) 

Analysis of PL also reveals the type of electron transitions.2 In n-type GaN, the majority of 

PL bands at low temperatures (T < 50 K) are caused by electron transitions from shallow donors 

to various acceptors, the so-called donor-acceptor pair (DAP) recombination. The PL intensity 

after a laser pulse decays nonexponentially in this case. At higher temperatures, transitions from 

the conduction band to the same acceptors (the eA transitions) replace the DAP transitions. The 

PL decay becomes exponential, with the characteristic time 0, which is inversely proportional to 
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the concentration of free electrons, see Eq. (1). The PL from donors in GaN is usually caused by 

internal transitions: from an excited state of a positively-charged donor to the ground state.2 In this 

case, the PL decay is exponential even at very low temperatures, and it is independent of n. 

Finally, the concentrations of defects N can be found from the dependence of PL intensity on 

the excitation photon flux, P, 24 

0 0

( ) ( )
ln 1

crPL

PL cr

PI P P P

I P P





 
   

 
    (7) 

with  
1

0 0

crP N  


 . Here, 0 and I0
PL are the internal quantum efficiency (IQE) and PL 

intensity, respectively, in the limit of low excitation intensity, and  is the absorption coefficient 

for the incident photons (1.2×105 cm-1 at 325 nm).25 

D. Calculation details 

Theoretical calculations were performed using the HSE hybrid functional.26 The HSE 

functional parametrization used in this work fulfills the generalized Koopmans condition for the 

localized defect state of the CaGa acceptor (fraction of exact exchange is 0.25, the range separation 

parameter is 0.161 Å-1). The same parametrization also fulfills the generalized Koopmans 

condition and was used for calculations of MgGa and BeGa acceptors,27,28 as well as several other 

defects and complexes in GaN.29 This parametrization of HSE underestimates the bulk bandgap of 

GaN, yielding 3.22 eV. Therefore, an experimental bandgap of GaN (3.5 eV) was used to compare 

the defect optical transitions with measurements. Since transition levels are obtained with respect 

to the top of the valence band, this amounts to an upward shift of the conduction band. This is 

justified by the fact that acceptor levels closely follow the valence band as HSE parameters are 

varied.30 Calculations were performed in 300-atom hexagonal supercells at the Γ-point, with plane-

wave energy cutoffs of 500 eV. All defect atomic structures were relaxed using HSE to minimize 
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forces to 0.05 eV/Å or less. Artificial electrostatic interactions in calculated total energies were 

corrected using the Freysoldt-Neugebauer-Van de Walle approach.31,32 Adiabatic potentials used 

to plot the configuration coordinate diagrams were obtained by fitting into HSE computed total 

energies using harmonic approximation. 

III. EXPERIMENTAL RESULTS 

A. GaN implanted with Ca 

In PL spectra from all 26 GaN samples implanted with Ca and annealed in different 

conditions, the green luminescence (GLCa) band with a maximum at about 2.5 eV was found. The 

intensity of this band and the presence of other PL bands depend on the implantation and annealing 

conditions (Table I).  

1. Samples with a high concentration of Ca (group I) 

Low-temperature PL spectra from representative samples of group I are shown in Fig. 1. In 

most samples implanted with a high dose of Ca, a red band (labeled RLCa) with a maximum at 1.8 

eV and a green band (GL2) with a maximum at 2.35 eV are the strongest PL bands. At T = 18 K, 

the PL intensity of the RLCa and GL2 bands decays exponentially after a laser pulse, with the 

characteristic times of 2 and 0.25 ms, respectively. The GL2 band is caused by the isolated nitrogen 

vacancy (VN),23 whereas the RLCa band is attributed to the VNCaGa complex.33 The properties of 

the RLCa band and other red bands associated with the VNA complexes (where A = BeGa, MgGa, 

and CaGa) will be discussed in detail elsewhere.33 The GL2 band is observed only in semi-

insulating GaN samples.2  
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Fig. 1. PL spectra from GaN implanted with Ca (group I). T = 18 K and Pexc = 10-4 W/cm2. 

The PL spectra are measured in identical conditions and plotted in relative units. The dashed 

lines are calculated using Eq. (5) with Se, E0
*, and 

g

FC
d  given in Table II.  =  0.06 eV for 

sample D and  =  0.01 eV for sample A. The × symbols show the sum of the calculated 

curves for sample A. 

