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Abstract

Synthesis of the yttrium oxysulfide red phosphor by the flux fusion method was presented. Effects of flux compositions and sintering
conditions on the shape and size distribution of phosphor were studied. In addition, the optimization of firing conditions was also conducted.
After firing phosphor with a flux containing (S + Na;CO3 + LizPO4 + K>,CO3)/(S 4 Li,CO3 4+ K,CO3) at a ratio of 3:1 at 1150°C for
2.5h, Y20,S:Eu’t phosphor was obtained without any Y,03 as a second phase. The nearly spherical phosphor powder exhibited a mean
particle size of 3 um and a rather sharp particle size distribution. Y20,S:Eu®* red phosphor illuminated the most red color light with an
applied probe current density of 0.51 lA/cm?. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Phosphor is defined as material that emits photons with
high luminescence efficiency. The cathodoluminescent
phosphors convert electron energy into visible light and are
used in the display devices as the screen material. Trivalent
rare-earth ions have usually been selected to be used as
activators in line-emitting phosphors because the spectral
emission lines of trivalent rare-earth ions in the host lat-
tice are rather narrow [1,2]. Yttrium oxysulfide doped with
europium (Y70,S:Eu?t) red phosphor is a high efficiency
cathodoluminescent material that is used extensively in the
phosphor screen of display devices. Y20,S:Eut has the
sharper emission lines leading to better colorimetric defini-
tion and higher luminescence efficiency than the other red
phosphors [3,4].

The fabrication of good Y20,S:Eu’* red phosphor is not
an easy task. There are several methods known: (i) reduction
of rare-earth sulfate by Hy or CO [5,6]; (ii) sulfuration of
rare-earth oxide by H» S or CS; [7]; (iii) reaction between an
oxide and a sulfide [8]; (iv) sulfuration of rare-earth oxide
in the atmosphere of N, + H,O + H»S [9] and (v) sulfura-
tion of rare-earth oxide in the flux [10-15]. Among all the
synthesis methods, the sulfuration of a mixture of yttrium
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and europium oxides in the flux is the most important since
it is mass producible. A flux is a material that melts lower
than the solid-state reaction temperature, dissolves one or
more of the components and allows material transport to the
reaction zone, without entering into the solid-state reaction.
Preferably, the end-product should be insoluble in the flux.
The flux materials usually include Na;O3, K»COs3, K3POq4,
etc. [16-20].

The shape and size of phosphor particles are critical in
the fabrication of high quality displayers. Phosphor used in
both CRT and X-ray screen with uniform size distribution
(3—7 pm) of the particles results in the best screen surfaces
[21]. Reducing the particle size gives a higher resolution
[22-24]. Optimizing the particle size distribution will lead
to a higher packing density for phosphor layers, and thus
to a higher resolution, too. Spherical particles also give a
high packing density and the small light-scattering coef-
ficient [25,26]. Thus, the sphere-like phosphor powder is
required.

The fabrication of Y20,S:Eu’t phosphor by flux fusion
method was first proposed by one of the authors, Ozawa
[10,27]. Recently, a preliminary study on spectral proper-
ties of Eu*-activated yttrium oxysulfide red phosphor was
report [28]. In the present study, sphere-like Y,0,S:Eu’+
phosphor was fabricated by flux fusion method. The effects
of various flux compositions on the powder shape and size
distribution were investigated. In addition, the cathodolu-
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Table 1
Composition of starting materials for phosphors

Materials wt. % Remark

Phosphors with flux A

Y03 46.73 Host materials

Eu,03 2.80 Activator

S 2243 Host materials

Na,CO3 16.35 Base materials of flux

LizPO4 9.35 Flux for round particles

K,CO3 2.34 Softening rods
Phosphors with flux B

Y203 49.80

Eu,03 2.98

S 21.94

K,CO;3 2.49

Li;CO3 22.79

minescence properties of the as-fabricated Y,0,S:Eu’t
phosphor would be presented and discussed.

2. Experimental procedures

Europium-doped yttrium oxysulfide was prepared by
sulfide-fusion method. The raw materials of Y,0O3 and
Eu,0O3 were mixed with different compositions of flux,
containing S, Na;COs3, K,COs3, LiCO3 and LizPO4. Two
different flux noted as A and B are listed in Table 1, and
the designation of test samples is shown in Table 2.

