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BaMgAl10017:Eu?t, known as BAM, is a very important blue-emitting phosphor used in plasma display panels

(PDP) and three band fluorescent lamps. In this paper, the Ba0.35MgA110016,g4:Eu3j59 phosphors with different fluxes
(BaF2, MgFs, AlF3, BaCly, MgCly, AlCl3, H3BO3) were prepared by high temperature solid-state reaction method
and the influence of different fluxes on the luminescence of Ba0.85MgA110016,94:Eu3."69 phosphor was studied under

254nm excitation and vacuum ultraviolet (VUV) excitation. It was found that fluorides have better flux effects than

chlorides and H3BOg3. The mechanism of particle growth in the presence of flux in the process of phosphor preparation

is discussed in detail. Particle size distribution and the crystal structure of the phosphors are also analysed.
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1. Introduction

Barium magnesium aluminate (BaMgAl;qO17)
activated by divalent europium ions (Eu?*), known as
BaMgAl;(O;7:Eu?t(BAM), is widely used as a blue-
light-emitting commercial phosphor for three band flu-
orescent lamps and plasma display panels (PDP) due
to its high efficiency and good chromaticity.l! 4! This
phosphor has a broad band emission with the peak at
near 450nm owing to the 4f%5d-4f" transition of the
Eu?* ion both under 254nm excitation and vacuum
ultraviolet excitation. %!

This phosphor has a crystal structure similar
to hexagonal (-alumina, which is well known in
Nag0-11A1,03 compound.
composed of the replacement of Nat by Ba2* and
of the partial replacement of AI*t by Mg2?* in the
Nay0O-11A15,03 crystal, thus attaining the electric
charge compensation. The Eu?t activator is gener-
ally thought to situate at Ba2?* site. But Mishra
et al recently reported that Eu?t activator probably

The matrix crystal is

occupies multiple sites: the Beevers—Ross (BR) site,
mid-oxygen (mO) site and anti-Beevers—Ross (a-BR)
site.[1,78]

Many efforts have been made to elucidate the
crystal structure and phase relation, and many re-
searchers have successfully prepared various analogues
of these compounds including single crystals.[3:]
These research efforts have been facilitated by the
practical application of these phosphors such as flu-
orescent lamps, display devices and so on. Smets
et al have found a true single phase to take the
form BaMgAl;(O;7, which showed good consistent
performances, both in the lamp manufacturing pro-

cess and in lamp operation.[10:11]

However, with re-
spect to the composition of this efficient blue-emitting
phosphor used in lamps and plasma displays, the
Phosphors with

similar but not identical composition were prepared

literature is somewhat ambiguous.

by high temperature solid-state reaction method

including BasMgsAlysO3; (emission at 449nm),[12]

BaMgyAl16027(emission at 450nm)[6] and recently
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BaMg3Al;4O55 prepared by hydrothermal reaction,
which emits at 467nm.[*3] Some researchers have in-
vestigated the luminescence properties of BAM phos-
phors with different Mg2*, AI3* content and phos-
phors with non-stoichiometric ratio were reported in
the literature.'% The luminescence properties of these
phosphors with different Ba?* content were also stud-
ied in our previous work. It was found that Ba?* con-
tent has an evident influence on the luminescence per-
formance of these phosphors, and when £=0.94 there
is a maximum in the relative emission intensities in
Baz_yMgA110016+z:Eu§+ phosphors.

In the process of phosphor preparation, some sub-
stances are added deliberately to help crystal growth.
These substances, which are reactants added deliber-
ately to the raw materials, are called fluxes. Fluxes
are usually compounds of alkali-or alkaline earth met-
als having low melting points. The halides are most
frequently used.[!d] The flux plays a determining role
in the process of particle growth and each flux influ-
ences the particle size and shape in a different way.
Therefore, a combination of fluxes is sometimes used
to obtain products with desired morphology. The se-
lection of flux generally sticks to two principles: one is
that the melting point of flux is lower than the reac-
tion temperature; and the other is that impurity ions
would not be introduced.