The GLCa band in samples of group I annealed at atmospheric N2 pressure (samples A, B, and 

C) is commonly observed as a shoulder at the high-energy side of the GL2 band. The 

deconvolution of the PL spectrum (an example is shown in Fig. 1) allows us to resolve the GL2 

and GLCa bands and determine their contributions at different excitation intensities and 

temperatures. With increasing temperature, the GL2 band is quenched above 100 K with the 

activation energy of ~0.1 eV, and the GLCa band is quenched above 200 K with the activation 

energy of 0.4-0.5 eV. Note that the accuracy of the EA obtained from Eq. (2) is low for these 

samples because of the significant overlap of the PL bands. 
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The intensity of the GLCa band is much higher in samples annealed by the UHPA method 

(sample D in Fig. 1 with an IQE of about 0.5). No GL2 band could be found in sample D, although 

a small contribution of the GL2 band was observed in GaN annealed by UHPA at 1250 C. The 

absence of the GL2 band and a relatively weak RLCa band in GaN annealed under ultra-high N2 

pressure are explained by a significant reduction of the nitrogen vacancies concentration in these 

samples. The shape of the GLCa band is fitted with Eq. (5) in Fig. 1 with parameters given in Table 

II. 

 

Table II. Defect-related PL bands studied GaN samples and parameters in Eq. (5) 

defining the bands’ positions and shapes 

PL band Attribution *

0E   (eV) Se g

FCd   (eV) 

GLCa CaGa 3.02 8.5 0.53 

GL2 VN 2.85 26.5 0.52 

YL1 CN 2.67 7.5 0.50 

 

All the samples with a high concentration of implanted Ca show semi-insulating behavior. In 

such samples, the abrupt and tunable quenching of PL is common.2,21,22,34 Since the GLCa band is 

strong and well resolved in sample D, its quenching behavior can be studied in detail. The 

temperature dependences of the peak PL intensity at selected excitation intensities are shown in 

Fig. 2.  
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Fig. 2. Temperature dependence of the quantum efficiency of the GLCa band in sample D for 

selected excitation intensities. The solid lines are the calculated using Eq. (2) with C = 

3.5×1014, 2.7×1016, 3.5×1018, and 6×1019 for Pexc = 0.13, 4.7×10-3, 1×10-4, and 1.5×10-5 W/cm2, 

respectively, and EA = 800 meV for all the curves. 

The PL intensity decreases above critical temperature T0. The quenching is abrupt (the 

apparent "activation energy" is about 800 meV) and tunable by the excitation intensity (Fig. 2). 

The abrupt and tunable quenching in semi-insulating semiconductors is explained by a sudden 

switch from the population inversion to a quasi-equilibrium population of energy levels in the 

bandgap.21 The drop of PL intensity at T0 is abrupt, resembling a phase transition. In such samples, 

the ionization energy of the acceptor can be found from Eq. (4).2,21 For sample D, EA = 0.550.05 

eV. Note that the ionization energy determined by this method is sometimes overestimated.35,36 

2. Samples with a low concentration of Ca (group II) 

The samples implanted with a low dose of Ca (group II in Table I) behave as conductive n-

type. From the analysis of TRPL at different temperatures, we determined that n = 1×1018 cm-3 
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and 1.3×1018 cm-3 in samples F and G, respectively, at T = 100 K, and n = 1.6×1016 cm-3 in sample 

E at T = 300 K (Table III).  Figure 3 shows PL spectra at 18 K from representative GaN samples. 

In samples annealed at 1100 and 1200 C, the donor-bound exciton (DBE) band has a maximum 

at 3.478 eV and FWHM = 4.5 meV (Ca implanted in undoped GaN) and 3.475 eV and FWHM = 

11 meV (Ca in Si-doped GaN). A small blue shift of the exciton lines (by 4-7 meV) is caused by 

biaxial strain in GaN grown on sapphire substrates.  