The raw materials were fired at temperatures in the range
of 1000-1200°C to undergo a solid-melt reaction between
the rare-earth oxides and Na; S, polysufide. The overall reac-
tion for the forming process of red phosphor, Y,0,S:Eu’™,
can be represented as

Y;,03 + EupO3 + flux (S + NayCO3 + - - )
— Y2058 : Eu’t + flux residue (NasS, + NaySOq)
+gaseous products (HS 4+ SO4 + CO;, + O) (1)

The atmosphere in the heating tube was controlled to
be oxygen-free during firing. The as-fabricated phosphor
powder was examined with a scanning electron micro-
scope (SEM, JEOL 840A, Japan) to investigate the particle
size, particle shape and surface morphology. The phos-
phor powder was further examined with a Laser Particle

Sizer (Analysette 22, Fritsch) to evaluate the particles size
distribution.

The phase and crystal structure of the as-fabricated phos-
phor were identified by means of a X-ray diffractometer
(D/MAX-B, Rigaku, Japan) with a wavelength of Cu Ka
(A = 1.5406 A). The scanning rate was 20/min.

In the luminescence measurement system, the electron
probe was generated and accelerated by the electron gun,
and focused on the phosphor sample with a certain spot
size. The cathodoluminescence spectrum of phosphors was
measured with a Fourier transform analysis instruments, and
the CIE (Commission Internationale de 1I’Eclairage) color
coordinates of phosphor were examined with a colormeter
(Minolta CS-100, Japan).

3. Results and discussion
3.1. Synthesis of phosphor powders

Y,0,S:Eu*t red phosphors were prepared by the flux fu-
sion method, by heating a mixture of Y,03, EuyO3 and flux
to various temperatures ranged from 1000 to 1200°C for dif-
ferent firing times. Fig. 1 shows XRD spectra of phosphors
using flux A after firing between 1000 and 1200°C for 2.5 h.
The phosphor samples fired at either 1000 or 1100°C ex-
hibit peaks corresponding to the Y,O3 phase, as illustrated
in Fig. 1a and b. The XRD lines observed in samples fired
at 1150°C (Fig. 1c) and 1200°C (Fig. 1d) matched those of
Y;,0,S structure given in standard JCPDS files [29]. This
indicates that the starting phosphor materials with flux A
sintered at the temperature below 1100°C fail to completely
convert into the Y,0,S phase and thus there is residual
Y03 left. It is concluded that the firing temperature should
be above 1100°C for phosphor firing with flux A. However,
for starting phosphor materials with flux B (containing
Li»CO3), the sample fired at 1150°C for 4 h exhibits almost
fully Y>0,S without the presence of the Y,O3 phase.

In fact, firing time is also an important parameter, which
has a critical effect on the final product. The firing condi-
tions of phosphors are different for various flux composi-
tions. X-ray analysis gives the evidence that it is necessary
for samples with flux B to be fired at 1150°C for 4 h to effi-
ciently obtain Y,0O3S phosphor host materials. However, for

Table 2
Designation of test samples
Flux Firing temperature (°C)

1100 1150 1200
Pure flux A 1100A 1150A 1200A
Pure flux B 1100B 1150B 1200B
Mixture with flux A:flux B = 1:1 1100A1B1 1150A1B1 1200A1B1
Mixture with flux A:flux B = 2:1 1100A2B1 1150A2B1 1200A2B1
Mixture with flux A:flux B = 3:1 1100A3B 1150A3B 1200A3B1
Mixture with flux A:flux B = 1:2 1100A1B2 1150A1B2 1200A1B2
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Fig. 1. X-ray diffraction patterns of the phosphor containing flux A after
firing for 2.5h at various temperatures: (a) 1000°C; (b) 1100°C; (c)
1150°C; (d) 1200°C.

samples with flux A, the starting materials are totally con-
verted into Y70, S at 1150°C for less than 1h. In addition,
X-ray analysis reveals that for samples with the mixture of
flux A and B fired above 1100°C, Y,0,S phosphors can be
obtained without Y,03 remained.