In our experiment, the Ba0_85MgA110016_94:Eu(2]_'59
phosphors with different fluxes (BaFg, MgFy, AlFs,
BaCly, MgCly, AlCl;, H3BOj3) were prepared by
high temperature solid-state reaction and the in-
fluence of different fluxes on the luminescence of
Ba0_85MgA110016_94:Eu(2]_J69 phosphor was studied
under 254nm excitation and vacuum ultraviolet
(VUV) excitation. It was found that the fluo-
rides and chlorides have a different flux effect on
H;BO3 was

also studied as flux for comparison. A possible mech-

Ba0_85MgA110016_94:Eu(2]_J59 phosphors.

anism on the function of flux was proposed and dis-
cussed in detail. Particle size distribution and the

crystal structure of the phosphors were also analysed.
2.Experimental procedure

The samples were prepared using BaCO3 (G.R.),
MgO (G.R.), Al(OH); (G.R.), EusO3 (G.R.) as

Vol. 13
starting materials. The fluxes were introduced
from BaFs; (G.R.), MgF; (G.R.), AlF3-3.5H50

(G.R.), BaCl,-2H,O0 (G.R.), MgCly;-6H,0 (G.R.),
AlCl;3-6H,0 (G.R.) and H3BOj3 (G.R.). Appropriate
quantities of the raw materials were mixed accord-
ing to the formula Ba0_85MgA110016_94:Eu(2]_J59 and the
concentration of fluxes was determined according to
the ratios of 10 at.% metal cations from flux com-
pounds to the same type cations in host materials and
the concentration of H3BO3 used as flux is 0.1 mole
per mole of host. Only one type of flux was used in
each sample. And then the mixture of raw materials
(including the fluxes) was ground in an agate mortar
carefully and fired at 1550°C in CO reducing atmo-
sphere for 4h.

X-ray powder diffraction data were collected us-
ing a MXP21VAHF-M21X X-ray diffractometer hav-
ing a CuK «a radiation with the application of an elec-
tric current of 250mA at an accelerating voltage of
40kV. A SPEX fluoroMAX-2 spectrofluorometer was
used to measure the excitation and emission spectra
of photoluminescence and the chromaticity monitored
by an SPR-920C spectroradiometer.
characteristics under VUV excitation were measured
with the help of a PDP-IT VUV spectroradiometer. A

Coulter Multisizer I granularity analyser was used to

The luminous

analyse the particle size distribution.
3. Results and discussion

3.1. Crystal structure

The Ba-poor hexa-aluminate and BaMgAl;(O;7
can form solid solutions because both have exactly
the same structure of S-alumina.['!l X-ray diffraction
spectra of the samples in our experiment at 1550°C fir-
ing temperature are shown in Fig.1. Compared with
the JCPDS card 26-0163, only a single phase with
the (-alumina structure is observed and no extrane-
ous phase is found. All these spectra are quite similar
to each other regardless of the flux type. It is argued
that this single phase has been developed fully in our
preparation conditions and all the samples have the
single (-alumina structure and similar crystallinities

regardless of the flux type.
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Fig.1. XRD spectra of Bag gsMgAl 10016.942EU(2]T)9 with different fluxes (T'=1550°C).

JCPDS card 26-0163 furnishes the cell pa-
rameters of the hexagonal BaMgAl;(Oi7 phase:
a=0.562nm, ¢=2.264nm, c/a=4.0280, v=0.6193nm>.
The x-ray diffraction data in our experiment were in-
dexed using the program TREOR90. Table 1 shows
the indexing results of Ba0_85MgA110016_g4:Eu(2)_'59
with different fluxes at different firing temperatures.
All diffraction peaks have been indexed in all samples.
A careful examination of data in Table 1 shows that
there is a similar tendency in a and ¢ with the change
of flux type. The parameter c¢ is roughly proportional
to a: that is, when there is a larger a, there is also
a corresponding larger c; this must result in a larger
cell volume (v), which can be seen from Fig.2. In ad-
dition, further investigation reveals that the c/a ratio
is connected with the firing temperature. No mat-
ter what type flux is selected, the ¢/a ratio is smaller
at higher firing temperature than that at lower firing
temperature, as showed in Fig.3. When the samples
are fired at 1550°C, the c/a ratios are smaller than
the ones fired at 1400°C regardless of the flux type.
It is notable that when no flux is used the sample has
a largest ¢/a ratio and with H3BOj as flux there is
a smallest ¢/a ratio at the same firing temperature.
Other parameters change in a similar manner for the
samples without any flux and with H3BO3 as flux.
All the ¢/a ratios changed in a small range (4.0189-
4.0242) and there is no abrupt change in the ¢/a ra-
tio (space group P63/mmc), which confirms that all