 

Table III. The parameters of selected samples and parameters of the GLCa band in GaN 

Sample [Ca]  

(cm-3) 

n (cm-3) 

at T = 

100 K 

 (GLCa)             

at T = 

100 K 

 (s) at T 

= 100 K 

Cn (cm3/s) Cp (cm3/s) EA (eV) 

D ~7×1018 SI 0.5 Nonexp. (7±3)×10-14  0.55±0.05 a) 

E ~7×1016 7×1015 0.05 1.5×10-3  (1.1−0.8
+2.9)×10-6 0.47±0.03 b) 

F ~7×1016 1×1018 0.1 1.5×10-5    

G ~7×1016 1.3×1018 0.3 1.2×10-5   0.50±0.02 c) 

MBE-1 2×1016 3×1017 0.2 3.5×10-5    

MBE-2 5×1014 9×1015 0.04 1.2×10-3 (9.5±2)×10-14 (6±2)×10-7 0.49±0.01 b) 

a) From the fit of the T0(Pexc) dependence with Eq. (4) 
b) From the fit of the IPL(T) dependence with Eq. (2) 
c) From the fit of the IPL(ħ) dependence with Eq. (5) 

 

 

All the samples reveal the GLCa band with a maximum at about 2.5 eV, attributed to the CaGa 

acceptor. The shape of the GLCa band was fitted with Eq. (5), and the following parameters were 

found: Se = 8.5, E0
* = 3.02 eV, and max

 = 2.49 eV. Note that acceptable agreement with the 

experimental data can be achieved if the Se and E0
* are varied simultaneously (from 6.9 and 2.97 

eV to 10.4 and 3.07 eV), which results in the following uncertainty ranges: Se = 8.51.7 and E0
* = 

3.020.05 eV.   
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Fig. 3. PL spectra from GaN implanted with Ca (group II). T = 18 K and Pexc = 10-4 W/cm2. 

The PL intensity is in the same relative units as in Fig. 1. The dashed lines are calculated using 

Eq. (5) with Se, E0
*, and 

g

FC
d  given in Table II.  = 0.016 eV for sample G and  = 0.026 

eV for sample F. The circles show the TRPL spectrum for sample F at a time delay of 20 s 

shifted vertically to match the SSPL spectrum. 

 

  In samples of group II, the GLCa band is well resolved (compare Fig. 3 with Fig. 1), so that 

the temperature dependence of its shape and position can be reliably determined. With increasing 

temperature, the GLCa band shifts to higher photon energies and broadens (Fig. 4). The behavior 

was reproducible in several GaN:Ca samples. The FWHM of the PL band, W, increases from 0.43 

eV at T = 18 K to 0.56 eV at T = 320 K. The dependence is fitted with Eq. (6) with the effective 

phonon energy e
  as the only fitting parameter (Fig. 4). The obtained value of ħe = 40 meV  

is typical for acceptors in GaN.3  
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Fig. 4.  The temperature dependences of the FWHM and max
  for the GLCa band in GaN:Si 

implanted with Ca and annealed at 1100 and 1200 C. Pexc = 6.5×10-4 W/cm2. The FWHM is 

fitted using Eq. (6) with the following parameters: W(0) = 0.432 eV, ħe = 40.5 meV. 

The temperature dependence of the PL intensity (in arbitrary units) and PL lifetime for the 

GLCa band in samples E and G are shown in Fig. 5. PL lifetime for the GLCa band did not change 

with increasing T from 40 to 100 K in samples F and G (16 and 12 s, respectively), indicating 

that these samples are degenerate n-type. The decay of the GLCa intensity in sample E is 

nonexponential at temperatures below 240 K. This observation agrees with a very low 

concentration of free electrons in this sample (n = 1.6×1016 cm-3 at T = 300 K) and the expected 

predominance of the DAP-type recombination. The effective lifetime was estimated with the 

method suggested in Ref. 37. The dependences are fitted with Eqs. (2) and (3), and an example is 

shown in Fig. 5. The (T) dependence for sample E has a wide range and thus provides the most 
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reliable values of the fitting parameters. We obtained EA = 0.470.03 eV and   62.9

0.8
1.1 10

p
C




 

cm3/s. For other samples, the uncertainty of the parameters is much larger. 

 

Fig 5. Temperature dependence of PL intensity and PL lifetime for sample E (undoped GaN 

implanted with Ca and annealed at 1200 C) and sample G (Si-doped GaN implanted with Ca 

and annealed at 1200 C). The PL intensities are shifted vertically to match the (T) 

dependences in the region of PL quenching. The line is calculated using Eq. (3) with the 

following parameters: 0 = 0.1, Cp = 1.1×10-6 cm3/s, 0 = 1.6 ms, and EA = 0.47 eV.  