X-ray diffraction analysis also demonstrates that the
Y,0,S:Eu’t is a hexagonal crystal structure with unit cell
dimensions a = 0.381nm and ¢ = 0.659 nm. This is in
agreement with the ASTM index file for Y>,0,S of 3D§d
(P3m) space group [30,31], in which the point of symmetry
of yttrium site is C3zy (3m). The trivalent europium ion is
expected to occupy the yttrium site in Y20,S:Eu’t since
the ionic radius of Eu* (0.112nm) is slightly larger than
that of Y31 (0.106 nm). Thus, Eu?t substitutes Y31 without
disturbing the crystal lattice.

3.2. Characterization of phosphor powder

For the Y,0,S:Eu* phosphor fabricated by flux method,
the crystal nucleation and growth is associated with the flux
at high temperature. Not only the firing conditions, such as
firing temperature and firing time, but also the flux status
would affect the growth of Y>0,S:Eu3t particles. Ozawa
once reported the growth mechanism of Y,0,S:Eu’* mi-
crocrystallines [25]. By the particle growth model, the rate

of the particle growth (d¢/dr) in the presence of a flux can
be given as follows:

do —AE

s Aexp( T ) 2)
where A is a constant for a given flux and crystal, ¢ the time,
k the Boltzmann constant, T the temperature in K, and AE
is the activation energy which is given by a combination
of Gibbs’ free energy on the crystal surface and activation
energy of diffusion for Y,0;S in the flux. It is assumed
that for the nuclei in the mixed oxide system in the molten
flux, an identical interface structure for the nucleation can
be expected [32]. The activation energy is written as

AE =N(Gy+o0o)k, AEZ=Noi 3)
This implies that the change in free energy is a direct func-
tion of the product of the number of nuclei, N (crystallite);
surface energy, o (the surface area), and the volume of nu-
clei, A. In Kottaisamy’s study [33], the additional compound
such as K3PO4 would increase the surface energy term in
a linear fashion with the concentration of K3POy4 flux. In
this study, It is argued that the additional compound, such as
Li3PO4 in flux A, plays the same role. Thus, the increased
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Fig. 2. Dependence of mean particle size on firing time for samples fired
with different kinds of flux at 1150°C.
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surface energy is expected to slow down the particle growth
rate from Eq. (2).

To discuss the effects of flux compositions on the growth
of Y,0,S:EuT particle, the relationship between particle
size and flux is illustrated in Figs. 2 and 3. For Y;0,S
phosphor fired at 1150°C for 1-4h, as shown in Fig. 2,
the particle growth rate using flux A (contained Li3POy) is
smaller than that using flux B (without containing Li3POy).
Accordingly, with the mixture of flux A and B for phosphor
firing, the particle growth rate and the particle size can be
reduced. Fig. 3 shows the relationship between particle size
and firing temperature for Y,0,S:Eu®* phosphors fired with
different flux compositions for 2.5 h. In Fig. 3, it is apparent
that the mean particle size of phosphor using flux B is larger
than that using either flux A or A3B1. In fact, the addition of
Li3PO4 helps to minimize the mean diameter of the phosphor
product.

The constituent LipCO3 in flux B is observed to reduce
the initial particle size, i.e. nucleus of Y,0,S phosphor
crystal. The initial mean particle size fired at 1150°C for
1 h is estimated about 2.8 um (see Fig. 2), which is smaller
than the Y,0O3 raw material around 5 pum. It is argued that
the dissolution of Y,Os3 particle in the flux takes place.
It is also expected that the Li;COs3 in the flux solution

enhances the ability for dissolving Y,O3 particle. The
initial particle size in flux A containing Na;CO3 fired at
1150°C for 1h is about 4.7 wm which is slightly smaller
than the Y,0O3 raw material (5 wm). It is reported that the
dissolution of a particle of Y,03 which is the seed crystal
for Y20,S crystal nucleation and growth is restricted in a
small domain of the flux solution just covering on particle
[10]. This means that the particle size distribution of the
raw material Y,03 is reproduced in the staring particle
of Y,0,S growth. Fig. 4 is the particle size distribution
(PSD) diagram of samples fired with flux A, B, A2B1 and
A3Bl1, respectively, at 1150°C for 2.5h. The sample using
flux A3B1 exhibits the narrowest distribution with parti-
cle size ranging from 2 to 7 wm without agglomeration or
aggregation.

Shapes of the particle are apparently different by using
different compositions in flux. From SEM photographs (as
shown in Fig. 5), the Y20,S:Eu®* phosphor using flux A
fired at both 1150 and 1200°C exhibits smooth, well formed
polycrystalline particles, although partial particle agglomer-
ation or aggregation is observed.

