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triethylamine or aluminum chloride.15 Compared with the 
known procedures, the present method of using cation rad
icals is simpler and more efficient.
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The preparation and photoluminescence properties of ZnGa2O4: Mn phosphor are presented. Under 254 nm ex
citation Zu】 xMnxGa2O4 exhibits the green emission band at 506 nm wavelength and maximum intensity where 
x=0.005. The manganese activated ZnGa2O4 phosphor prepared by the polymerized complex method shows a 
remarkable increase in the emission intensity and is smaller particle size than that prepared by conventional 
method. Also, electron paramagnetic resonance study on ZnGa2O4: Mn powders indicates that the increase in 
emission intensity after firing treatment in mild hydrogen reducing atmosphere is due to the conversion of the 
higher valent manganese to Mn2+.

Introduction

In the past few years special attention has been paid to 
ZnGa2O4 based phosphors due to their potential applications 
as luminescent materials in flat panel displays (FPDs), elec
troluminescent (EL) devices and AC plasma (ACP) panels.1 
A current research interest in the area of luminescence and 
display technologies is the development of both novel and 
improved phosphor synthesis techniques. High resolution, 

short decay time, high brightness, and high efficiency are 
the major requirements of phosphors used in flat panel dis
play devices such as field emission displays (FEDs).2

The ZnGa2O4 phosphor has been studied for its good lu
minescent charateristics at low voltage. The ZnGa2O4 is a 
compound oxide of ZnO and Ga2O3 as the spinel structure, 
and optical band gap is about 4.4 eV. Also, the results of 
high temperature operating lifetime test have been proven to 
show the excellent stability of this phosphor. In addition, 
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ZnGa2O4 phosphor shows emision from green to red when 
it is doped with Mn and Cr, and also shows blue emission 
even without being doped with impurity. The luminescent 
properties of phosphors are strongly dependent on the par
ticle size and crystal structure, and the preparing conditions 
may be controlled to achieve better luminescent properties. 
Conventional phosphor synthesis techniques cannot always 
achieve these requirements. Conventional however, powder 
process has some disadvantages such as high temperature 
firing, need for mechanical particle size reduction and long
er heating schedules. This leads to defects in the system 
and no doubt affects the efficiency of the phosphor powder.

Therefore, in this paper the "polymerized complex meth
od", a novel ceramic synthesis technique, was introduced to 
produce the manganese activated ZnGa2O4 with improved 
luminescent properties. Polymerized complex method, was 
first documented by Pechini,3 appeared promising for ceram
ics because of its success in producing fine particle size, 
multicomponent, homogeneous ceramics at considerably 
lower temperatures and with reduced processing time.4

Experimental

Preparation of phosphor. Phosphors with the gen
eral formulas Zn1_xMnxGa2O4(ZnGa2O4: Mn) with x ranging 
from 0.003 to 0.008 were prepared by polymerized complex 
method. Zn(NO3)2-4H2O (0.00992-0.00997 mole) and Ga 
(NO3)3 xH2O (0.01 mole) were first dissolved into 4 m이e 
of ethylene glycol (EG), and then 0.1 mole of anhydrous ci
tric acid (CA) was added into this solution followed by an 
addition of the stoichiometric amount of Mn(NO3)2-4H2O. 
The mixture was stirred until it became transparent. The 
solution was refluxed for 2 hrs to promote the e아er reaction 
between CA and EG. As the solution became concentrated, 
it turned to be highly viscous indicating the formation of a 
polymeric gel. The viscous polymeric product was dried at 
about 200 °C to remove residual solvent. The precusor thus 
obtained was ground followed by calcination in air at 1000 
°C for 8 hrs., then fired in a reducing atmosphere of 95%N2- 
5%H2 at 900 °C for 1 hr with a flow rate of 10 mL/min.

Identification and Photoluminescence measure
ments. The phosphors were characterized by X-ray dif
fraction analysis using a Rigaku Model DMAX-33 X-ray 
diffractometer with Cu-Ka radiation operating at 35 kV, 15 
mA, and 4° of 20/min scanning rate. The morphology of 
the phosphor was observed by scanning electron micro
scopy (SEM). The photoluminescence measurements of 
polycrystalline samples were obtained using a Perkin-Elmer 
LS 50 luminescence spectrometer. Samples were excited 
with 254 nm radiation from pulsed xenon discharge lamp. 
The emission wavelength was scanned from 300 to 700 nm 
at a scanning rate of 480 nm/min. For measurements of ex
citation spectra the excitation wavelength was scanned from 
200 to 700 nm at the same scanning rate, and the emission 
wavelength was fixed at 506 nm. EPR spectra were re
corded on a Bruker ESP-300E and referenced to DPPH as 
the g-value standard.

