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Abstract: We have synthesized a series of Eu2+ and Eu2+/Tb3+ activated novel GdAl12O18N 

oxynitrides phosphors by traditional solid state reaction. The crystal structural and 

photoluminescence properties of GdAl12O18N:Eu2+/Tb3+ phosphor are investigated. Rietveld 

structure refinement and photoluminescence properties of the obtained phosphor indicate that the 

GdAl12O18N host has only one kind of Gd sites. GdAl12O18N:Eu2+,Tb3+ samples exhibit a blue 

emission band peaking at 460 nm and a green line peaking at 550 nm, originating from the Eu2+ 

and Tb3+ ions, respectively. This energy transfer from Eu2+ to Tb3+ was confirmed by the decay 

times of energy donor Eu2+. In addition, the mechanism of energy transfer from the Eu2+ to Tb3+ 

ions is demonstrated to be a dipole-quadrupole mechanism by the Inokuti-Hirayama (I-H) model. 

All results indicate that the Eu2+ and Tb3+ activated phosphor may be good candidates for blue-

green components in UV white LEDs. 
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1. Introduction 

The solid-state lighting sources based on white light emitting diodes (LEDs) has improved 

to overtake incandescent and fluorescent lighting types because of many advantages such as high 

brightness, ecofriendliness, long-life time, small size, low power consumption and fast response 

time.1-5 At present, the combination of Y3Al5O12:Ce3+ (YAG:Ce) phosphor with blue InGaN chip 

is most frequently used.  However, this method suffers the problems: white emitting color 

changes with input power and low color rendering index due to two-color mixing.6-7 Another 

approach to obtain white light is the combination of UV or near-UV LEDs chips with tricolor 

(red, green and blue) phosphors.8-27 WLEDs fabricated in this way can overcome the above 

problems and produce an excellent color rendering index and easily controll emission color 

properties. Therefore, researchers worldwide have investigated many other chemical compounds 

as suitable phosphors for solid-state lighting. 

Nitride and oxynitride phosphors are newly developed members of the phosphor family, and 

have attracted many interests in recent years since they show good chemical and thermal stability. 

For example, the nitridosilicate activated by Eu2+  is likely to have a large crystal field splitting 

(CFS) and a low centroide level of 5d states of Eu2+ due to the coordination of N3−having high 

covalency (nephelauxetic effect). Therefore, the excitation and emission stemming from Eu2+ 

tends to have a long wavelength, which is suitable for white LEDs. For this reason, nitridosilicate 

phosphors are currently being developed for white LEDs. Typical examples of developed 

nitridosilicate phosphors for white LEDs are CaAlSiN3:Eu,28 La3Si6N11:Ce,29,30 

(Ba,Sr,Ca)Si2N2O2:Eu,31-32 (Ba,Sr,Ca)2Si5N8:Eu,33-36 SrAlSi4N7:Eu,37 α-SiAlON,38 and β-

SiAlON.39 Although a tremendous lot of work has been done on nitridosilicates and 
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nitridoaluminosilicates based materials, little attention has been paid to multinary (oxy)nitride 

systems based on aluminum.  

In this study, we report the structure and luminescence properties of Eu2+/Tb3+ activated 

GdAl12O18N phosphors. The obtained samples have intense broad excitation band ranging from 

250 nm to 410 nm which matches well with the popular UV LED chips. At the excitation of 365 

nm, the GdAl12O18N:Eu2+ can exhibit a blue emission band which extends from 400 to 600 nm. 

In Eu2+ and Tb3+ co-doped phosphor, a series of tunable blue-greenish colors can be obtained by 

varying the relative ratios of Eu2+/Tb3+ in the irradiation of 330 nm. By utilizing the energy 

transfer between the Eu2+ and Tb3+ ions, we got intense blue-green phosphors which can be 

efficiently excited by UV LEDs. Moreover, the energy transfer mechanism between the Eu2+ and 

Tb3+ ions has been investigated systematically.  

2. Experimental Section 

A series of Gd1-x-yAl12O18N:xEu2+,yTb3+ phosphors were synthesized by conventional high 

temperature solid-state reaction. The starting materials Gd2O3 (99.99%), Al2O3 (A.R.), AlN 

(A.R.), Eu2O3 (99.99%), Tb4O7 (99.99%) were weighed in a proper stoichiometric ratio. After 

mixing and grinding in an agate mortar for 15 min, the mixture was placed in a crucible and then 

sintered at 1630 ºC for 4h in a reductive atmosphere (10% H2 + 90% N2). Finally, the prepared 

phosphors were cooled to room temperature and reground for further measurements. 