3. The effect of excitation intensity on the GLCa band 

The above analysis of PL spectra was conducted at low excitation intensities to avoid the 

saturation of defect-related PL. We noticed that at low excitation intensities, the GLCa band 

position slightly differs from sample to sample (different ), whereas its shape is invariant (Figs. 

1, 3 and 4). The dependence of the GLCa band maximum on excitation intensity for selected 

samples is shown in Fig. 6.   
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Fig. 6.  The dependence of the GLCa band maximum on excitation intensity.  

 

For the n-type GaN sample (G), the total shift is about 20 meV with increasing Pexc from 10-4 

to 100 W/cm2. This small shift can be explained by the DAP-type transition involving shallow 

donors and the CaGa acceptor. The shift is larger for samples with a low concentration of n and 

semi-insulating samples (up to 0.1 eV). The large shifts are attributed to potential fluctuations or 

other sources of local electric fields in semi-insulating semiconductors.38 After analyzing the 

ħmax(Pexc) dependences in several samples, we concluded that max
 = 2.490.01 eV for 

transitions from the conduction band to the CaGa acceptor in relaxed GaN free from electric fields.   

 

B. Ca-related green band in undoped MBE GaN 

Young et al.12 have demonstrated that undoped GaN samples are contaminated with Ca (with 

concentrations up to 1018 cm-3) when GaN is grown by the MBE method at low temperatures (600-

800 C). We assume that the AL band with a maximum at 2.56 eV observed in undoped MBE-
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grown GaN 3,15,16 is caused by the CaGa acceptor and will provide the evidence for this assumption 

below. 

At T = 18 K, the PL spectrum from the edge region of nominally undoped GaN (sample MBE-

1) shows a strong green band (Fig. 7). The deconvolution of the PL spectrum at 18 K (shown with 

dashed lines) and other temperatures revealed the CaGa-related GLCa band with a maximum at 2.46 

eV and the CN-related YL1 band with a maximum at 2.15 eV. The GLCa band is quenched at T > 

260 K. Its shape and evolution with temperature are nearly identical to those in GaN implanted 

with Ca (Sec. IIIA). The parameters Cn and Cp estimated from Eqs. (1)-(3) are close to those found 

for the Ca-implanted GaN samples, yet the accuracy of these parameters is still not high enough. 

Much higher accuracy can be achieved from the analysis of PL from sample MBE-2. 

 

Fig. 7. PL spectrum from MBE GaN samples at T = 18 K and Pexc = 1×10-4 W/cm2. The dashed 

lines are cauculated using Eq. (5) with Se, E0
*, and 

g

FC
d  given in Table II.  = 0.03 eV for 

the GLCa band, and  = 0.02 eV for the YL1 band. The × symbols show the sum of the two 

calculated curves. 
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The low-temperature PL spectrum from sample MBE-2 contained a very strong exciton band 

and weak defect-related bands (Fig. 7). The strongest peak at 3.475 eV with the FMHM of 3.5 

meV is identified as donor-bound exciton (DBE), and a peak at 3.482 eV is attributed to the free 

exciton (FE). The assignments are confirmed by the evolution of the PL spectrum with 

temperature. The shift of the peaks by 4 meV from their positions in bulk GaN (3.471 and 3.478 

eV)3 is caused by a small biaxial strain. The two-electron satellite (TES) and longitudinal-optical 

(LO) phonon replicas of the DBE and FE peaks are observed and, along with high IQE and small 

FWHM, indicate a high quality of the GaN layer. The IQE of the exciton emission is estimated as 

0.06 from a comparison of the integrated PL intensity with that of calibrated GaN samples (note 

that the relative efficiency of the near-band-edge emission is typically underestimated because of 

the self-absorption effect 2). The defect-related PL is very weak, with a total IQE of 0.04 in the 

limit of low excitation intensity at T = 18 K.  

With increasing temperature from 18 to 100 K, the exciton emission intensity dramatically 

decreases, while the intensities of defect-related PL bands increase by a factor of ~5. This 

transformation can result from competition for holes in n-type GaN, where the quenching of a 

recombination channel with IQE close to unity (the exciton emission in this case) results in the 

enhancement of emissions from other recombination channels.2 At T > 80 K, the GLCa and YL1 

bands can be reliably resolved in the PL spectrum (Fig. 8). The GLCa band is quenched at T > 250 

K, while the YL1 band intensity does not change up to 320 K.  
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Fig. 8. PL spectrum from sample MBE-2 at T = 100 and 300 K and Pexc = 2×10-5 W/cm2. The 

dashed lines show the shapes of the YL1 and GLCa bands at 100 K calculated using Eq. (5) 

with Se, E0
*, and 

g

FC
d  given in Table II ( = 0). The × symbols show the sum of the calculated 

PL bands. The dotted line shows the typical shape of the YL1 band at 300 K in C-doped GaN 

samples.  

