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Abstract 

A new green phosphor, (Mg1-x-yZnx)Al2O4:Mn2+
y (0 � 

x � 0.6, 0.001 � y � 0.01 ), was synthesized by a 

flux-assisted solid reaction and its vacuum ultraviolet 

(VUV) excitation and emission characteristics were 

examined in this study. The chromaticity and peak 

intensity of the (Mg0.79Zn0.2)Al2O4:Mn2+
0.01 (x = 0.177, y 

= 0.745) phosphor were found to be more desirable than 

that of Zn2SiO4:Mn2+ (x = 0.216, y = 0.72) phosphor as 

a green primary color. 
 

 

1. Introduction 

 

PDPs are emissive devices similar to older technologies 
such as cathode ray tubes. PDPs use visible rays from 
phosphors excited by vacuum UV (VUV) radiation of 147 
and 172nm that is generated by discharging mixed gas in 
red (R), green (G) and blue (B) cells. The luminous 
efficiency of a PDP depends on various factors including 
the materials used in its fabrication (i.e., phosphor type, the 
gas mixture, the dielectric layer material, and the reflective 
layer material) as well as the cell dimensions, the size and 
shape of electrodes, the waveforms and the operating 
voltage.1.2 R, G and B phosphors are critical, because they 
determine the picture quality of the PDP. The green 
component is particularly important, because perception in 
the human eye lies more toward green in the visible 
spectrum. Green phosphors can also improve the color 
point of white light and boost the overall brightness of the 
display device. 

Another issue for developing new green phosphor is in 
3D-display application. In order to generate 3D-PDP, the 
following three elements are required: 1) realization of 120 
Hz high-speed operation technology; 2) application of 3D 
image decoding and scaling technology; and 3) control of 
optical characteristics of the phosphor such as luminance 
and decay time. When the above elements are achieved 
with one another, a perfect 3D image can be generated. 

Table 1 shows the decay time characteristics of 
commercial phosphors. Unlike the blue phosphor, green and 

red have a relatively long decay time of about 10ms. In 
particular, the long decay time of the green phosphor has 
presented problems for achieving high definition and high 
resolution in existing 2D-PDP devices. Obviously, it is 
necessary to reduce this decay time in order to generate 3D-
PDP. Although at least 16.67 ms per TV frame are needed 
to create one screen with 60 frames/second, the existing 
2D-PDP has ample time to radiate a phosphor because it 
uses one entire frame each for operation and radiation. 
However, for a 16.67 ms TV frame, 3D-PDP must employ 
separate images for the left and right eyes. So roughly half 
of that time (8 ms) is needed for each individual image. 
Consequently, only a very short time of 2~4 ms can be 
given to phosphor decay. Therefore, since existing 
phosphors have a decay time of 5~11 ms, development of a 
phosphor with a reduced decay time of 2~4 ms, and the 
same or better luminance and color coordination as existing 
phosphor, is essential. 

Spinel oxides, including AB2O4, are of great interest to 
many scientists due not only to their electronic and 
magnetic properties, but also for their use in optical 
applications. Among these oxides, alkaline earth aluminate 
and gallate are luminescent materials with superior 
transparency and chemical stability. Therefore, these 
compounds are promising as luminescent materials for 
harsh environments under plasma conditions.3 In addition, 
it is possible to obtain red-, green- and blue-emitting 
phosphor from ZnAl2O4 and MgAl2O4 by partly 
substituting Zn2+ or Mg2+ with Eu3+, Eu2+ and Mn2+, 
respectively. 

MgAl2O4 and ZnAl2O4 have the chemical formula of 
AB2O4, where A stands for the metal cation that occupies a 
tetrahedral site and B represents the Al that occupies the 
octahedral sites of a cubic packed crystal. The crystal spinel 
structure (AB2O4) consists of a cubic unit cell that belongs 
to the space group Fd3m. The traditional synthesis method 
for the spinel structure (AB2O4) is a solid–solid reaction.4 

The purpose of this study was to find a green phosphor 
with good emission properties by selecting a host lattice 
that would support a Mn activator and would use the Mn-
activated aluminate phosphor instead of the Zn2SiO4:Mn2+ 
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phosphor. We believed that the new green phosphor would 
solve the problems encountered with Zn2SiO4:Mn2+. 