these samples have the same crystal structure as (-

alumina.[11:12]
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Fig.2. Cell parameters of Ba0.85MgA110016494:Eu3.J69
with different fluxes (T'=1550°C).
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Fig.3. The c/a ratios of Bag.gs MgAl 100164942Eu(2]._|69

with different fluxes.
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Table 1. XRD data index results of Ba0.85MgA110016,g4:Eugf;9 with different fluxes.

Fl Cell Parameters (fired at 1550°C) Cell Parameters (fired at 1400°C)

. a/nm ¢/nm c/a v/nm3 a/nm ¢/nm c/a v/nm3
No Flux 0.5626 2.2640 4.0242 0.6205 0.5623 2.2644 4.0270 0.6201
BaF, 0.5625 2.2622 4.0217 0.6199 0.5624 2.2647 4.0269 0.6204
MgFo 0.5622 2.2614 4.0224 0.6191 0.5629 2.2649 4.0236 0.6214
AlF3 0.5626 2.2639 4.0240 0.6205 0.5620 2.2624 4.0256 0.6188
BaCly 0.5623 2.2609 4.0208 0.6192 0.5624 2.2627 4.0233 0.6197
MgCl, 0.5626 2.2637 4.0236 0.6206 0.5625 2.2643 4.0254 0.6204
AlCl3 0.5622 2.2599 4.0197 0.6185 0.5623 2.2623 4.0233 0.6191
H3BO3 0.5623 2.2598 4.0189 0.6187 0.5621 2.2602 4.0210 0.6185

3.2. Particle size distribution

Practical phosphors must be prepared so that
they can form a dense, pinhole-free coating on a sub-
strate. This property is determined mainly by particle

[16]

size distribution and surface treatment. For fluores-

cent lamp phosphors, the optimum coating thickness

is roughly proportional to its mean particle size: the
smaller the particle size, the thinner the coating can
be. However, when a phosphor is prepared in a condi-
tion that yields fine particles, luminescence efficiency
of the product tends to become lower. Phosphors hav-
ing a small particle size and high efficiency would be

most useful.

Table 2. Particle size distribution of Bag_85MgA110016494:Eu(2)j'69 with different fluxes.

Flux Fired at 1550°C Fired at 1400°C
Mean/pm Median/pm Mode/pum Mean/pum Median/pm Mode/um
No Flux 5.250 5.278 6.023 5.224 5.271 5.030
BaFq 5.789 5.909 6.367 5.662 5.723 6.637
MgFq 6.306 6.452 6.637 5.614 5.737 5.698
AlF3 6.264 6.440 7.213 6.400 6.496 6.279
BaCla 4.428 4.646 5.244 4.928 4.997 5.778
MgCls 4.496 4.751 5.940 4.591 4.793 5.466
AlCl3 4.939 4.973 5.778 4.974 4.989 5.100
H3BO3 6.448 6.502 6.023 5.958 5.855 5.391
Volume

Volume/%

20 30 40

3 4 5678910

Particle diameter/um

Fig.4. Particle size distribution of Bag.gsMgAl10016.94:

Eugf)g (no flux, T=1550°C).

The main parameters of particle size distribu-

tion with different fluxes are shown in Table 2 and
the particle size distribution diagram (without flux,
T=1550°C) is shown in Fig.4.
size of these phosphors is in the range from 4.428