For samples fired with flux B, they all exhibit the similar
shape, having strong orientation during grain growth. This
means that those particles surrounded with flux B grow
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Fig. 4. Particle size distribution diagram of samples fired with flux A, B, A2B1 and A3B1 at 1150°C for 2.5h.
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Fig. 5. SEM micrographs for samples fired with flux A for 2.5h at various temperatures: (a) 1100°C; (b) 1150°C; (c) 1200°C.
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Fig. 6. Shape morphologies of fired phosphor particles: (a) cubic or column; (b) plate; (c) nearly spherical.

with a predominated orientation. Some of the solid-flux in-
terfaces move more easily than others and interfacial free
energy between these interfaces is varied [34]. The equilib-
rium shape is a polyhedron with the largest facets having
the lowest interfacial free energy. Consequently, the form-
ing shape of the phosphor sintered with flux B is usually
flaky and hexagonal crystalline, as shown in Fig. 6a and b.
However, phosphors fired with mixture flux of A3B1 tend
to form sphere-like particles, as shown in Fig. 6c.

It should be pointed out that the sample preparation for
PSD measurement is critical. For sample fired with flux
A at 1150°C after dispersing by ultrasonic vibration, the
mean diameter from PSD measurement is 11.7 wm. On
the other hand, the mean particle diameter measured from

SEM micrograph is about 5.6 wm. This discrepancy implies
that the powder fired with flux A exhibits some degree
of agglomerates. It is revealed from SEM results that the
agglomerated phosphor powder in sample fired with flux
A is always observed whatever the firing temperature or
firing time is varied. However, in samples with other flux
composition, such as flux B only or mixture of flux A and
B, the agglomeration is diminished.

In consideration of the different characteristics of flux
A and B, it is expected to obtain a phosphor powder with
spherical shape, controlled size, and narrower distribution
in particle size by mixing flux A and B. Among all samples
with different firing conditions as discussed, the one with
flux A3B1 is the most favorable for further application in
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Fig. 7. Relative brightness curve for phosphor powder with different shape morphology as a function of probe current.
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the phosphor screen due to the sphere-like shape and well
dispersion of powders.

3.3. Cathodoluminescence properties of Y2028:Eu>*

It has been discussed that phosphor powders of different
shape and size can be obtained either with controlled fired
condition or with various flux compositions. The shapes
of phosphor particles can be divided into three category:
(1) cubic or column, (ii) plate, and (iii) nearly spherical
particles with smooth and flat surface. In this study, the
sample 1150A4 (6.5 pm) is nearly round, while the sample
1150B2.5 (9.5 wm) is column or cubic, and the sample
1150A3B1 is smaller particle (3.3 wm) with spherical shape.

Physically speaking, particles of different shape might
equally emit brilliant cathodoluminescence under electron
irradiation. Nevertheless, the shape of particles would affect
the emitting light in the case of phosphor screen (transmis-
sion lightness) due to various particles surface facet. In the
phosphor screen, the luminescence light passes through the
phosphor layers and ITO glass to the detector. The round
particles emit cathodoluminescence light uniformly in all
possible directions, indicating that the cathodoluminescence
generated in the particles comes out from random scattering
inside the particles. However, in the case of plate or flaky
particles, the intensities from the basal plane of the plate
particles are rather weak, while strong intensities come
out from the edge of plane particles. This shape effect for
phosphor screen might be attributed to the brightness curve
difference in Fig. 7. The phosphor particles with the nearly
round shape, such as samples of 1200A4 and 1150A3Bl,
exhibit a linear increase of brightness with the applied

67 (a)1_ /1

626 595

626nm/595nm Luminescence ratio

T T v T T M T T
0 1 2 3 4 5 6
Electron probe current density (uA/le)

probe current. However, for the other samples containing
the column and plate shape particles, such as 1100B2.5
and 1200B2.5, there is scattered data in the brightness with
respect to the probe current. In the phosphor screen, each
particle arranged on the first layer on the gun side emits
completely scattered cathodoluminescence light, and the
emitted light is further scattered by the surface of the par-
ticles situated between the emitting phosphor particles and
ITO glass substrate. Thus, completely scattered cathodo-
luminescence light is emitted from the screen. If the light
is not scattered randomly, the anisotropical intensity is de-
tected, such as the case of light scattered in cubic, column
or plate particles. The anisotropical light reflects the scat-
tered data in the measurement of brightness as shown in
Fig. 7 for samples 1100B2.5 and 1200B2.5.

