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Abstract—Hollow and dense BaMgAl 0, : Eu** (BAM) phosphor particles were synthesized by a spray pyrolysis
process and their luminescent properties were investigated under vacuum ultraviolet (VUV) excitation as varying the
average particle size. The dependence of the luminescent intensity on the particle size was grestly influenced by the
morphology of BAM particles. For the BAM particles with a hollow structure, the luminescent intensity linearly
increased with increasing the particle size. However, no significant change in the luminescent intensity was observed
for dense particles as the particle size changed. Also, dl dense BAM particles had higher photoluminescence intensity
than that of the hollow ones regardiess of the particle size. The luminescent intensity of BAM phosphor particles
prepared by spray pyrolysis was found to have a linear relationship with the crystalite size. Therefore, it was concluded
that suppressing the formation of a hollow structure and increasing the crystallite size are needed to obtain high
luminous BAM phosphor particles with a spherical shape and fine size of lessthan 1 um. On the basis of penetration
depth of VUV, a simple relation egquation between the particle size and the luminescent intensity was derived and
correlated with experimentd results in order to interpret the luminescent behavior of BAM phosphor as the particle

size changes.
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INTRODUCTION

Ha pand digplays (FPDs) such asliquid crysta displays (LCD)
and plasma display pands (PDP) have received much attention in
the world display merket because they are lightweight, not bulky,
and do not take up much space in comparison to the conventional
cathode ray tubes (CRT). In particular, PDPs are known to have
the mogt potentia because they can be madein large 9zes. Themogt
urgent tasks with which the PDP manufacturer is confronted are to
not only improve the resolution and brightness but aso lower the
price of find goods so that the PDPs have the competitiveness in
high definition tdevison (HDTV) market. To medt these requisites,
PDP makers are seeking new advanced materids and processes.

Phogphors are core materids directly affecting the brightness and
lifetime of PDPs. In generd, phosphors are placed in barrier ribs
with a gripe sructure [Kim et d., 2000]. In order to improve the
resolution of PDPs, the barrier rib is getting amdler and more com-
plicated as a closed cdl type [Park & d., 2000]. Also, to make a
good phosphor film in the narrowed barrier ribs, anew processlike
an ink-jet printing technique [Evans e d., 2001] is conddered asa
promising next generdtion process dternating with the conventiona
screen printing technique. Then, the phosphor partides with smdler
dze and pherica shape play an important role in obtaining high
brightness because they can form better phosphor film within the

"To whom correspondence should be addressed.
E-mail: kyjung@Kkrict.re.kr

1072

narrow barrier ribs compared with the irregular-shaped phosphor
of large particle Sze. Therefore, many researchers have focused on
the preparation of fine and spherica partides[Leeet d., 2003; Leng-
goro et d., 2001; Kang and Park, 2000; Cho and Chang, 2003].
Now, commercidly available phosphors have been prepared by
a conventiond solid-gate reaction which produces large and irreg-
ular-shaped partides [Yu and Kim, 2003]. In recent years, soray
pyrayss has been known asapromising processfor producing spher-
ical partides, espedidly for multi-component oxides like phasphors
for gpplications to PDP [Kang and Choi, 2002; Zhou &t d., 2003;
Kimetd., 2002, Kang et d., 2003; Jung and Park, 2003; Kim and
Les 2000] and light-emitting diodes (LEDs) [Choi &t d., 2003, 2004;
Nahm et d., 2000]. In spray pyrolyss, however, hollow partides
arefrequently prepared. So, much effort has been expended to over-
come the weskness of pray pyrolyss so that dense and spherica
particles can be prepared. In our previous sudy on the gpplication
of soray pyrolyssto the preparation of phogphors such as Eu-doped
BaMVigAl,,O,;, Mn-doped Zn,SO,, and Eu-doped Y ,0,, particles,
which are mgor blue, green, and red phosphors being used for PDPs,
it was found that the partide morphology was successfully con-
trolled by modifying the spray solution. For example, usng calloi-
dd patideswhich arewdl dispersed in the Soray solution, was very
helpful to improve the particle shape [Kang &t d., 2000; Kang and
Park, 2000]. Also, some organic additives such as citric acid and
ethylene glycol were very effective in controlling the morphology
of phogphor particles when prepared by spray pyrolyss[Roh et d.,
2003). Espedidly, BaMgAll O, blue phosphor partidlestend to arys:
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talographicdly grow as a plate-like shape when prepared by the
conventiond solid-gtate reaction technique or spray pyrolysis using
an aqueous nitrate solution. In order to avoid this morphologica
behavior of BaVIgAl,(O,; particles, the modification of agueous
nitrate solution by adding some badc chemicas made it possble
to prepare completdly spherica partides usng the spray pyrolyss
process[Leeet d., 2003].