Results and Discussion

ZnGa2O4 with the general formula AB2O4 has a spinel 

structure, where A and B are metal cations which occupy 
the tetrahedral and octahedral interstices of the unit cell. 
The ZnGa2O4 is a normal spinel with all of the Zn2+ ions in 
A sites, Ga3+ ions in B sites. Zinc gallate is a promising 
phosphor material for field emission display with low ex
citation voltage.5 Blue emitting ZnGa2O4 and green emitting 
manganese activated ZnGa2O4 phosphors are a possible alt
ernative to the ZnS-based low voltage cathodoluminescent 
phosphors currently used in FEDs.6 ZnS-based phosphors 
have been optimized for operation at high voltages and low 
current densities, but this cause severe saturation and de
gradation of phosphor at low voltage operation.7 This 
causes not only the decrease of luminous efficiency of the 
phosphors but also the deterioration of cathode filament, 
which are serious problems in FEDs. At present, when com
pared with ZnS-based phosphors for FED, the overall lu
minous output of zinc gallate phosphors is less.

Fine particle phosphor is fundamental requirement for 
high resolution displays. We believe that this requirement 
can only be met by improved synthetic methods which 
would yield fine particles of good crystallinity, so th자 the 
high efficiency obtainable with large particle size is retained 
in the system with much high resolution. "Polymerized com
plex method" is to obtain a polyester resin comprising ran
domly coiled macromolecular chains in which various metal 
ions can be unifonnly distributed, as is schematically shown 
in Figure 1. Many of metal ions except monovalent cations 
fom very stable chelate complexes with citric acid, in

Figure 1. Formation of polymerized complex precursor based 
upon ester reaction between metal citric acid complexes and ethy
lene glycol.
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Figure 2. X-ray diffraction pattern of the ZnGa2O4: Mn phos
phor prepared from the polymeric complex precursor.

140

which has three carboxylic acid groups and one alcoholic 
group. Esterification of metal complexes of citric acid oc
curs readily in the presence of ethylene glycol at an ap
propriate temperature (~130 °C), and prolonged heating of 
the mixed solution promotes polyesterification yielding a 
transparent polymerized complex precursor. A matter of vi
tal importance is to have a homogeneous polymeric pre
cursor with exactly the same metal stoichiometry as that of 
the final multicomponent oxides. These remarkable charact
ers in the polymerized complex route provide an advantage 
particularly in the synthesis of complicated multi-com
ponent oxides, in which it is crucial to obtain a homo
geneous precusor with well interspersed elements for a suc
cessful outcome.

Single spinel phase of manganese activated ZnGa2O4 
phosphor was prepared by firing the polymerized complex 
precursor in air at 1000 °C for 8 hrs. The phosphor pre
pared by this method was examined by X-ray powder dif
fraction (see Figure 2). All of the lines indicated in JCPDS 
data files8 are shown in the XRD spectrum. The sample had 
a peach body color and weak green emission (Figure 3, ar
bitrary unit=45) due to highly oxidized manganese(III, IV) 
species, and the second firing in mild hydrogen reducing at
mosphere for Ihr at 900 °C produced powder with a white 
body color and strong green emission intensity (a.u.=645). 
Manganese activated ZnGa2O4 shows a remarkable increase 
in the 506 nm emission intensity by firing in a reducing at
mosphere. In ZnGa2O4: Mn, the increase in emission in
tensity after reduction is possibly a result of the conversion 
of the the highly oxidized manganese(III, IV) species to 
Mn2+ in the four-coordinated position of the spinel lattice.

Figure 3 exhibits the 506 nm emission intensities on Mn 
contents of the ZnGa2O4: Mn phosphors prepared by the 
conventional method. The emission intensity increased with 
the addition of manganese ions, with x=0.005 being the con
centration at maximum intensity. Figure 4 shows the em
ission spectra of the Zn!_xMnxGa2O4 (x=0.005) phosphors 
prepared by polymerized complex method and by the con
ventional method. Although both the methods resulted in 
the 506 nm emission from ZnGa2O4: Mn phosphors, the em
ission intensity of the phosphor obtained by polymerized 
complex method was much stronger than that (a.u.=225) 
prepared by the conventional method.9 In general, the em
ission intensity of phosphor tends to decrease as the particle
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Figure 3. The 506 nm emission intensities of the ZnGa2O4: Mn 
as a function of Mn contents.
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Figure 4. Effect of reduction treatment on the emission spectra 
of ZnGa2O4: Mn phosphor under 254 nm excitation.

size of phosphor decreases.10
Scanning electron micrograph(SEM)s of the phosphor pre

pared by polymerized complex method and conventional 
method are shown in Figure 5. It can be seen, that the par
ticles of the phosphor prepared by polymerized complex 
method are smaller and more homogeneous than those by
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Figure 5. SEM photographs of ZnGa2O4: Mn phosphor pre
pared by polymerized complex method(a) and by conventional 
method(b).

conventional method. This difference in the emission in
tensities due to particle size could arise from the difference 
in the damage of phosphor surface and the minimization of
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Figure 6. Excitation spectra of the 506 nm emission from 
ZnGa2O4: Mn prepared by polymerized complex precursor.