 

 The temperature dependences of PL intensities and PL lifetimes for the GLCa and UVL 

bands in sample MBE-2 are shown in Fig. 9 and fitted with Eqs. (2) and (3). The quenching of the 

UVL and GLCa bands begins at T0 = 110 and 240 K, respectively, and the quenching is not tunable. 

At T < T0, the IPL(T) dependences are constant, in agreement with Eq. (2). The PL lifetime of both 

the UVL and GLCa bands slowly decreases with increasing temperature from 60 K to T0. This 

decrease is attributed to the temperature-induced increase in n, while the Cn in Eq. (1) is  

 



23 
 

 

Fig. 9. Temperature dependence of PL intensity (at Pexc = 2×10-5 W/cm2) and PL lifetime for 

the GLCa and UVL bands in sample MBE-2.  The PL intensities are shifted arbitrarily to match 

the high-temperature portions of the (T) dependences. The solid lines are calculated using 

Eqs. (1) and (3) with the following parameters:  0 = 0.043,  Cn = 0.95×10-13 cm3/s,   Cp = 

6×10-7 cm3/s, and EA = 0.49 eV for the GLCa band;  0 = 0.008,  Cn = 3.2×10-12 cm3/s, Cp = 

1×10-6 cm3/s, and EA = 0.19 eV for the UVL band. The dotted lines (coincide with the solid 

lines at T < T0) show the 0(T) dependences calculated using Eqs. (1) and (8) with the following 

parameters: ED = 20 meV, g = 2, NC = 5×1014 cm-3, ND = 2.6×1016 cm-3, NA = 1×1016 cm-3. The 

dashed lines for the IPL(T) dependences are calculated using Eq. (2) with the above parameters 

and 0 = 0.8 ms for the GLCa band and 0 = 36 s for the UVL band. The + and × symbols 

show the (T) dependence for samples E and MBE-1, respectively. 

 

independent of temperature.24 To fit the (T) dependences at T < T0, the n(T) dependence was 

simulated with the following equation 24,39 

21
( ) 4 ( ) ( )

2
A D A An N N N N        

 
.   (8) 
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Here, ND and NA are the concentrations of shallow donors and all acceptors, respectively, 

3/2 1' exp( / )C DN T g E kT   , where g = 2, '
CN  is the effective density of states in the conduction 

band at T = 1 K ( 14' 5 10CN    cm-3K-3/2 for *

00.22m m ), and ED is the donor activation energy. 

From the best fit of the (T) dependence for the UVL band at T < T0 using Eq. (1) with  Cn = 

3.2×10-12 cm3/s (shown with the dotted line in Fig. 9), we found the n(T) dependence for this 

sample. In particular, n = 91015 cm-3 at 100 K and n = 1.51016 cm-3 at 300 K.  

By using the obtained n(T) dependence, we fitted the (T) dependence for the GLCa band at 

T < T0 and found Cn = 9.5×10-14 cm3/s for the CaGa acceptor. The 0 (T) dependences are shown 

with the dotted lines in Fig. 9. At T > T0, the PL quenching and the decrease in PL lifetime 

practically coincide because the PL lifetime is nearly constant in the quenching region. From the 

fit of the IPL(T) and (T) dependences in the whole range of measured temperatures (solid lines in 

Fig. 9), we found EA = 190 meV and Cp = 1×10-6 cm3/s for the UVL band and EA = 490 meV and 

Cp = 6×10-7 cm3/s for the GLCa band.  