It is believed that spray pyrolyssisthe mog profitable process
for preparing sphericd phosphor particles of lessthan 1 um, which
are essntidly needed for the next-generation HDTV which hasa
closad cdl gructure and narrow barrier ribs. In addition to reduc-
ing the particle Sze, the luminescent intensity of phosphor particles
should be improved to guarantee the high brightness. So, to opti-
mize the oray pyrolyss process and successfully apply it to the
preparation of highly efficient phosphor particles, the behavior of
the luminescent intengity of phosphor particles has to be sudied
more systematicaly and in-depth as the particle Size varies. In this
work, hollow and dense BaMIgAl,(O;; : Eu particles were prepared
by the soray pyrolyss process and their luminescent characterigtics
under vacuum ultraviolet (VUV) excitation were investigated with
changing the average patide Sze.

EXPERIMEMTAL

A spray pyrolyds sysem congsting of a droplet generator with
6 ultrasonic vibrators of 1.7 MHz, a quartz reactor, and a paticle
collector was used to prepare hollow and dense BAM partides. The
length and indde diameter of the quartz reactor are 1,200 and 50
mm, repectively. The reactor temperature was fixed at 900°C and
theflow rate of air used esacarrier gaswas 451/min.

Two different goray solutions were prepared in order to control
the morphology of BAM particles. A nitrate aqueous solution de-
noted as ‘NS was obtained by only dissolving duminum, barium,
magnesium, and europium nitrate sdts in purified water. Also, an
auminum polycation solution denoted as* PS' wias prepared by dow-
ly adding NH,OH to the nitrate aqueous solution (NS) in which the
auminum ions turn to polycations of (Al (OH),(H.0),)*¥, where x
and y depend on the concentration of duminum nitrate and pH of
the solution [Brinker and Scherer, 1990]. The tota sdt concentra
tion was changed form 0.05to 2 M. Inthe ‘NS solution, the max-
imum concentration obtainable for al components was limited to
0.7 M because the solubility of Ba nitrate precursor is very low as
39a 20°C. So, over 0.7 M, some of the Banitrate added was pre-
cipitated. As a result, an accurate BAM composition will not be
achieved. Inthe‘PS solution, the duminum ionswhich are ama:
jority component of BAM phosphor, exist asa ‘polycation’. Then,
the distance between the components such as Al, Ba, Mg, and Eu
is dongated as shown in Fig. 1 schematicaly displaying the dates
of NS and PS solution. Accordingly, more Ba nitrate can be dis
0lved. So, the obtainable maximum concentration was increased
upto2M.

The concentration of Eu activator was fixed a 10% in molar ratio
with regard to barium dement. All asprepared partides were reduced
a 1,400°C for 2 hr flowing 5% H,/N, mixture gas for cryddliza-
tion and activation of divaent europium. The crysta phese of pre-
pared BAM particles was andlyzed by an X-ray diffraction pettern
(RIGAKU DMAX-33). The morphology of BAM particles before
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Fig. 1. Schematic diagram displaying the sate of spray solutions.

and &fter the pogt heet trestment was observed by scanning dec-
tron micrascopy (SEM, PHILIPS XL 30S FEG). In thiswork, the
arithmetic mean dze was caculaed from individud particles ob-
served in SEM photos and taken as the average particle size. The
photoluminescence spectra of the BAM particles were measured
under theillumination of vacuum ultraviolet (147 nm) emitting from
Kr lamp.