The phase purity of all samples were identified by powder X-ray diffraction (XRD) analysis 

(Bruker AXS D8), with graphite monochromatized Cu Kα radiation (λ = 0.15405 nm) operating 

at 40 kV and 40 mA. The measurements of the photoluminescence (PL), photoluminescence 

excitation (PLE) were performed with a Hitachi F-7000 spectrometer equipped with a 150 W 
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xenon lamp as the excitation source. Crystal structure refinement employed the Rietveld method 

as implemented in the General Structure Analysis System (GSAS) program.40 The luminescence 

decay curves were obtained from a Lecroy Wave Runner 6100 digital oscilloscope (1GHz) using 

a tunable laser (pulse width = 4 ns, gate = 50 ns) as the excitation source (Continuum Sunlite 

OPO).  

3. Results and Discussion 

3.1. Phase identification and crystal structure 

All the prepared samples were characterized by the powder X-ray diffraction to verify their 

phase purity. Figure 1 demonstrates the typical powder XRD patterns of Gd1-xAl12O18N:xEu2+, 

and Gd1-x-yAl12O18N:0.04Eu2+,yTb3+ samples. They were found to be consistent with the standard 

data of NdAl12O18N (JCPDS 42-1068),41 indicating that our prepared samples are of phase purity 

and the doped ions do not cause any significant change.  

 

Figure 1. XRD patterns of typical prepared samples and standard data for NdAl12O18N (JCPDS 

card no.42-1068). 
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In order to confirm the structure of the obtained samples, Rietveld structure refinement of 

Gd0.96Eu0.04Al12O18N phosphor was performed using the powder diffraction data. Figure 2 

depicts the results of Rietveld refinement pattern of the Eu2+ doped sample. In the refinement, 

 

Figure 2. The experimental (crosses) and calculated (red solid line) powder XRD patterns of the 

Gd0.96Eu0.04Al12O18N sample. The blue solid lines represent the difference between experimental 

and calculated data and the pink sticks mark the Bragg reflection positions. Inset: The 

coordination environment of the Gd3+ ions. 

the previously reported crystallographic data of CaAl12O9(ICSD# 34394) which crystalizes in a 

hexagonal unit cell with the space group P63/MMC was employed as initial structure model. The 

refinement data χ2 = 3.763, Rwp =5.03%, Rp = 3.56% indicate that all atom positions, fraction 

factors and temperature factors well satisfy the reflection condition. For Gd0.96Eu0.04Al12O18N 

sample, the cell parameters were determined to be a = b = 5.565068 Å, c = 21.875742 Å and V 

=586.69 Å3
. Figure 2 inset shows the unit cell structure of Gd0.96Al12O18N:0.04Eu2+ sample 

together with the coordination environments of the Gd3+ sites. As far as we know, there is only 

one kinds of Ca2+ sites with 12-coordination in CaAl12O9 host.42,43 In this case, the new sites are 
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assigned to Gd3+ replace Ca2+ ions and O2- replace N3- ions in their coordination. Therefore, our 

XRD refinement indicate that Gd3+ ions have only one 12-coordination numbers (CNs) as shown 

in Figure 2 inset. Basing on the effective ionic radii (r) of cations, it is demonstrated that Eu2+ (r 

= 1.25 Å) and Tb3+(r = 1.04 Å) are expected to occupy the sites of Gd3+ (r = 1.05Å). 

3.2. Luminescence properties of Eu
2+
- doped materials 
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Figure 3. (a) PL and PLE spectra of Gd0.96Al12O18N:0.04Eu2+ phosphor. (b) Decay curves of 

Gd0.96Al12O18N:0.04Eu2+ phosphor monitored at different wavelengths. 