The mean particle

to 6.428um and the median particle size changes in
the range from 4.646 to 6.502um. Phosphors with
this particle size are suitable for fluorescent lamps,
cathode-ray tubes and x-ray intensifying screens.['¢]
From Table 2 and Fig.5, it can be seen that when
fluorides are selected as fluxes, the particle size is a
little larger than that with chlorides as fluxes. With
chlorides as fluxes at 1550°C firing temperature, the
mean diameters of the samples are less than 5.0um,

which are smaller than that of the sample without
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any flux (5.250pm). In contrast, with the fluorides
as fluxes, the mean diameters are greater than 6.0um
(except the case with BaFs as flux: 5.789um), which
are larger than the ones without any flux and with
chlorides as fluxes. The samples with H3BO3 as flux
also have a larger particle size with the mean diameter
of 6.448um at 1550°C firing temperature. Generally,
the higher the firing temperature is, the larger the
particle size will be. However, it is difficult to under-
stand that the samples with chlorides as fluxes have a
relatively smaller particle size at higher firing temper-
ature (1550°C) but have a larger particle size at the
lower firing temperature (1400°C), as shown in Fig.5.
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Fig.5. Particle size of Bao.85MgA110016494:Eug.J69
with different fluxes.

3.3. Luminescence characteristics of the phos-

phors

3.3.1. Emission characteristics under 254nm
excitation

Figure 6 shows the excitation spectra (Aem=
450nm) of Ba0_85MgA110016_94:Eu(2)_'59 prepared with
different fluxes. The excitation spectrum of the blue
fluorescence shows two wide bands with peaks near
277nm and 310nm, respectively, owing to the crystal
field splitting of the Eu?t d-orbital.[*#'7] The proper-
ties of Eu?t and Eu3t have been investigated in some
material systems in literature.'8=22] It can be seen
from Fig.6 that for the samples at 1550°C firing tem-
perature there are strongest peaks near 277nm. How-
ever, the strongest peaks appear near 310nm when the
samples are fired at 1400°C.

Figures 7 and 8 show the emission spectra
(Aex=254nm) of Ba0_85MgA110016_94:Eu(2]_}L)9 with dif-
ferent fluxes at different firing temperature (1400°C
and 1550°C). These spectra contain broad band emis-
sion with peaks near 450nm and halfwidths about
50nm, which corresponds to 4f5d-4f7 transition of
the Eu?* ion. This broad band emission was thought

to be caused by a variety of factors acting either sep-
arately or jointly: namely, multiple luminescent sites,
high inhomogeneity, strong electron—phonon coupling,

reabsorption of emission of one (or more) sites, etc.[1:8]
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Fig.7. Emission spectra of Bag .gsMgAli9Oi6.94:

Eu(2)._|(-)9 with different fluxes.
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From Figs.7 and 8, the emission spectra can be
divided into two groups according to their relative
emission intensities. One is the fluoride group and
the other is the chloride group. The former group
has higher relative emission intensities and the lat-

ter group has lower relative emission intensities. The

relative emission intensities of samples without flux
or with H3BOj3 as flux fall between those of the two
groups, which is obvious in Fig.9 and Table 3. There-
fore, the conclusion can be drawn that the fluorides
have better flux effects than chlorides and H3BOs5.

Table 3. Relative emission intensities and CIE coordinates of Ba0,85MgA110016.94:Eu(2]f"69

with different fluxes.

Fired at 1550°C (254nm excitation) Fired at 1400°C (254nm excitation)
Flux CIE coordinates Relative CIE coordinates Relative
z Yy intensities z Yy intensities

No Flux 0.1466 0.0542 92.1 0.1470 0.0510 85.4

BaF, 0.1478 0.0575 100.0 0.1468 0.0519 89.0

MgF2 0.1467 0.0556 97.6 0.1467 0.0529 90.0

AlF3 0.1472 0.0575 98.5 0.1464 0.0533 89.8

BaCly 0.1443 0.0604 86.2 0.1474 0.0517 45.5

MgCly 0.1464 0.0541 86.7 0.1473 0.0517 49.7

AlCl3 0.1462 0.0547 88.6 0.1469 0.0538 66.3

H3BO3 0.1459 0.0565 95.4 0.1466 0.0565 57.9
£ 100 ticle growth.?4] However, it is generally agreed that
E 00 I /\/’\ - }‘23838 fluxes are usually compounds of alkali or alkaline earth
g e J metals having low melting points and when the fluxes
£ 80 melt, the surface tension of liquid helps particles to co-
é 70[ agulate. The melt also makes it easier for particles to
é' 60 , A\ slide and rotate, provides more chances of particle—
ki [ \ . particle contacts, and promotes particle growth.[']
g S0 \ //”/ Flux accelerates the crystal growth, and sometimes
i sof .L L flux can reduce the activation energy of the crystal
2 No flux BaF; MgF AIF; BaCly MgClz AICI; H3BO; . . .
2 growth in some phosphor preparation, such as in the

Flux
Fig.9. Relative emission intensities of Bag,gs5MgAl10016.94:
Eugj—)g with different fluxes.