RESULTS AND DISCUSSION

When the phosphor powders are prepared by a sporay pyrolysis
process, the particle morphology strongly depends on the mecher
nism of partide formation, which is highly related to the drying con-
dition and solution properties such as concentration, solubility of
sdts used, and concentration gradient in a droplet. In most cases,
the oray pyrolyss process produces hollow-gructured particles
because the sAlt concentration at the surface of adroplet fird reaches
acritica supersaturation point due to the fast eveporation of water.
Asareault, asurface shdl initidly forms and gradudly grows urtil
al water is evgporated. On the contrary, dense morphology can be
obtained when avolumetric precipitation or gdaion takes placeina
whole droplet during the evaporation step. Fg. 2 shows SEM pho-
tos of BAM partides prepared by the spray pyrolysis usng the so-
[ution NS of which the totd concentration was varied from 0.05 to
0.7 M. All asprepared BAM partides had sohericd shepe If theas:
prepared particles have a dense sructure, the goherica shape should
be maintained even dfter the heet trestment at high temperature,
which was 1,400 °C in thiswork. As shown in Fg. 2, however, the
BAM paticles prepared from the ‘NS solution logt their spheric-
ity and agglomerates were produced by the heat trestment because
they have ahdllow gructure The agglomeration was getting severer
and the particle shape turned to the plate-like shape as the patticle
Sgzewas reduced.

In order to produce dense BAM partidles, the spray solution, PS,
was prepared by chemicaly modifying the NS solution with NH,OH.
As-prepared BAM particles from the ' PS' solution hed a spherica
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Fig. 2. BAM particlesbefore (Ieft) and after (right) the post heat treatment; (a) 0.05M, (b) 0.1 M and (c) 0.7 M.

shagpe as shown in Fg. 3, which digplaysthe SEM photos of BAM
particles prepared a severd concentrations. After the podt treat-
ment at 1,400°C, high agglomeration between partides was observed
a the low concentration of 0.05 M. When the concentration of the
spray solution was gregter than 0.1 M, however, there was no Sg-
nificant agglomeration. Also, the spherica shape was maintained
even dter the heat trestment. It is notable that the BAM particles
have completely soherica shgpe when the concentration is higher
than 1 M. This result supports thet the as-prepared BAM particles
usng the ‘PS solution have a dense sructure. So, we confirmed
that the modification of aqueous nitrate solution (NS) by NH,OH
changed the pathway of the particle formation. That is, the evapo-
ration of water induces an incresse in the concentration of polyca:
tions, which are quickly and volumetricaly geated without any
locd precipitation of solutes. As a result, the dense particles could
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be obtained from the* PS' solution.

In spray pyrolysis, the particle Size can be directly controlled by
the concentration of the spray solution. Under the assumption that
the prepared partide is dense, the average partide size of BAM phos:
phor produced by the spray pyrolyss can be caculated by the fol-
lowing relation equation [Nedejkovie et d., 1997]:

— [CM TP _ ) s
d, do[ ) } AC O
where, d, isthefind dbtained partide Sze, M,, the molecular weight,
C the concentration of BAM, g, the density of BAM, and d, drop-
let sze. For both hollow and dense BAM phosphor, the average
partide szes were cdculated from the SEM photos of as-prepared
partides and displayed in Fig. 4 as a function of the concentration
of each solution. The esimated average particle Sze monotonicaly
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Fig. 3. SEM photos of BAM particles (left: as-prepared, right: heat treated at 1,400°C) prepared from the polycation solution of (a) 0.05,

(b) 0.1, (¢) 0.7, (d) 1.0, and () 2.0 M.

increasad with increasing the concentration. In thiswork, the average
droplet Sze is fixed because only one type of ultrasonic vibrator
with the frequency of 1.7 MHz was used. So, the coefficient A=d,
(M,/p,)*® should be constant and the particle size is supposed to
have alinear rdaionship with C* aslong asthe patide density is
not varied. Fg. 4(b) shows the changes in the average particle Sze
as afunction of C*. For the dense BAM partides, a linear rda
tionship was wel established between the average partide sze and
the concenttration, C**. In the case of hollow particles, however, the
changes in the average partide Sze were not linear with respect to
C* due to the hollowness which makes the difference in the ap-
parent bulk density (p,). Accordingly, the dope (A=dy(M,/0,)™)
was not congtant. Also, the dope for hollow particles was steeper
than thet of dense particles, which indicates the shell density (g,) of

hollow particlesis smaler than that of dense particles.

