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Abstract 
We both theoretically and experimentally investigated 
the luminescence wavelength control of the Eu2+-doped 
CaAlSiN3 (CASN:Eu2+). To modify emission wavelength, 
Na-doped and Mg-doped CASN:Eu2+ (NCASN:Eu2+ and 
MCASN:Eu2+) have been studied. According to quantum 
chemistry calculation result, we synthesized 
NCASN:Eu2+ and MCASN:Eu2+. NCASN:Eu2+ and 
MCASN:Eu2+ showed shorter emission wavelength than 
that of CASN:Eu2+.  

 
 

1. Introduction 
 

  White light-emitting diode (LED) has been paid 
much attention because of its low energy consumption. 
To extend the application of the white LED, the 
improvement of the color rendering property is 
necessary. One of the possible ways is to combine 
blue LED with red- and green-emitting phosphors. 
Wide color gamut is, in particular, required for LEDs 
to be used as backlights in liquid crystal displays. 
Therefore, fine-tune control over phosphor emission 
wavelength is necessary for white LEDs. 
  A red-emitting nitride phosphor, Eu2+-doped 
CaAlSiN3 (CASN:Eu2+), was reported [1,2]. This 
phosphor is suitable for combination with blue LED. 

The reasons are high luminescence efficiency with 
blue light excitation and excellent thermal stability of 
luminescence. However, this demands modifying its 
deep-red emission to shorter wavelength so as to 
improve the luminous efficacy of the white LED.  
  The emission color modification of the CASN:Eu2+, 
especially the blue-shift of the emission wavelength, 
has been studied. Watanabe et al. reported that Eu2+-
doped SrxCa1-xAlSiN3 (SCASN:Eu2+) showed shorter 
emission wavelengths than that of the CASN:Eu2+ [3]. 
The emission peak wavelength of the SCASN:Eu2+ 
(Sr0.792Eu0.008Ca0.2AlSiN3) is 627 nm. The emission 
wavelength of the CASN:Eu2+ and SCASN:Eu2+ could 
also be controlled by modifying their Eu 
concentrations [3,4]. The emission wavelength of the 
EuxCa1-xAlSiN3 can be modified from 640 to 690 nm 
by changing Eu concentration [4]. However, the red-
shifting of the emission wavelength by increasing the 
Eu concentration would decrease the emission 
intensity of CASN:Eu2+. Moreover, excessive blue-
shift of the CASN:Eu2+ phosphors causes the decrease 
of color rendering. 

In this study, to precisely control of the phosphor 
emission wavelength, we both computationally and 
experimentally investigated the Eu2+-doped CASNs, 
namely: CASN:Eu2+, Na-doped CASN:Eu2+ 
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(NCASN:Eu2+), and Mg-doped CASN:Eu2+ 
(MCASN:Eu2+).  

 
2. Method 

 
2.1 Calculation Details 
  We calculated the electronic structures using 
periodic quantum chemistry (QC) calculations based 
on the density functional theory (DFT). The DMol3 
program implemented in the Materials Studio version 
3.2 was used. Geometry optimizations were 
performed at the local density approximation level 
employing the VWN functional [5]. We optimized 
only the atomic positions in the calculation model and 
the cell sizes were not optimized. The electronic 
structure calculations for the detailed analysis of the 
optimized structures were performed at the 
generalized gradient approximation level employing 
the PBE functional [6]. The double numerical with 
polarization basis sets and effective core potentials 
were used for all the calculations. The k-point was set 
to 2×2×2 in all the calculations. 
  The models of the CASNs were constructed from 
the structural data in the previous report by Ueda [1]. 
Three models, CASN:Eu2+ (Ca15Eu1Al16Si16N48), 
NCASN:Eu2+ (Ca14Na1Eu1Al15Si17N48), and 
MCASN:Eu2+ (Ca14Mg1Eu1Al16Si16N48), were 
constructed. We put the Eu, Na, and Mg atoms in 
these models at the place of the Ca atoms. The 
distance between the Eu and the Na or Mg atoms is 
3.19 Å in the NCASN:Eu2+ and the MCASN:Eu2+ 
models. Their cell sizes are 9.80 × 11.30 × 10.13 Å. 
Fig. 1 shows our model in this study.  
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Fig. 1 Calculation model: (a) ball-and-stick and (b) 
polyhedron. 
 