 

TABLE 1. Decay time characteristics of commercial 

phosphors 

 Phosphor Decay time 
Green Zn2SiO4:Mn 

YBO3:Tb 

Zn2SiO4:Mn + YBO3:Tb 

9ms 
11ms 
10ms 

Red YBO3:Eu 
Y(P,V)O4:Eu 

(Y,Gd)BO3:Eu + Y(P,V)O4:Eu 

10ms 
5ms 

6..5ms 
Blue BaMgAl10O17:Eu < 0.1ms 

 

 

2. Experimental  
 

A powder sample of (Mg1-x-yZnx)Al2O4:Mn2+
y (0 ≤ x ≥ 

0.6, 0.01 ≤ y ≥ 0.1) was prepared by the conventional solid 
state reaction method. MgCO3, ZnO, Al2O3 and MnCO3 
were used as the source materials for this reaction. H3BO3, 
B2O3, NaCl, NH4Cl, BaCl2, AlF3 and MgF2 were used as 
flux to facilitate better crystallinity and luminescence. The 
source materials were mixed and milled thoroughly in 
accordance with the stoichiometric ratio of the desired 
phosphor. The mixture was fired at 1300  for 5 hours ℃

under ambient air conditions. After firing, the powder that 
was obtained was reheated in a reducing atmosphere of N2 
(95%) and H2 (5%) by heating to 1100 , 1200  and ℃ ℃

1300  for 8 hours each. The morphology of the particles ℃

was examined using scanning electron microscopy (SEM, 
Hitachi S-3400N). 

The particle phase and crystal structure of the fabricated 
phosphors were identified using X-ray diffraction (Scintag, 
XDS2000) with a wavelength of CuKα (λ= 1.540562Å). 
The optical properties of the prepared phosphors, including 
the emission and excitation peaks, were investigated by PL 
measurements using a VUV excitation Xenon lamp (ORC 
lighting products, LH1751300). Decay curves were 
measured using an oscilloscope and a pulsed Xenon lamp. 

 

 

3. Results and discussion 
 

Figure 1 presents the powder X-ray diffraction (XRD) 
patterns of (Mg0.79Zn0.2)Al2O4:Mn2+

0.01 prepared in a 
reducing atmosphere of N2 (95%) and H2 (5%) by heating 
to 1100 , 1200  and 1300  for 8 hours each. The ℃ ℃ ℃

annealing temperature was optimized for maximal PL under 
VUV excitation. In addition, the PL intensity due to the 
crystallinity is also strongly dependent on the annealing 
condition. 

The patterns of (b), (c) and (d) are in agreement with the 
standard pattern of cubic spinel MgAl2O4 according to the 
Joint Committee on Powder Diffraction Standards (JCPDS) 
as presented in (a). These peaks can be indexed as (1 1 1), 
(2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), (4 4 0) and (5 3 3) 

diffractions. 
The ratios of peak intensities for both the prepared 

powder and the standard were the same. The intensities of 
the XRD peaks increased with an increase in annealing 
temperature and such increases were due to the variation in 
crystallinity of the powders. 

 
 

 

Figure 1. X-ray diffraction (XRD) patterns of 
(Mg0.79Zn0.2)Al2O4:Mn2+

0.01 prepared in a reducing 
atmosphere of N2 (95%) and H2 (5%) by heating to 1100℃, 
1200℃ and 1300℃ for 8 hours each. (a) JCPDS card for 
MgAl2O4 (#21-1152), (b) 1100℃, (c) 1200℃, (d) 1300℃ 
 

 
Figure 2.  Emission spectrum of Zn2SiO4:Mn2+ and (Mg1-x-

yZnx)Al2O4:Mn2+
y
 (x = 0.2, y = 0.01).  