Figure 3(a) depicts the PL and PLE spectra of the as-prepared Gd0.96Al12O18N:0.04Eu2+ 

phosphor. The sample shows a broad excitation band band from 250 to 400 nm with a maxium at 

300 nm due to the 4f7→4f65d1 transition of the Eu2+ ions. At the excitation of 330 nm, the PL 

spectrum shows an intense blue emission band attributed to the 4f65d1→4f7 transition of the Eu2+ 

ion. With different excitation wavelengths of 280 and 360 nm, there are little changes in the blue 

emission except the emission intensity. This result indicates that Eu2+ ions substitute only one 

site in this system. Decay curves of Gd0.96Al12O18N:0.04Eu2+ are depicted in Fig. 3(b). When 

monitored at different wavelengths, the decay time of Eu2+ does not change, further supporting 

that Eu2+ ions substitute only one site. In order to investigate the effect of doping concentration 

on luminescence properites, a series of Gd1-xAl12O18N:xEu2+ (x = 0.02, 0.04, 0.06, 0.08, 0.10 and 

0.12) phosphors were synthesized. Figure 4(a) shows the variation y of PL intensities of Gd1-

xAl12O18N:xEu2+ with different doping contents. With an increasing Eu2+ doping concenration, 

the blue emission of the Eu2+ increases gradually and reaches a maximum at x = 0.06. For 

samples with Eu2+ dopant content higher than 0.06, concentration quenching is observed and the 

PL intensity is found to decrease with increasing Eu2+ dopant content. The critical distance RC 

between Eu2+ ions can be estimated using the equation given by Blasse:44 

1/3

C

3V
R 2

4πxN
≈

 
  

                                    (1) 

where V is the volume of the unit cell, N is the number of sites that lanthanide ion can occupy in 

per unit cell, and x  is the critical concentration of doped ions. For the GdAl12O18N host, N = 2, 

V=586.69 Å3, and x is 6% for Eu2+; therefore, the critical distance (RC) was calculated to be 
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about 21.06 Å. Since the exchange interaction comes into effect only when the distance between 

activators is shorter than 5Å, the concentration quenching mechanism of the Eu2+ in the phosphor 

is dominated by the multipole-multipole interaction. According to Van Uiter’s report, the 

emission intensity (I) per activator ion follows the equation:45 

( )
-13

/ 1
q

I x k b x = +                                               (2) 

Where x is the activator concentration, I/x is the emission intensity per activator concentration, k 

and β are constants for a given host in the same excitation condition, q = 6, 8 and 10 represent the 

dipole–dipole, dipole–quadrupole, and quadrupole–quadrupole interactions, respectively. By 

modifying the equation, log(I/x) acts a liner function of log(x) with a slop of (-q/3). To get the 

value of q, the relationship between log(I/x) and log(x) is plotted with x ranging from 0.06 to 0.12. 

From Figure 4(b), the q/3 is determined to be 1.62. Accordingly, q is calculated to be 4.86 which 

is close to 6. The result indicates that the concentration quenching mechanism of the Eu2+ 

emission in Gd1-xAl12O18N:xEu2+ host is dominated by the dipole-dipole interaction. 
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Figure 4.  (a) The variation of emission intensity as a function of doped Eu2+ concentration. (b) 

Dependence of log(I/x) on log(x) in Gd1-xAl12O18N:xEu2+ phosphors. 

3.3. Luminescence properties of GdAl12O18N:Eu
2+
,Tb

3+
 phosphor and energy transfer 

between the Eu
2+
 and Tb

3+ 
ions 

 

Page 10 of 22New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 

11

 

Figure 5. The PL and PLE spectra of (a) Gd0.96Al12O18N:0.04Tb3+ and (b) 

Gd0.88Al12O18N:0.04Eu2+,0.1Tb3+  phosphors. 

Figure 5(a) illustrates the PL and PLE spectra of the Gd0.96Al12O18N:0.04Tb3+ phosphor. 

The PLE spectrum monitored at 545 nm exhibits a broad band and several weak peaks. The 

broad band from 200 to 250 nm centered at 230 nm is ascribed to the f-d transitions of the Tb3+ 

ions, while the excitation peaks at 275, 307 and 313 nm are originated from the transitions of 

8S7/2→
6I7/2, 

8S7/2→
6P5/2, and 8S7/2→

6P7/2 of the Gd3+ ions. The peaks in the wavelength ranging 

from 280 to 500 nm are due to the intra-4f8 transitions. At the excitation of 278 nm, the as-

prepared GdAl12O18N:0.04Tb3+ phosphor emits two sets of emissions. The emission peaks at 490, 