Table 3 gives the relative emission intensities
and corresponding CIE chromaticity coordinates of
Ba0_85MgA110016_94:Eu(2]_‘59 with different fluxes. The
relative emission intensities are consistent with the re-
sults shown in Fig.9 when excited at 254nm. As far
as the CIE chromaticity coordinates are concerned, it
is generally agreed that the lower the y value is, the
better performance the blue emitting phosphor has.
Phosphors are practical with y values between 0.06
and 0.10.[23] Phosphors with high y values are usually
thought to have poor thermal stability and some other
defects. From Table 3, it can be seen that the phos-
phors have relatively stable z values (0.1443-0.1472)
and preferable y values (0.0510-0.0605) regardless of
flux type and firing temperature.

There has been no detailed report on the function

of fluxes in the mechanism of BaMgAl;oO17:Eu?t par-

firing process of zinc sulfide phosphors.

When fluorides are used as fluxes, the possible
mechanism of BaMgAl;¢O;7:Eu?t particle growth is
proposed as follows. The following reaction will occur

when the raw materials are being fired:

BaCOj; + MgO + (4/3)AlF; —

BaMgF, + (2/3)Al303 + COq,

BaMgF, + (17/3)Al;05 —

BaMgAl,,O17 + (4/3)AlFs;

MgO + 2BaFy; — BaMgF, + BaO,

BaMgF, + 5A1,03 4+ 2BaO —
BaMgAl,(O17 + 2BaFy;

BaCOj3 + 2MgF, — BaMgF, + MgO + COx,
BaMgF, + 5A1,0; + 2MgO —
BaMgAl,,Oy7 + 2MgF,,.

(1)

(2)

3)

The Eu?t

ions are introduced from FEuy03
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As the

above chemical equations show, the fluoride reacts

when fired in a reducing atmosphere.

with some components in raw material and be-
gins to produce BaMgF4:Eu?t at around 1000°C
The BaMgF4:Eu?*

melts at temperature over 1000°C. So the reaction

through solid-state reaction.

will continue in BaMgF4:Eu?t solutions and more
and more BaMgF,:Eu?t will be produced above
1000°C. BaMgAl;(O;7:Eu?t will begin to be cre-
ated in BaMgF4:Eu?t solutions at around 1200°C
with AlF3, BaFs or MgF5 being recreated. Above
1200°C, the BaMgF4:Eu?t will decrease with the
increase of firing temperature and more and more
BaMgAl;(O;7:Eu?t will be created with more AlFs,
BaFy; or MgFy reformed. At around 1600°C, the
BaMgAl;(O;7:Eu?t are created completely and will
not increase with the increase of firing temperature.
Our assumption is strongly supported by the exper-

(24-26] Tp their experiment,

iment of Oshio’s group.
the melting point of BaMgF 4:Eu?* had been proved
at around 900-1000°C. They also studied the pro-
cess that AlF3 decomposed BaMgAl;(O17:Eut phos-
phor into the mixture of BaMgF4:Eu?t and Al,Os
and the process of recreation of BaMgAl;(O,7:Eu?t
and AlF3; with the increase of firing temperature by
XRD and SEM. It was found that the XRD intensi-
ties of BaMgAl;(O17:Eu®t and AlF; decreased with
the increase of firing temperature and the intensity of
BaMgAl;(O17:Eu?t approached zero at 1000°C. How-
ever, the intensities of BaMgF,:Eu?t and Al,O3 took
place concurrently with a decrease in the intensities of
AlF5; and the decomposition of BaMgAl;qO;7:Eu?t.
Then the intensity of BaMgF4:Eu?t increased con-
tinuously with the increase of firing temperature and
peaked at 1200°C. Subsequently, the x-ray diffraction
peak of BaMgAl;(O;7:Eut reappeared and the in-
tensity had a notable increase relative to decreasing
the BaMgF4:Eu?t and Al,O3 over 1200°C and this
process ended at 1600°C.

