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Abstract

The liquid-phase synthesis method for preparing Eu-doped alkaline-earth silicate phosphor particles, which is expected to be applied fo
lighting apparatuses, such as mercury-free fluorescent lamps and flat-plane displays, such as PDP, was investigated. The sols, as the phosy
particle precursors, were synthesized by sol-gel processes under various conditions in the liquid-phase. The patrticle sizes of the sols we
almost uniform, and they were under 200 nm. The metal elements ratio of the sol-particles could be controlled by the initial concentration of
the synthesis solutions. The sol-particles were converted from an amorphous composition into an Eu-doped alkaline-earth silicate phosphor t
heat-treatment at a lower temperature compared to the conventional premixed combustion method. The crystallinity of the phosphor particle
was increased with a heat-treating temperature up to A30But an undesirable aggregation was enhanced at a higher temperature closer
to its melting point (1391C). Therefore, these properties of reactivity and crystallinity at a lower temperature, as the precursors indicated,
are very important characteristics for dispersibility because phosphor particles must be well dispersed in order to apply them to the lamp an
display applications. The phosphor particles showed spectra with an emission pedkatf&d46 nm wavelength and the emission intensity
was sensitive to the composition.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction wavelength for the xenon resonance line compared with

mercury, so the luminance degradation under exposure with

Alkaline-earth silicate (CaMg&Dg) has been expectedto  higher energy VUV emission of xenon gas is a critical prob-

be applied to the host subtracts of the fluorescence materialdem for long lifetime applications, such as fluorescent lamps.
because of its chemical and structural stability. Recently, CaMgSpOg:EL?* has higher stability on durable property
several research projects have been reported on preparing ifor luminance degradatidg] but its luminance performance
with modifications of its particular characteristics through is desired to be advanced by optimizing its chemical and
using novel chemical synthesis methods in the liquid phase physical properties. The synthesis processes of phosphor par-
or solid-state reactions. Eu-doped alkaline-earth silicate ticles require advanced control on composition and particle
phosphor particles (CaMgSde:EW?*) [1,2] are considered  morphology to increase their optical and structural ability.
as one possibility for replacing the conventional blue phos- Additionally, optimization of the diameter and size distribu-
phor for the xenon lamp system. The commercial products of tion of the phosphor patrticles is also a factor that influences
blue phosphor particles are not tuned to a shorter excitationluminescent performancg8]. Some reports indicate that

a uniform shape and size less than a single micrometer

* Corresponding author. Tel.: +81 20 861 8487; fax: +81 20 8618459, ~ aré suited for this shorter excitation waveleng#p], but
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produce these micro-features. These physical propertieswas carried out for as-prepared precursor particles under a
improve the packing density and screen performance of reducing atmosphere (Ar#) in order to reduce Eu ions
the lamps. In addition, these high-performance phosphorsfrom trivalence to bivalence, and to convert precursor par-
should also be optimized for applying to flat-plane displays, ticles from amorphous composite into crystalline phosphor
such as PDP and FE[B]. The liquid-phase synthesis (CaMgSpOg:EL?) particles[7]. The particles shapes were
methods are extensively studied to prepare the uniform fine observed with atransmission electron microscope (TEM) and
particles as these methods excel at controlling the particlesa scanning electron microscope (SEM). The ratio of Si and
composition and morpholod®,7]. Therefore, itis expected  metallic elements in the particles was measured by energy
that the liquid-phase synthesis methods would control the dispersive X-ray analysis (EDAX). X-ray diffraction (XRD)
micro-features on composition, uniformity, crystallinity, patternswere obtained for the as-prepared precursor particles
and morphological characteristics for optimizing phosphor as well as for the heat-treated phosphor particles. The emis-
particles. In this study, the liquid-phase synthesis method sion spectra of the phosphor particles were measured with a
was applied for preparing fine particles of CaMg34:EL?*. spectrofluorophotometer.