The accuracy of the parameters EA and Cp obtained from the temperature dependences of PL 

intensity and PL lifetime is limited by the fact that a small increase (decrease) in the EA can be 

compensated by an increase (decrease) in the Cp, so that the agreement between the calculated and 

experimental data is acceptable. For example, a reasonable agreement is achieved for sample 

MBE-2 with the parameters EA = 0.52 eV, Cp = 2×10-6 cm3/s and EA = 0.46 eV, Cp = 1.7×10-7 

cm3/s. This demonstrates that this method is inaccurate and can lead to errors in Cp by up to an 

order of magnitude. The problem with uncertainty in the parameters EA and Cp exists not only for 

PL results but also in deep-level-transient-spectroscopy (DLTS) analysis.40 The accuracy of these 
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parameters, as will be shown below, can be improved with an analysis of the excitation intensity 

dependences.  

 At T = 100 K, the decays of the UVL, GLCa, and YL1 bands in sample MBE-2 are nearly 

exponential, which indicates that these PL bands are caused by electron transitions from the 

conduction band to the acceptor levels.2,3 The PL lifetimes for these PL bands are 36, 1150, and 

~1000 s, respectively, at T = 100 K. The (P) dependences are shown in Fig. 10. 

 

Fig. 10. Dependence of PL quantum efficiency on excitation intensity for PL bands in sample 

MBE-2 at T = 100 K. The lines are calculated using Eq. (7) with the following parameters: N 

= 1×1014 cm-3, 0 = 0.008,  = 36 s for the UVL band; N = 4.5×1014 cm-3, 0 = 0.043,  = 1.2 

ms for the GLCa band; and N = 6×1014 cm-3, 0 = 0.038,  = 1.0 ms for the YL1 band.  = 

1.2×105 cm-1. 

By fitting these dependences with Eq. (7), we find that the concentration of the CaGa defects is 

4.5×1014 cm-3 in sample MBE-2. The concentrations of the CN and MgGa defects are also very low 

(6×1014 cm-3 and 1×1014 cm-3, respectively),  below the detection limit of SIMS.  For sample  
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MBE-1, the CaGa concentration is determined as 2×1016 cm-3 with the same procedure, close to 

what was obtained in Ref. 16 for similar samples. The accuracy of these concentrations is limited 

by the accuracy of finding the absolute IQE, which is conservatively estimated as plus-minus half 

order of magnitude.41 However, the relative concentrations of different types of defects in the same 

sample are found with much better accuracy because they depend on relative IQE (or integrated 

PL intensities). 

After finding the relative concentrations of the defects responsible for the PL bands in sample 

MBE-2, we can fine-tune the hole capture coefficient for the CaGa defect. Indeed 

   /PL PL

pi pj j i i jC C N I N I ,2 where i is the defect with unknown Cp (CaGa) and j is the defect with 

known Cp (CN and MgGa). By taking Cp = (3.5±1.5)×10-7 cm3/s for the YL1 band and Cp = 

(1.0±0.4)×10-6 cm3/s for the UVL band,2,34,41 and the Ii
PL/Ij

PL (or 0i/0j) ratios from the experiment 

at T = 100 K, we find for the GLCa band that Cp = (1.1±0.4)×10-6 cm3/s from comparison with the 

UVL band and Cp = (0.5±0.2)×10-6 cm3/s from comparison with the YL1 band. We conclude that 

Cp = (6±2)×10-7 cm3/s for the GLCa band. By using this Cp for the GLCa band in the fit of the IPL(T) 

dependence in Fig. 9, we obtain EA = 0.490.01 eV for the GLCa band. 

 

IV. THEORY 

HSE calculations show that CaGa is a deep acceptor, which forms the defect state localized on 

the nearest neighbor nitrogen. Spin densities of two non-equivalent configurations of this defect 

state are shown in Fig. 11, i.e., showing two possible hole localizations on a neutral CaGa acceptor. 

The energy of the hole localized along the wurtzite c-axis [Fig. 11(a)] is 0.08 eV higher than that 

of the hole localized along one of the three equivalent in-plane nearest nitrogen atoms [Fig. 11(b)]. 

The optical transition energies via these defect states are also within less than 0.1 eV from each 
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other. The configuration coordinate diagram in Fig. 12 is calculated for the lower-energy in-plane 

defect state [Fig. 11(b)]. In contrast to other group II acceptors in GaN, such as MgGa and 

BeGa,
27,28,42 we do not find a stable configuration of a weakly localized or anisotropically 

delocalized state for the CaGa acceptor. Relaxation from various symmetry breaking starting lattice 

structures leads to one of the two localized hole states shown in Fig. 11. The Ca-N in-plane bond 

lengths in Fig. 11(a) are 2.21 Å, while the c-axis Ca-N bond along which the hole is localized is 

extended to 2.31 Å. Similarly, in Fig. 11(b), the in-plane Ca-N bond where the hole is localized is 

2.28 Å, the c-axis Ca-N bond is 2.24 Å, and the remaining in-plane Ca-N bonds are 2.21 Å. 