 
 
The representative PL spectrum of (Mg1-x-

yZnx)Al2O4:Mn2+
y (x = 0.2, y = 0.01) phosphor under VUV 

excitation and the dependency of the emission intensity on 
the Mn2+ concentration are shown in Figure 2. The green 
emission from the (Mg,Zn)Al2O4:Mn2+ phosphor may be 
explained by the hυ in  

 
Mn2+ + hυ � Mn3+ + e- 

 
where hυ is the energy needed to cause the photo-

excitation of Mn2+ in (Mg,Zn)Al2O4. The free electrons in 
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the ground state are excited to the localized states within 

the forbidden band. Non-radiative transition decay causes a 

transition from these states to the 4T1 (G) state and then 

radiative transition decay causes a transition to the 

groundstate (6A1). It is known that the Mn2+ produces a 

green emission when located on a tetrahedral site and a red 

emission when located on an octahedral site. Therefore, the 

doped Mn2+ may substitute for the tetrahedral Mg2+ sites in 

the spinel structure. The transition from the upper 4T1 state 

to the ground 6A1 state of tetrahedral-sited Mn2+ ions is 

directly responsible for the green emission line at 515nm to 

525nm.5, 6 

 

 

 

Figure 3. SEM images of (Mg0.79Zn0.2)Al2O4:Mn2+
0.01 

phosphor samples prepared in a reducing atmosphere of N2 

(95%) and H2 (5%) by heating to 1100℃ for 8 hours with 

different kinds of flux: (a) No flux, (b) AlF3, (c) NaCl, (d) 

NH4Cl, (e) BaCl2, (f) MgF2, (g) H3BO3, (h) B2O3.  

 

 

Figure 3 shows the SEM images of 

(Mg0.79Zn0.2)Al2O4:Mn2+
0.01 phosphor samples prepared in a 

reducing atmosphere of N2 (95%) and H2 (5%) by heating 

the samples to 1100  for 8 hours with a different kind of ℃

flux. The particle size control contributes to an 

improvement in panel efficiency through the synergistic 

effects of an increase in the photon extraction efficiency via 

layer reflectivity control and an increase in the plasma 

efficiency via discharge space control, as reported in Cho et 

al.’s work.7 Therefore, the control of particle size 

distribution is one of the important factors from the 

application point of view. In this study, the mole fraction of 

flux material in the reactants was fixed at 2 wt% in each 

case. The particle size and morphologies of the final 

products were largely dependent on the flux types. In order 

to augment crystallite size, a flux component must be 

incorporated into the starting material. Without flux, the 

SEM images indicated small particle size under 1 µm. On 

the other hand, borate materials such as the B2O3 and 

H3BO3 samples produced larger particle sizes ranging from 

1 to 6 µm. 

 

 

 

Figure 4. SEM images of (Mg0.79Zn0.2)Al2O4:Mn2+
0.01 

phosphor samples prepared in a reducing atmosphere of N2 

(95%) and H2 (5%) by heating to 1100℃ for 8 hours with 

H3BO3 flux: (a) No flux, (b) 0.5 wt%, (c) 1 wt%, (d) 2 wt%, 

(e) 3 wt%, (f) 4 wt%. 

 

 

We were able to control the phosphor particle size during 

synthesis by adjusting the contents of the H3BO3 flux. It is 

indicated in Fig. 4 that the particle size was dramatically 

increased by adding more H3BO3 flux to reach a 4 wt% in a 

reducing atmosphere of N2 (95%) and H2 (5%) by heating 

the mixture to 1100  for 8 hours. The contents of the ℃

H3BO3 flux up to 4 wt% produced particles that were larger 

than 6 µm. In this study, the phosphor particle size prepared 

with 0.5wt% H3BO3 produced the best particle size and 

luminance. It has been reported that particle distribution of 

a uniform size ranging from 3 to 7 µm is required for better 

high quality display devices.8 However, more factors than 

small particle size are required to increase the PDP 

efficiency.  
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Figure 7. Effect of H3BO3 flux content on emission 

intensity in the (Mg0.79Zn0.2)Al2O4:Mn2+
0.01 phosphor 

samples. (a) 147nm, (b) 172nm.  