2.2 Experiment 
  We synthesized the samples with the nominal 
compositions of Ca0.98Eu0.02AlSiN2.99O0.02 as 
CASN:Eu2+, Ca0.88Na0.10Eu0.02AlSiN2.92O0.07 as 
NCASN:Eu2+, and Ca0.88Mg0.10Eu0.02AlSiN2.99O0.02 as 
MCASN:Eu2+. The syntheses were carried out by a 
solid state reaction using Na2CO3, Mg3N2, AlN, Si3N4, 
Ca3N2, and Eu2O3 as the starting materials. The 

samples were fired at 1600 °C for 4 hours under 0.9 
MPa in N2 atmospheres. 
  We measured their photoluminescence (PL) spectra 
under excitation at 450 nm. We also measured their 
photoluminescence excitation (PLE) spectra by 
monitoring the emission of 660, 656, and 661 nm for 
the CASN:Eu2+, NCASN:Eu2+ and MCASN:Eu2+, 
respectively. To evaluate the optical properties, the 
absorption, internal and external quantum efficiencies 
were measured. Their Commission Internationale de 
l'Éclairage (CIE) 1931 chromaticity coordinates and 
luminosity factors were also calculated. 

  
 

3. Results and discussion 
 

3.1 Electronic structure of CASN:Eu2+ 
  We calculated the electronic structure of the Eu2+-
doped CASNs in the ground states. To evaluate their 
emission wavelength from the QC calculations, we 
focused on the energy gap between the highest Eu 4f 
and the lowest Eu 5d orbitals. The energy gap is one 
indicator of the emission wavelength because the 
electronic and crystal structures in the excited states 
would reflect them in the ground states. 
  Fig. 2 shows the partial density of states (PDOS) of 
the CASN:Eu2+. The valence band maximum (VBM) 
consisted of N 2p. On the other hand, there were large 
contributions of the Eu 5d and Ca 3d orbitals in the 
bottom of the conduction band (BCB). The Eu 4f 
orbitals appeared in the forbidden band. 
  The results of energy level analysis are listed in 
Table 1. The replacement of the Ca atom at the 
neighboring position of the Eu atom by Na or Mg 
atoms increased the 4f-5d gap energy of the 
CASN:Eu2+. The energy level of the lowest 
unoccupied molecular orbital (LUMO), which mainly 
consists of the Eu 5d orbital, and the Eu 4f orbital, 
were both changed by the replacement of the Ca atom. 
The energy level change of the LUMO was larger than 
that of the Eu 4f orbital. 
  The LUMO of the CASN:Eu2+, NCASN:Eu2+ and 
MCASN:Eu2+ are shown in Fig. 3. The connection of 
the wavefunctions indicates the interaction. As we can 
see in Fig. 3, the Eu atom has interactions with the 
neighboring Ca atom in CASN:Eu2+. The 
wavefunctions are spreading in the yz-plane along the 
lined Ca atoms. In the NCASN:Eu2+ and 
MCASN:Eu2+, there is no connection between the Eu 
and Na or Mg atoms. 
  The electronic structure analysis indicated that the 
difference of 4f-5d gap in three Eu2+-doped CASNs is 
caused by the different interaction between the Eu and 
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cationic atoms. In the CASN:Eu2+, there is bonding 
interaction between the Eu 5d and Ca 3d orbitals. This 
bonding interaction decreases the energy level of the 
Eu 5d states. On the other hand, there is no interaction 
between the Eu and Na or Mg atoms. This is because 
the energy levels of the Na 3d and Mg 3d orbitals are 
too high to interact with the Eu 5d orbital. Although 
the Na 3s and Mg 3s orbitals are in more stable energy 
levels than that of the 3d orbitals, the non-
directionality of their spherical shapes are not suitable 
to interact with the Eu 5d orbital. Therefore, when we 
replace the Ca atom by Na or Mg atom, energy level 
of the MO mainly consisted of the Eu 5d orbital, 
would increase by decreasing the bonding interactions 
between the Eu and Ca atoms. The schematics of the 
interaction difference in the CASN:Eu2+ and 
NCASNEu2+/MCASN:Eu2 are shown in Fig. 4.  
  Our QC study revealed that the NCASN:Eu2+ and 
the MCASN:Eu2+ phosphors would show shorter 
emission wavelengths than that of the CASN:Eu2+.  
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Fig. 2 PDOS of CASN:Eu2+ 
 
 
Table 1 Energy level analysis of Eu2+-doped CASNs 

Model VBM 
[eV] 

LUMO 
[eV] 

Eu 4f 
[eV] 

*Gap 
[eV] 

CASN:Eu2+ -7.25 -2.92 -4.78 1.86 
NCASN:Eu2+ -7.13 -2.66 -4.71 2.05 
MCASN:Eu2+ -7.24 -2.76 -4.71 1.95 

*Gap is energy difference between Eu 4f orbital and 
LUMO which mainly consists of Eu 5d orbital. 
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Fig. 3 Calculated LUMO: (a) CASN:Eu2+, (b) 
NCASN:Eu2+, and (c) MCASN:Eu2+. Blue and 
black clouds indicate wavefunction (in color). 
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Fig. 4 Schematics of interaction difference in 
CASN:Eu2+ and NCASNEu2+/MCASN:Eu2: (a) 
CASN model, (b) Ca atom alignment with cross 
section of yz-plane, (c) Eu 5d orbital interaction in 
CASN:Eu2+, (d) Eu 5d orbital interaction in 
NCASN:Eu2+ and MCASN:Eu2+, and (e) energy 
schematics of interactions. 
 