For hollow particles, the shell thickness was caculated by sub-
tracting the radius of dense particle from that of hallow one and
displayed in Fig. 5. It was found that the shell of the hollow par-
ticles was thickened with increesing the concentration. This result
means that in a droplet the concentration gradient of sdts induced
by the evaporation of water becomes reduced as the concentration
increases So, more filled morphology could be achieved if the salt
concentration is very dose to the critica supersaturation point. Actu-
dly, the partides prepared from the NS solution of 0.7 M showed
less agglomeration compared with the other concentration due to
the thickened shdl layer which has a resistance againgt the thermal
deformation caused by the post treetment at a high temperature.

Fg. 6 showsthe emission pectra of dense and hollow BAM par-
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Fig. 3. Continued.

tides prepared at the solution concentration of 0.7 M. A wide spec-
trum with a maximum peak a 450 nm is due to the 5d-4f trang-
tion of EL**. The dense paticles prepared from the ‘PS solution
had higher intensity than that of the hallow. From this result, it was
surmised that better distribution of ELP* activator in the BAM ma-
trix is achieved in dense particles and less agglomeration or frag-
mentation in dense particles is helpful for the enhancement of the
photoluminescence intensity. The relative emission intensity for all
prepared BAM particles which were thermaly tregted & 1,400°C
for 3hrs under a reducing atmosphere is shown in Fg. 7. For the
hollow partides the emisson intensty monotonically increased with
increasing average particle Sze. However, no sgnificant changeiin
the emission intensity was observed for the dense partides except
for the amdles partide prepared at the lowest concenttration (0.05 M).
There are severd changes causad by the reduction of the partide
sze

1. Thelight absorption is reduced and the scattering increases.

2. The specific surface areaincresses Accordingly, thereare more
surface defects and surface-bonded dangling bonds which eesily
induce the luminescence quenching.

3. The void pace between the particles becomes amdler and the
propagation of incident light into the phosphor layer is hindered.
Asareault, the thickness of the phosphor layer to which theincident
light can reach is shortened. Then, the phosphor partidesin the skin
layer are supposed to absorb mogt of the incident light. In addition,
the visible light emitted from the phosphors in the sublayer cannot
excape out of theinner layer if the open spaces become much amdler

September, 2004

than thewavdlength in the vishle range.

Actudly, the scattering coefficient is highly related to not only
the particle sze but dso the sze diribution. According to He et
d. [2003], the scattering coefficient (k) can be expressed as fol-
lows

Ink.=InA~InD,+0.5ir?q )

where A is a experimenta condtart, D, the average partidle size,
and g the standard deviation of norma particle Sze didribution.
The light scattering is getting larger as the particle size becomes
smdler and the size digtribution broadens. Accordingly, the light
absorption of phogphor partides is reduced in proportion to the par-
ticle size, which may lead to decreasng the luminescence effi-
dency. Also, the phogphor partideswith adeen surface and a pher-
icd shgpe are supposed to have less light scattering than the irregu-
lar-sheped partidesin which more surface defects or dangling bonds
can exig. Therefore, it was Speculated that the spherical BAM par-
ticles prepared from the ‘PS solution showed higher photolumi-
nescence intensity then the hollow partides prepared from the ‘NS
solution.

To better understand the reason why the luminescent intensity is
decreased as the partide Sze becomes amdler as shown in Fg. 7,
it was supposad that the phogphor partides are hexagondly stacked
as afilm type on asubgrate as shown in Fg. 8. If the partide sze
isreduced in haf, the number dendty of partidesisincressed twice.
At afixed space, the portion of the light passing through the void
space congructed by three partidesis getting smdler in proportion
to D?, (radius). So, most of the incident light is absorbed by the par-
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Fig. 4. Aver age partide size of BaMgAl,O,; prepared by spray py-
ralyssasafunction of the solution concentration; C (a) and
(b) C*.

ticles on the surface layer and some portions can propagete into the
next inner phosphor layer. Thus, reducing the particle Sze ssemsto
increase the reflection of the incident light and reduce the number
of phosphor layers which can interact with the incident light. The
effect of the partide 9ze on the luminescent intengty can be expected
by roughly caculating the change in the number dendity of Eu?*
ionsfor the partides placed in the surface monolayer which is most
intengvely interacting with the incident light. For an ided Situetion
in which there is no concentration quenching, the emission intengity
should be proportiona to the number (N,) of ELF* existing within
the layer to which the VUV light reaches. This number N, can be
directly caculated by multiplying theinitid EL?* concentration (C,)
by the volume (V) wheretheincident light reaches.