As for the reformed AlF3, BaFy, MgFs, part of
the reformed AlF3; was considered to sublimate for
it is a material which has a sublimating point at
1273°C.[24 The rest of AlF5 and reformed BaF, and
MgF5 will enter the host lattice and form the new lu-
minescent centre Eu?t(F~), from which there exists
effective energy transfer to Eu?*(0?7), and it is help-
ful to improve the quenching concentration of Eu?* in
BaMgAl;(O17:Eu®* phosphor.?!

Concerning the function of chlorides as fluxes in

the process of BaMgAl;oO17:Eu?t particle growth, it

remains unknown. But in view of the relative small
particle size compared to the case of fluorides as fluxes,
it may be disadvantageous for BaMgAl;oO17:Eu?t
particle growth to add chlorides as fluxes, which also
can obtain evidence from the relatively low emission

intensities with chlorides as fluxes.

3.3.2. Emission characteristics under 147nm

excitation
100+
— No flux
= 8o - BaFa
g —-BaCls
>SN H3BO3
S 60
& T=1550°C
~
> ok Aex=14Tnm
a
g
g 201
ol .
L L 1 1
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Fig.10. Emission spectra of Ba0,85MgA110016.94:Eu(2].—59 with

different fluxes.

As BaMgAl;O 7:Eu?t phosphor is used as
a blue-emitting phosphor for plasma display pan-
els; VUV
play pattern.

excitation is required for this dis-
The emission characteristics of
Ba0_85MgA110016_94:Eu(2)_'59 are studied under 147nm
excitation. The emission spectrum is shown in Fig.10
and the relative emission intensities and CIE chro-
maticity coordinates are listed in Table 4. The emis-
sion spectrum also has a broad band emission with
the peak at about 450nm which is similar to the one
excited at 254nm. The spectra always resemble each
other in shape regardless of flux type, but it differs in
emission intensity (shown in Table 4). Similar to the
case under 254nm excitation, the emission spectra can
be divided into two groups according to their relative
emission intensities. One is the fluoride group and the
other is chloride group. The fluoride group has higher
relative emission intensities and the chloride group has
much lower relative emission intensities. The relative
emission intensities of samples without any flux fall
between those of the two groups, which is obvious from
Fig.10 and Table 4. However, the sample with H;BO5
as flux has lowest emission intensity. Therefore, sim-
ilarly, the conclusion can be drawn that the fluorides
have better flux effects than chlorides and H3BO3 as
flux has the poorest flux effect in the preparation of
blue emitting phosphors for PDP. As for the CIE chro-

maticity coordinates under VUV excitation, the phos-
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phors show relatively stable  values and preferable y

values too, but the y values have a slight rise compared

with the case under 254nm excitation.

Table 4. Relative emission intensities and CIE coordinates
of Ba0485MgA110016.g4:Eu?]._'(']9 with different fluxes.

Fired at 1550°C (147nm excitation)

Flux CIE coordinates Relative

z Yy intensities

No Flux 0.1468 0.0586 91.1

BaF 0.1489 0.0647 100.0

MgF2 0.1464 0.0631 98.4

AlF3 0.1483 0.0684 84.8

BaCl, 0.1484 0.0640

MgCla 0.1476 0.0642

AlCI3 0.1461 0.0637

H3BO3 0.1448 0.0662

4. Conclusions

The Ba0_85MgA110016_g4:Eu(2]_‘59 phosphors with
different fluxes were prepared by high temperature
solid-state reaction method and their luminescence
characteristics were studied under 254nm excitation
and VUV (147nm) excitation. All the samples were
found by XRD technique to have the single 8-alumina
structure and similar crystallinities regardless of the
flux type. The samples with fluorides as fluxes have
larger particle size than the samples with chlorides.
When under 254nm and 147nm excitation, there is
a similar emission spectrum in the shape regardless
of flux type; both have a broad band emission with
the peak at about 450nm. The fluxes can be divided
into two groups according to the relative emission in-
tensities and the fluoride group has better flux effects
than the chloride group. In addition, the mechanism
of BaMgAl;oO;7:Eut particle growth with fluorides

as fluxes was proposed and discussed in detail.
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