543, 581, and 619 nm are assigned to the 5D4-
7FJ (J=6,5,4,3) transitions, while the emission 

peaks at 380, 410, and 430 nm are due to the 5D3-
7FJ transitions. Since there is an overlap 

between the PL spectra of GdAl12O18N:Eu2+ and PLE spectra of GdAl12O18N:Tb3+ phosphors, an 

effective energy transfer from the sensitizer Eu2+ to activator Tb3+ can be expected in the Eu2+ 

and Tb3+ co-doped phosphor. Figure 5(b) shows the PLE and PL spectra of the 

Gd0.86Al12O18N:0.04Eu2+,0.1Tb3+ phosphor. At the irradiation of 330 nm, the PL spectrum 
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exhibits both the Eu2+ and the typical Tb3+ emissions. Monitored at 545 nm which is the typical 

emission of the Tb3+ ions due to its 5D4-
7F5 transition, the phosphor shows absorption of both the 

Tb3+ and Eu2+ ions comparing with the PLE spectrum monitored at 470 nm. As seen from Figure 

5b, the PLE spectrum is similar to that monitored at 545 nm. The above analysis on the PLE and 

PL spectra of the Gd0.96-yAl12O18N:0.04Eu2+,yTb3+ phosphor proves the occurrence of the energy 

transfer from the Eu2+ to Tb3+ ions. 

 

Figure 6. PL spectra of Gd0.96-yAl12O18N:0.04Eu2+,yTb3+ phosphor (y = 0, 0.02, 0.04, 0.06, 

0.08, 0.1 and 0.12) under excitation wavelength of 330 nm. 

Figure 6 shows the PL spectra of the Gd0.96-yAl12O18N:0.04Eu2+,yTb3+ (y = 0, 0.02, 0.04, 

0.06, 0.08, 0.1 and 0.12)  phosphors. With an increasing of the Tb3+ content, the emission 

intensity of the Eu2+ decreases monotonically. However, the intensity of the Tb3+ emission firstly 

increases to a maximum at y = 0.08, then decreases due to the concentration quenching.  
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Figure 7. Decay curves for the luminescence of Eu2+ ions in Gd0.96-yAl12O18N:0.04Eu2+,yTb3+ 

samples. (excited at 330 nm, monitored at 470 nm) 

To further study the energy transfer process, the fluorescence decay curves of the Eu2+ ions 

in Gd0.96yAl12O18N:0.04Eu2+,yTb3+  phosphors were measured by monitoring at 470 nm with an 

irradiation of 330 nm (Figure 7). In donor – acceptor energy transfer system, due to 

nonexponential decay of donor fluorescence intensity ID(t) in the presence of acceptors, we 

define an average fluorescence lifetime of the donors as 46,47 

0
 ( )τ

∞
= ∫D DI t dt

,                           (3) 

where ID0(t) is the decay function of donors in the absence of acceptors, which have normalized 

to its initial intensity. On the basis of equation (3), the lifetimes of the Eu2+ ions are determined 

to be 113, 106, 100, 95.1, 85.3, 79.9, and 74.0 ns for the Gd0.96yAl12O18N:0.04Eu2+,yTb3+  

phosphors with y = 0, 0.02, 0.04, 0.06, 0.08, 0.1 and 0.12, respectively. Energy transfer efficiency 
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ηT between the Eu2+ and Tb3+ ions was also obtained from the decay lifetime by using the 

equation: 

      0

1
τ
τη −=

T

                            (4) 

where the τ and τ0 are the lifetimes of sensitizer (Eu2+) ion with and without the presence of 

activator (Tb3+), respectively. The lifetimes and energy transfer efficiencies are plotted as a 

function of the Tb3+ concentration and shown in Figure 8. The average lifetimes decrease 

monotonously while the energy transfer efficiency increase gradually with the increment of the 

Tb3+ ions. The value of ηT reaches the maximum of 34.9% when y = 0.12, indicating that the 

energy transfer from the Eu2+ to Tb3+ is efficient. 

 

Figure 8. Dependence of the fluorescence lifetime of the Eu2+ and energy transfer efficiency on 

doped Tb3+ molar concentration in Gd0.96-yAl12O18N:0.04Eu2+,yTb3+ samples. 

As described for the Eu2+ singly doped GdAl12O18N part above, for this host, the Rc is 

calculated to be 17.76 Å using Eqn (1), where the value of Xc is defined as the critical 

concentration of dopant ions (total concentration of Eu2+ and Tb3+, approximately 0.10), that is, 
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at which the luminescence intensity of Eu2+ is half of that in the sample without Tb3+. According 

to Dexter’s energy transfer expressions of multipolar interaction and Reisfeld’s approximation, 

the following relation can be given as48,49 

3/0 nC
I

I
∝

                                 (5) 

where I0 is the intrinsic luminescence intensity of the Eu2+ ions, I is the luminescence intensity of 

the Eu2+ ions with the activator (Tb3+) present, and C is the doping concentration of the Tb3+ ions. 