 
3.2 Synthesis and Characterization of CASN:Eu2+ 
  Our QC calculation suggested that we could control 
the emission wavelength by modifying the interaction 
between Eu and surrounding cationic atoms. 
Therefore, we synthesized and characterized the 
CASN:Eu2+, NCASN:Eu2+ and MCASN:Eu2+ 
phosphors.  
  The PL and PLE spectra are shown in Fig. 5 and 6, 
respectively. Table 2 lists observed optical properties 
of the Eu2+-doped CASNs. 
  As we can see from Fig. 5 and Table 2, the emission 
peak of the NCASN:Eu2+ phosphor is shorter than that 
of the CASN:Eu2+. The dominant wavelengths were 
also shifted to shorter wavelength by the Na-
substitutions. The Mg-substitution also shortened the 
peak and dominant wavelengths. The shift in 
magnitude of the experimental peak of the emission 
wavelength is in agreement with the calculated energy 
gap between them. As listed in Table 2, the CIE x and 
y values of the CASN:Eu2+ were slightly changed by 
the Na- and Mg-substitutions. 
  The emission intensity by the excitation between 
400 and 600 nm were maintained by the Na- and Mg-
substitutions as shown in Fig. 6. The Na-substitution 
resulted in comparable internal and external quantum 
efficiencies of the CASN:Eu2+ phosphor. On the other 
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hand, the CIE luminosity factor of the NCASN:Eu2+ 
markedly increased owing to the blue-shifting of the 
emission wavelength. The Mg-substitution led to 
increasing both the quantum efficiencies and the CIE 
luminosity factor of the CASN:Eu2+ phosphor. 
  We have experimentally achieved the fine 
modification of the emission wavelength of the 
CASN:Eu2+ by the Na-substitution and the Mg-
substitution for Ca atoms. Moreover, the Na- and Mg-
substitution for the CASN:Eu2+ did not impair the 
visible light excitation property, which is important 
for white LED applications. 

 
 

4. Summary 
 

  We both computationally and experimentally 
investigated the Eu2+-doped CASNs for the precise 
control over the emission wavelength.  
  The electronic structure of the Eu2+-doped CASNs 
offered us a strategy to modify the emission 
wavelength. By changing the bonding interactions 
between the Eu 5d and surrounding alkaline earth  
(n-1)d orbitals, the energy level of the Eu 5d orbital is 
efficiently modified.  
  The synthesized NCASN:Eu2+ and MCASN:Eu2+ 
showed the shorter peak emission wavelength than 
that of the CASN:Eu2+. In addition, the intensities of 
the NCASN:Eu2+ and MCASN:Eu2+ were same as the 
CASN:Eu2+ phosphor. 
  We have succeeded in the precise emission 
wavelength control of the CASN:Eu2+ by Na- or Mg-
substitutions without losing the emission efficiency. 
 
 
Table 2 Optical properties of Eu2+-doped CASNs 

Model **1 **2 **3 
*Abs. (%) 82.8 82.5 82.8 
*QEint (%) 73.8 72.3 76.8 
*QEext (%) 61.1 59.7 63.6 
*λpeak (nm) 661.2 656.2 660.6 
*λdominant (nm) 618.5 613.3 616.4 
*CIE x  0.688 0.675 0.683 
*CIE y 0.312 0.324 0.316 
*CIE Y(rel %) 100.0 124.1 113.0 

*Abs.: absorption efficiency, QEint: internal efficiency, 
QEext: external efficiency, λpeak: peak emission 
wavelength, λdominant: dominant wavelength, CIE x: x 
value in CIE 1931 chromaticity coordinate, CIE y: y 
value in CIE 1931 chromaticity coordinate, CIE Y: 
CIE luminosity factor with relative percentage 
**1:CASN:Eu2+, 2:NCASN:Eu2+, 3:MCASN:Eu2+. 
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Fig. 5 PL spectra of Eu2+-doped CASNs 
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Fig. 6 PLE spectra of Eu2+-doped CASNs 
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