The cathodoluminescent brightness was measured with
the Y,0,S:Eu*t (5wt.%) red phosphor at a constant ac-
celerating voltage (10kV) with various probe currents, as
shown in Fig. 8. It is observed that the cathodoluminescent
brightness of phosphors is saturated under the high probe
current density. Before the saturation of brightness occurs,
the relationship between brightness and probe current is
parabolic dependence. It is thought that the total amounts
of activator centers remain constant in a restricted area of
spot, as the current density exceeds the limit that activator
centers are required, the luminescence source is exhausted
under the high energy density, and a near saturated region
is achieved, as indicated in the right portion of the curve in
Fig. 8.

To appreciate the energy transformation, the depen-
dence curve of luminescence brightness efficiency (Im/W)
as a function of the probe current is shown in Fig. 9. It

o ()T /I

12 40 626" 539

626nm/539nm Luminescence ratio

4 T T v T v T M T T T T
0 1 2 3 4 5 62
Electron probe current density (nA/cm”)

Fig. 11. Luminescence ratio as a function of the applied probe current density: (a) le26/I595; (b) I626/1539.
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appears that the maximum brightness efficiency at 3 Im/W
of the phosphor sample is obtained at a probe current of
250nA, corresponding to the electron probe current density
of 0.51 wA/cm?.

Emission spectra of Eu3t-doped oxysulfide obtained at
room temperature are shown in Fig. 10. The main signals
are observed in the range between 580 and 630 nm, which is
in agreement with the results reported by Kader and Elkholy
[35]. On the basis of known energy levels of the Eu>* ions
and crystal field splitting in Y,0,S:Eu** crystals [30,31],
the strongest red-emission lines at 626 and 617 nm corre-
spond to the transition from 5Dy to 'D; level. The most im-
portant line at 626 nm is the strongest emission line for the
red color. Fig. 11a and b shows the dependence of the lumi-
nescence intensity ratio of both 626:595 nm (Ig26/I595) and
626:539 nm (Ig26/1539) on the applied probe current density.
It indicates that the relative intensities of wavelength among
626, 659 and 539nm vary with electron probe current,
which render cathodoluminescence color shift by modify-
ing probe current density. The fact that the relative intensity
of wavelengths of 539 nm (D, to 'Dy4) and 595nm (°Dg
to 'Dy) increases with the electron probe current means
that the luminescent color changes from red to orange with
increasing applied electron probe current density. It is also
observed that x-coordinates of CIE chromaticity diagram
shift with the increase in the electron probe current, as
shown in Fig. 12. From the color sites in CIE chromaticity
diagram [36,37], when x > 0.615, the color is red in view-
ing, while for x < 0.615, it is reddish orange. In fact, the
maximum value of 6260m/I595nm Or 1626 nm/I539 nm around
250nA (0.51 p,A/cmz) corresponds to the most distinct red
color (CIE coordinates: x = 0.644, y = 0.344) in viewing.

4. Summary

1. Y20,S phosphors doped with Eu’t are fabricated by
flux method. It is necessary for phosphors with flux B

(Li;CO3 4+ NapCO3) to be sintered at 1150°C for 4 h to
efficiently obtain Y,0,S host materials. For phosphors
sintered with flux A (K,CO3 + NayCOs3 + LizPQy), the
starting materials can be completely converted to Y20,S
at 1150°C for less than 1 h.

2. By mixing flux A with flux B at a weight ratio of 3:1,
the final product is the phosphor with an average particle
size of 3 wm. Narrow distribution of particles and nearly
spherical particle are achieved without agglomerates by
sintering at 1150°C for 2.5 h.

3. The as-fabricated Y20,S:Eut (5wt.%) red phosphor
illuminates the most red color light with an applied elec-
tron probe current density of 0.51 wA/cm? (10kV) and
the luminescence brightness efficiency is 3 Im/W. If more
energy is applied by increasing the probe current density,
the phosphor exhibits saturation of brightness and results
in the color shifting from red to reddish orange.
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