The plots of (I0/I) versus Cn/3 with n= 6, 8, and 10 correspond to dipole-dipole, dipole-quadrupole 

and quadrupole-quadrupole interactions. Figure 9 illustrates the relationships between (I0/I) 

versus Cn/3, and a liner relation is observed when n = 8. This result clearly indicates that the 

energy transfer mechanism from the Eu2+ to Tb3+ ions is a dipole-quadrupole reaction. 

 

Figure 9. Experimental data plots of log{ln[ID0(t)/ID(t)]} versus log(t) of Eu2+ in Gd0.96-

yAl12O18N:0.04Eu2+,yTb3+ samples. The red lines indicate the fitting behaviors. 
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The energy transfer critical distance (Rc) between Eu2+ and Tb3+ ions can also be obtained 

through the spectral overlap method, which can be expressed by the following equation 50,51 

∫×=
4

2128 )()(
10024.3

E

dEEFEF
fR AS

qSC λ
                                 (6) 

where fd is the oscillator strength of the involved absorption transition of the acceptor. It is a pity 

that the oscillator strength of the Tb3+ quadrupole transition (fq) did not obtain up to now. 

However, it was suggested by Verstegen et al. that the ratio fq/fd is about 10-3-10-2, where fd = 

10−6 is the oscillator strength of the electric dipole transitions. λS = 4630 Å is the wavelength of 

the strongest intensity of Eu2+; E is the energy involved in the transfer (in eV), and 

∫ dEEEFEF AS

4/)()(
 represents the spectral overlap between the normalized shapes of the Ce3+ 

emission FS(E) and the Tb3+ excitation FA(E), and in our case it is calculated to be about 

0.009692eV
−5. Accordingly, the Rc value is calculated to be 12.58–16.78 Å, which agrees 

approximately with that obtained by using the concentration quenching method (17.76Å). 

 

Figure 10. CIE chromaticity diagram for Gd0.96-yAl12O18N:0.04Eu2+,yTb3+ phosphors, together 

with their corresponding photographs under a 365 nm UV lamp. 
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Figure 10 shows the Commission International de L’Eclairage (CIE) chromaticity diagram 

for several typical Gd0.96-yAl12O18N:0.04Eu2+,yTb3+ samples, together with their corresponding 

photographs. It can be seen that the emitting colors of the phosphors can be easily modulated 

from blue to green by simply varying the value of y from 0 to 0.12. Accordingly, the 

corresponding CIE coordinates of Gd0.96-yAl12O18N:0.04Eu2+,yTb3+ change from (0.160, 0.196) 

to (0.209, 0.345), due to the different emission composition of the Eu2+ and Tb3+ ions. Thus, 

blue-green emitting phosphors which can be efficiently excited by the UV chips are obtained via 

the energy transfer from the Eu2+ to Tb3+ ions. The Gd0.96-yAl12O18N:0.04Eu2+,yTb3+ phosphor 

may have potential value as blue-greenish phosphors used for UV white LEDs. 

4. Conclusions 

In summary, a series of Eu2+/Tb3+ activated GdAl12O18N phosphors had been synthesized 

and investigated for the first time. The GdAl12O18N host has a hexagonal unit cell with cell 

parameters a = b = 5.565068 Å, c = 21.875742 Å and V =586.69 Å3, and Z = 2. The obtained 

phosphors have a broad excitation band ranging from 250 to 400 nm which can match perfectly 

with the commercial UV LED chips. At the excitation of 365 nm, the Gd0.96Al12O18N:0.04Eu2+ 

phosphors can emit intense blue light with an optimal concentration of the Eu2+ being 0.06. The 

critical distance for the Eu2+ has been calculated to be 21.06 Å and the concentration quenching 

is dominated by dipole-dipole interaction. For the co-doped samples, tunable colors from blue to 

green can be realized by singly varying the doping concentration of the Tb3+ ion at the irradiation 

of 365 nm. The dipole-quadrupole interaction mechanism should be mainly responsible for the 

energy transfer from the Eu2+ to Tb3+ ions. The experimental results indicate that the Gd0.96-

yAl12O18N:0.04Eu2+,yTb3+ phosphor may have promising application in UV white LEDs. 
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Crystal structures, tunable emission and energy transfer of a 
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By tuning the relative content of the doped ions, tunable blue-green emission can be 

obtained by the irradiation at 365 nm.  
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