Figure 7. Effect of reduction treatment on the EPR spectra of 
ZnGa2O4: Mn phosphor at room temperature. The DPPH stan
dard value is denoted by the arrow.

contamination of impurities in the preparation process of 
phosphor. These agree to the fact that the emission intensity 
of phosphor under UV excitation is dependent on the sur
face condition of phosphor.11

The excitation spectra of ZnGa2O4: Mn phosphor are 
shown in Figure 6. The emission has been fixed at 506 nm. 
The first part, between 200 nm and 300 nm, corresponds to 
the host lattice absorption of ZnGa2O4: Mn spinel. In ad
dition, various weak bands are observed around 460, 500, 
506, and 520 nm due to the manganese transitions. These 
band intensities tend to increase as the manganese contents in 
the phosphor increase. According to report by A. Morell and 
N. El Khiati12 for divalent manganese, these transitions occur 
by splitting of the 4D and 4G levels due to the crystal field.

Figure 7 shows the effect of reduction treatment on the 
EPR spectra of ZnGa2O4: Mn phosphor prepared by p이ym- 
erized complex method. The spectrum of fired raw phos
phor (see Figure 7(a)) seems to consist of two manganese 
species with g values close to 2.00, each coupled to the 
manganese nuclei (55Mn, 1=5/2). The strong sixtet and weak 
multiplet hyperfine signals in the spectrum (a) indicate that 
the majorities of manganese species could be Mn2+ and the 
small portions be Mn(III) or Mn(IV). While, the trivalent 
manganese species show EPR-silent at room temperature 
due to short spin-lattice relaxation time.13 Therefore the 
weak hyperfine signals in the spectrum seem to couple un
paired d electron of Mn4+ with the manganese nuclei. Thus, 
the spectrum also supports the presence of highly oxidized 
manganese(IV) species in the ZnGa2O4 host lattice. The ef
fect of reducing atmosphere in the spectrum Figure 7(b) is 
the increased Mn2+ signals with disappearing weak Mn4+ sig
nals. This spectra indicate that Mn4+ in the raw phosphor aft
er a reducing firing could changed to Mn2+, causing a re
markable increase in the emission intensity.
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Conclusions

The manganese activated ZnGa2O4 phosphor was prepar
ed by the polymerized complex method to improve the pho- 
toluminesence properties of the phosphor. The ZnGa2O4: 
Mn phosphor prepared by this method shows a remarkable 
increase in the emission intensity than that prepared by con
ventional method. Therefore, the polymerized complex meth
od is an available process for the preparation of phosphor 
since homogeneous particles in a small size level can be 
easily prepared without pulverizing process. Also, the in
crease in emission intensity after a reducing firing is a 
result of the conversion of the highly oxidized manganese 
(IV) to Mn2+.
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LiMn2O4 powders were prepared by burning and subsequent calcination of PEG-metal nitrate precursor. After the 
burning stage of the precursor, some minor phases such as Mn2O3 (or Mn3O4), MnO, and carbonate were formed 
and single phases of LiMn2O4 were obtained by further calcinations above 400 °C. From thermal analysis of the 
precursor, a violent thermal decomposition, which was indicated by a drastic weight loss accompanied by a sharp 
and strong exothermic peak, was observed and probably caused by an oxidation-reduction reaction between ox
idizer and fuel. The formation of the minor phases could be explained in terms of the burning behavior of the pre
cursor by employing valence concepts of propellant chemistry. The calcined powders were composed of sub- 
micron-sized but highly agglomerated particles and showed very broad particle size distribution.

Introduction

The spinel LiMn2O4 and the layered compounds LiCoO2

fTo whom correspondence should be addressed 

and LiNiO2 are the most widely studied cathode materials 
for Li ion rechargeable batteries.1,2 Among these lithium 
transition metal oxides, LiMn2O4 has attracted a good deal 
of research because of its economical and environmental ad
vantages; Mn is abundant and significantly cheaper than Co