2. Experimental 3. Results and discussion

The particles of CaMg$0g:EL?* were synthesized with 3.1, As-prepared precursor particles
the liquid-phase co-precipitation process and the follow-
ing heat-treatment in a reducing atmosphere. Sy}, Fig. 1 shows the TEM photographs of as-prepared
(>95%, Wako Pure Chemical), Si(099.9%, Wako Pure  sol-colloidal fine particles prepared by precipitation reaction
Chemical), Ca(N@)2-4H,0 (99.9%, Wako Pure Chem- using the base catalyst. The sol-particles were homogenous
ical), Mg(NQ3)2-6H,O (99.5%, Wako Pure Chemical), inshape and size. The size of primary particles was less than
Eu(NG3)3-6H20 (99.95%, Kanto Chemical), Caiz2H,O 200 nm. There is no obvious difference in the morphology
(99.9%, Wako Pure Chemical), Mg&bH,0 (99.9%, Wako and body colors between the nitrate and chloride as starting
Pure Chemical), and Eug&6H,0 (99.9%, Wako Pure Chem-  sources. However, solidified gels are obtained by preparation
ical) were used as starting materials without further purifica- with the acid catalyst. When using citric acid as the catalyst,
tion. Atfirst, the stock solutions were prepared by suspending the dried gels were foamy and fragile for pulverization with
Si sources and dissolving metal chlorides or nitrates of alka- a mortar and pestle. This effect was due to the decomposition
line earth and rare-earth into 0.20 8iethanol or water. The  reaction of the citric ion within the Si network in the dried
concentration conditions are summarizedable 1 These gel, which caused the weakening of polymer bonds and
chemical amounts were not settled stoichiometry because itfoaming of gel during the drying process in the 2@oven.
was reported that Si-rich precursors prevent the formation From the synthesis with the SiGas the Si source, cloudy
of impurities in the combustion procefd. The precipita- slurried gel was obtained, as the Si@as not dissolved in the
tion reactions were started by adding the acid catalyst, e.g.,solution.
hydrochloric acid, or the bass catalyst, e.g., aqueous ammo- On energy dispersive X-ray analysis for the well-dispersed
nia, into the stock solutions. The reactions were carried out as-prepared particles obtained by base catalyst synthesis, the
for 48 h at room temperature with agitation using a magnetic ratio of components in sol-particles was almost constant for
stirrer. The precipitates were rinsed with ethanol, and then the several beam spot locations within the TEM bright field
the solvent was replaced by 2-propanol to prevent granula-of each sample. The average values of elemental ratio mea-
tion during vacuum drying in case of using the base catalyst. sured by EDAX for each sample are summarized in the inlet
Meanwhile, the produced gels were dried directly in an oven table inFig. 2 These ratios are almost equal to those of
at 200°C in case of using the acid catalyst. Heat-treatment each component concentration in the stock solutibigs. 2

Table 1
Experimental conditions and composites of resultant products
No. Si source Metal Concentration ¥ 10~2 mol/dn¥) Catalyst Eu/Ca (%) Produced compound Body color
elements Si Mg Ca of product
A00 Si(OGHs)a Nitrate 10 4.5 4.8 Base 3.0 Diopside Grayish
A0l Si(OGHs)a Chloride 10 4.5 4.8 Base 2.0 Diopside White
A02 Si(OGHs)4 Chloride 10 45 4.8 Base 3.0 Diopside White
A03 Si(OGHs)a Chloride 10 4.5 4.8 Base 4.0 Diopside White
B0OO Si(OGH5)4 Nitrate 10 45 45 Acid 3.0 Diopside Grayish
BO1 Si(OGH5)4 Chloride 10 4.5 4.5 Acid 3.0 Diopside White
Cco1 SiQ Nitrate 10 45 45 — 3.0 Diopside/akermanite Grayish

C02 SiQ Chloride 10 4.5 4.5 - 3.0 Diopside/akermanite White
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Fig. 1. TEM photograph of as-prepared precursor particles of AO2 and SEM photograph of heat-treated phosphor particles of BO1.

shows the relationship between the Eu doping ratio in the 3.2. Heat-treated phosphor particles
sol-particles and the Eu concentration in the stock solutions.
The Eu doping ratio was also controlled by the initial con- Fig. 3 shows TG and DTA curves of as-prepared par-
centration of the starting stock solutions. Eu is an activator ticles (sample A02, BO1). TG continues to decrease up to
as a luminescence centre, and its amount for the host crys-about 900 C and total weight loss was about 30% for origi-
tal severely influenced the brightness of light emission of nal gravity. A remarkable exothermic peak was observed on
synthesized phosphor materials. For the Eu-doped alkaline-DTA curves at 900-95€C for the particles except for those
earth silicate phosphor CaMg8ls:EL?™ as the objective of  from the citric acid catalyst system. The particle obtained
this study, the suitable Eu doping ratio is only a few percent from the citric acid system shows extra exothermic peak at
at the most for the substitute Ca ratio. In this method, it is approximately 400C on the DTA curve, which indicates
possible to precisely control the composition of the prod- the combustion reaction of the citric ion. Then, the weight
ucts or amount of additives with the initial concentration loss of the citric acid system was much higher than in other
condition of the stock solutions. The results of TEM observa- systems.
tion and EDAX measurement indicate that there was notany  Fig. 4shows X-ray diffraction patterns of the particles of
detectable variation in composition and shape in synthesizedC01, and A02 before and after heat-treatment. For synthesis
particles. using Si(OGHs)4 as an Si source, the as-prepared precur-
sor particles were amorphous. After heat-treatment at under
800°C, the amorphous phase was consider to have remained