  

Fig. 11. Spin densities of the two configurations of the hole localized on the CaGa acceptor in 

GaN. Isosurfaces of spin density at 10% of the maximum value are shown in yellow. The hole 

is localized along the wurtzite c-axis (a); and along one of the three equivalent in-plane Ca-N 

bonds (b). The crystal structure of the Ca defect in GaN is shown as a ball and stick model, 

with the large blue spheres representing Ca atoms, medium green spheres are Ga, and small 

grey spheres are N atoms.   

 

 Optical transitions via CaGa acceptor are illustrated using the configuration coordinate 

diagram in Fig. 12. The 0/- thermodynamic transition level for CaGa acceptor is computed at 0.7 

eV. Therefore, the acceptor is negatively charged for the Fermi levels above 0.7 eV, as shown by 

(a) (b) 
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the lower adiabatic potential in Fig. 12. Direct vertical absorption energy for the CaGa acceptor is 

calculated to be 3.2 eV, which could be revealed by below-bandgap absorption experiments. In PL 

experiments performed in this work, the above-bandgap excitation creates an electron-hole pair, 

which raises the energy of the system by the energy of the bandgap (3.50 eV). The intersection of 

the neutral defect adiabatic potential with the upper potential of the negatively-charged defect 

reveals a very low barrier (~0.1 eV) for the nonradiative hole capture, i.e., the transition from the 

negative to the neutral charge state of CaGa. Nonradiative capture of the hole by the negative defect 

is shown with a dashed arrow in Fig. 12. From the neutral charge state, the path for the nonradiative 

recombination is blocked by a large potential barrier of about 0.9 eV, i.e., the barrier between the 

bottom of the neutral potential and the intersection of the neutral and lower negative potentials. 

Therefore, the recombination via the CaGa acceptor is predominantly radiative. Direct vertical 

transition corresponding to the PL maximum is calculated to be 2.23 eV, while the ZPL for this 

PL band is predicted at 2.8 eV (Franck-Condon shift of 0.57 eV). (Note that for the c-axis localized 

acceptor state, the calculated PL maximum is at 2.3 eV, and the ZPL is at 2.9 eV). The HSE 

calculated vibrational energies of the excited state (neutral CaGa) and the ground state (negatively 

charged CaGa) are ħe = 28.2 meV and ħg = 34.4 meV. The Huang-Rhys factor for the ground 

state can be obtained by dividing the Franck-Condon shift (dFC
g = 0.57 eV) by the vibrational 

energy (ħg = 34.4 meV): Sg = 16.6.  Similarly, the Huang-Rhys factor for the excited state is 

obtained from the lattice relaxation energy following the resonant excitation (0.38 eV) and the 

vibrational energy of the excited state (ħe = 28.2 meV): Se = 13.5.  
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Fig. 12. Configuration coordinate diagram for the CaGa defect in GaN. The adiabatic potentials 

are obtained by fitting into HSE computed transition energies using harmonic approximation.  

The calculated PL maximum and ZPL are by about 0.25 eV lower than those found 

experimentally. We suggest two possible reasons for this. First, there might be another (weakly) 

localized configuration of the hole on this acceptor, which is missing from our HSE calculations 

and is responsible for the observed PL band. This would be similar to the situation of BeGa and 

MgGa acceptors in GaN, where the weakly localized states produce strong UVL bands, and HSE-

predicted localized polaronic ground states are apparently not observed in PL spectra. Another 

possibility is that the HSE-obtained energies of polaronic defects states, despite being essentially 

self-interaction free in HSE tuning used here, contain an error, which leads to systematically 

shifted results compared to the experiment. Further research into these issues is needed to identify 

the sources of the disagreement. 
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V. DISCUSSION 

The Ca-related green band (GLCa) with the maximum at 2.5 eV is found in GaN implanted 

with Ca and annealed in different conditions. The GLCa band is also present in undoped GaN grown 

at relatively low temperature by MBE and apparently contaminated with Ca, in agreement with 

earlier findings.12,13,14 An unidentified PL band with a maximum at 2.56 eV previously observed 

in GaN layers grown by MBE on freestanding HVPE-grown GaN substrates and named the AL 

band 15,16 is in fact the Ca-related GLCa band. A small difference in positions of the PL band 

maximum (2.50 vs. 2.56 eV) can be explained by less accurate calibration of the PL setup and not 

accounting for the 3 factor in previous works.2 Analysis of n-type GaN samples with relatively 

low concentrations of Ca (implanted samples E, F, G, and undoped GaN sample MBE-2) provided 

the most valuable information about the defect responsible for the GLCa band. 