 

 

Figure 5 depicts the relative luminous intensity of 

phosphor particles for different amounts of H3BO3 in the 

reactants prepared in a reducing atmosphere of N2 (95%) 

and H2 (5%) by heating the mixture to 1100  for 8 hours. ℃

As shown in Fig. 7, the optimum emission was obtained 

with a 0.5 wt% of H3BO3 in phosphor and then the intensity 

decreased gradually for (Mg0.79Zn0.2)Al2O4:Mn2+
0.01. With a 

further increase in H3BO3 concentration, however, the 

emission intensity decreased. Therefore, an appropriate 

ratio of H3BO3 is necessary to obtain the optimum phosphor. 

 

 

TABLE 2. Decay time of (Mg1-x-yZnx)Al2O4:Mn
2+

y (x = 

0.2, 0.01 ≤ y ≥ 0.1) phosphor and commercially used 

Zn2SiO4:Mn
2+ 

phosphor 

τ1/10  

147nm 172nm 

Zn2SiO4:Mn 3.54nm 3.8ms 

(Mg0.79Zn0.2)Al2O4:Mn2+
0.01 0.61nm 0.61ms 

(Mg0.75Zn0.2)Al2O4:Mn2+
0.05 0.64ms 0.58ms 

(Mg0.7Zn0.2)Al2O4:Mn2+
0.1 0.70nm 0.66ms 

 

 

The decay time of (Mg1-x-yZnx)Al2O4:Mn2+
y (x = 0.2, 

0.01 ≤ y ≤ 0.1) phosphor with several compositions and the 

decay time of commercial Zn2SiO4:Mn2+ phosphor are 

presented in Table 2. In general, Mn2+-activated phosphors 

have a long decay time due to the forbidden transition 

according to the spin selection rule.9 The main obstacle for 

the use of Zn2SiO4:Mn2+ in a PDP application is its poor 

decay time as well as its high discharge voltage. The 

fluorescent decay time of the prepared (Mg1-x-

yZnx)Al2O4:Mn2+
y phosphor was found to be approximately 

1 ms which is very short compared to that of the 

Zn2SiO4:Mn2+ phosphor. The decay time of the Mn2+ 

luminescence, which ranged from 0.25 ms (ZnS:Mn) to 104 

ms (KMgF3:Mn)10,11, depended primarily on the host 

materials. As mentioned earlier, Zn2+ substitution improved 

the decay time. Within the experimental conditions of this 

study, however, all aluminate phosphors had a single-

exponential decay curve with shorter decay times. 
 

 

4. Summary 

 

For reducing decay time of green phosphor in plasma 

display panel while maintaining the relative luminance and 

color purity of Zn2SiO4:Mn2+, the (Mg1-x-yZnx)Al2O4:Mn2+
y 

(0 ≤ x ≥ 0.6, 0.01 ≤ y ≤ 0.1) phosphor was synthesized by 

using flux fusion method. In our experimental regime, the 

luminance of the (Mg0.79Zn0.2)Al2O4:Mn2+
0.01 phosphor was 

about 84% and 80% of that of commercial Zn2SiO4:Mn2+ 

phosphor under 147 nm and 172 nm excitations, 

respectively. The peak intensity of 

(Mg0.79Zn0.2)Al2O4:Mn2+
0.01 phosphor is higher than 

commercial Zn2SiO4:Mn2+ phosphor, as shown in Fig. 2. 

But, the total luminance of (Mg0.79Zn0.2)Al2O4:Mn2+
0.01 

phosphor is inferior to the Zn2SiO4Mn2+ phosphor due to 

the smaller full width at half maximum (FWHM) of 

(Mg0.79Zn0.2)Al2O4:Mn2+
0.01 phosphor. However, the 

chromaticity of the (Mg0.79Zn0.2)Al2O4:Mn2+
0.01 (x = 0.177, 

y = 0.745) phosphor is very desirable as a green primary 

color compared with that of the Zn2SiO4:Mn2+ (x = 0.216, y 

= 0.72) phosphor. Therefore, the advantages of its 

chromaticity and short decay time make (Mg1-x-

yZnx)Al2O4:Mn2+
y phosphor a potential candidate for use as 

a green emitting phosphor under VUV excitation for 3D-

PDP applications.  
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