_ — predominant. However, by heat-treatment at over T@O0

% No. % particles were converted into well-crystallized almost single-

% ool T T £ A03 phase_alkalme-earth S|I|cat_e (CaMgS). When u_sing S?@

= A02 573 21.2 208 as a Si source though, calcium salt crystals originated in start-

B 038 e ing materials were predominant under 8@ The XRD pat-

£ tern also shows the presence of not only CaM@gbut also

:: 0.7 /Q{ A02 the contamination of GMgSi,O7 after the heat-treatment

g above 1000C when using Si@. Furthermore, synthesized

s 06 as-prepared particles in liquid phase indicated higher reactiv-

£ e/ ity and constituent homogeneity than solid compound mix-

&= Al ture. The crystallinity of synthesized particles was increased
R T VA TN TR up to 1300°C, but undesirable aggregation was enhanced at

Eu concentration in precursor higher temperature close to its melting point (13€)}. Then,

solution (10-*mol/dm?) the well-crystallized property at the lower temperature is very

Fig. 2. The result of EDAX analysis for as-prepared precursor particles of |mpor_tant because_ phOSphor_par,tldeS mUSt be well _dISpersed
AO1—AO3. for using lamp or display applications. It is hypothesized that
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Fig. 3. TG-DTA curves of as-prepared precursor particles of AO2 and BO1.

liquid phase reactions are hydrolysis of silica, ethyl silicate,
and metal cations if their single elements of each component

react in aqueous solution separately, but the reactions are

actually considered to be co-precipitation reactions, produc-
ing complex compositions containing both Si and metal ions.

3.3. Luminescent property of phosphor particles

Fig. 5 shows the emission spectra of synthesized
CaMgSpOg:ELP" particles of AO2 heat-treated at 120Din
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a reducing atmosphere. The phosphor particles heat-treated
inareducing atmosphere showed aremarkable emission peakig. 5. Excitation and emission spectra of the heat-treated phosphor particles

that corresponds to 4f- 4f65d transition of E&" in the
region of the 400-500 nm wavelength. The main emission
peak was 446 nm, resulting in Blue light emission. How-
ever, the phosphor particles contaminated byMgSi>,O7,
which were produced by a synthesis using&#®the starting
material for the Si source in this work, indicated green-
ish light emission. This was due to the emission peak of
CaMgSi,O7:EL?* being placed at alonger-wavelength com-
pared to that of CaMg8De:EL?*. The peak-intensity on the
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emission spectrum of phosphor particles that had a grayish
body color was significantly lower than that with whitish
body color. Therefore, this grayish body color may indicate
the occurrence of crystal defects, which quench the lumines-
cence emission.

From these results, it is considered that the Eu ion was
doped at the correct site of the single phase crystalline of
CaMgSpOg, and ES* derived form starting compound,
such as chloride reduced to by this synthesis process
using appropriate starting materials, such as Sy@J1 and
chloride salt. Additionally, the doping ratio of Ey which
strongly affects the intensity of luminance, was controlled
by the initial concentration in stock solutions. These results
show that this liquid-phase synthesis method could be applied
to prepare the uniform Eu-doped alkaline-earth silicate phos-
phor CaMgSiOg:EL?*.

4. Conclusions

The liquid-phase synthesis method for preparing Eu-

Fig. 4. XRD patterns of as-prepared precursor particles A02 and heat-treateddOped alkaline-earth silicate phosphor particles CalylgSi

phosphor particles of AO2 and CO1.

Os:EL?*, which is expected for applying inert gas systems,
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such as for mercury-free fluorescent lamps and plasma panelndustrial Technology Development Organization (NEDO)
displays, was investigated. Synthesized sol-particles wereof Japan.

almost uniform, and their size was under 200 nm. The metal

elements ratio of the sol-particles was controlled by the ini-
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