The GLCa band is attributed to electron transitions from shallow donors (at T < 50 K) or from 

the conduction band (at T > 50 K) to the CaGa acceptor. From the analysis of PL spectra and PL 

quenching, the /0 transition level of the CaGa acceptor is found at 0.50±0.02 eV above the VBM 

at T = 18 K. In semi-insulating GaN samples implanted with high doses of Ca, the band maximum 

is red-shifted by up to 0.1 eV at very low excitation intensities due to local electric fields in these 

samples. From the analysis of the IPL(T), (T), and IPL(Pexc) dependences for several samples, the 

electron- and hole-capture coefficients for the CaGa acceptor are estimated as Cn = (9±2)×10-14 

cm3/s and Cp = (6±2)×10-7 cm3/s, respectively.  

From first-principles calculations using the HSE hybrid functional tuned to fulfill the 

generalized Koopmans condition, the /0 transition level of the CaGa acceptor is found at 0.70 eV 

above the VBM for the in-plane localized defect states (and 0.6 eV for the c-axis localized state), 

with the PL band maximum calculated at 2.23 eV (2.3 eV for the c-axis state). Although our 
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theoretical results are somewhat closer to the experimentally found values than those previously 

reported in the literature,5,6 the reasons for the remaining disagreement are unclear. Parameters of 

the configuration coordinate model obtained from first-principles calculations and from the 

analysis of the experimental PL band shape are summarized in Table IV. In the latter case, Eqs. 

(5) and (6) were used, and it was assumed that Se/Sg =  ħe/ħg.
23 

Table IV. The parameters of the configuration coordinate model 

Parameter E0 (eV) ħmax 

(eV) 

Se Sg ħe 

(meV) 

ħg 

(meV) 

dFC
e (eV) dFC

g (eV) 

Theory 2.80 2.23 13.5 16.6 28.2 34.4 0.38 0.57 

Experiment 3.00±0.02 2.50±0.02 8.5±1 10.5±1.5 40±5 50±5 0.34±0.08 0.53±0.03 

 

Our experimental results agree with earlier findings. In particular, the 2.5 eV band with the 

shape and properties similar to the GLCa band was observed after implantation of GaN with Ca.7,8,9 

Chen and Skromme observed a green band with a maximum at 2.35 eV in Ca-implanted GaN.10 

This band is known as the GL2 band and is attributed to the isolated nitrogen vacancies.23 The VN 

and VN-related complexes are often observed in implanted GaN.33,43 A red band with a maximum 

at 1.8 eV observed by us (Fig. 1) and by Monteiro et al.8 in Ca-implanted GaN is caused by the 

VNCaGa complex.33 A yellow band with a maximum at 2.2 eV 11 is most likely the C-related YL1 

band due to contamination of GaN.2 

 

VI. CONCLUSION 

The green (GLCa) band with a maximum at 2.5 eV in GaN is caused by electron transitions 

from shallow donors (at T < 50 K) or from the conduction band (at T > 50 K) to the /0 level of 

the CaGa acceptor located at 0.500.02 eV above the valence band. The electron- and hole-capture 
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coefficients for this defect are Cn = (9±2)×10-14 cm3/s and Cp = (6±2)×10-7 cm3/s, respectively, and 

they are independent of temperature. In undoped GaN grown at relatively low temperatures (600-

800 C), the contamination with Ca is responsible for the GLCa band, which was previously labeled 

the AL band.15,16 The GLCa band can be detected in PL spectra when the concentration of Ca is as 

low as 1014 cm-3 due to the large hole-capture coefficient. The quantum efficiency of the GLCa 

band approaches unity in GaN implanted with high doses of Ca and annealed under ultra-high 

nitrogen pressure. First-principles calculations predict the ionization energy and the PL band 

maximum at 0.7 and 2.23 eV, respectively.  
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