4
Na =VpathaO=€ni:D§_(Dp_lp)3] XCaO (3)

In this work, the initid EL** concentration (C,,) was not changed.
Accordingly, the number of Eu”* with varying the partide Sizeisin
proportion to the volume penetrated by the light. Consider two kinds
of patideswhich havetheradiusof D, and D,, repectively, asshown
in Fg. 7. If the penetration depth (I,) of VUV light is smdler then
the radius of a given partide, the penetration volumes in the surface
phasgphor layer of afixed gpace are calculated by the follows:

Shell thickness, [nm|

C, [M]

Fig. 5. Shell thickness of hallow BaMgAl,,O,; partides prepared
from the aqueous nitrate solution as a function of the total
concentration of spray solutions.
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Fig. 6. Emisson spectra of hollow and dense BAM partidesunder

VUV excitation.
_4 3
Vo—énx[Do_(Do_lp)sl @]
_A ks
Vn_érn—_m X[Dn_(Dn_lp)a] (5)
D, =nD,, (n=1) (6)

When < D,—k=2, thet is, the number of partidesincresses 4 times
as the partide sze is reduced in hdf. Then, the volume raio (a)
between particles with the size of D, and D, isthe following:

_V, _n*x[D3=(Dy—1y)] =:_Ld3§ -(D, -1,)}

VD), s b !

a

Eq. (7) givesinformation about the change of the reldive emisson
intengity asthe particle sze changes because of a=I/l,. If the pen-
elration depth is grester than the particle sze, the caculation of V,,
isnot limited to the surface monolayer. A large portion of theincident
light penetrates the surface layer and interacts with the partides
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placed in the sublayer. Then, the light always can be absorbed by a
whole phogphor layer with a penetration thickness of t regardiess
of the partide Sze. In this case, the gpace formed between neight
boring particles becomes an important factor. Thet is, thelight ina
vishle range might not escgpe from the inner layer if the void space
between partidesis much smdler then the wavdength. In thiswork,
this gtugtion was excluded because actudly for dl phosphor parti-
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Fig. 9. Volumeratio (a) calculated from Eq. (6) and relative emis-
son intengty (/1) asafunction of partide sze (n); where-
in, |, is the emisson intensty of BAM partides prepared
at the highest concentration of ‘NS and ‘PS solution and
I, isthe emisson intengty at each concentration. Increas
ing the number n means a reduction of particle size.

desthe penetration depth of VUV light isnot more than severd doz-
ens nanometer.

Fg. 9 showsthe vaue of a cdculated by Eq. (7) a severd pene-
tration depths (1,). Also, the experimental values are displayed to-
gether in Fg. 9. The photoluminescence intensity tends to decrease
asthe patide szeis getting smdler. The dope of a becomes Segp-
er with increasing the penetration depth, which meansthet the phos-
phor materias with larger penetration depth are more sengitive to
the change of partidle size. The changes of a can be in agreement
with that of experimentd results by adjugting the penetration depth
asshown in FHg. 9. For the hollow and dense partides, the adjusted
penetration depth was within 50 nm. The hollow partides hed larger
penetration depth than the dense partides. From the above discus
son, it was deduced that the penetration depth of VUV light isvery
amdl a nanometer scae, and the lesser sengtivity of the dense par-
ticles compared with the hollow partides to the change of particle
szeasshownin Fg. 7 isdueto the shorter penetration depth.

Given that the photoluminescence is the result of the trandtion
of photod ectrons from the excited sate to the ground Sete of acti-
vators, the luminescence efficiency is highly rlaed to the degtiny
of photo-excited dectrons. The bulk or surface defects can con-
ume the photo-excited dectrons resuiting in quenching of the fluo-
rexcence. Higher crystallinity means higher ordered structure and
less bulk defect which acts as a quenching site consuming excited
photoeectrons without the radiaion. In generd, the phosphor par-
ticles are tregted thermdly at high temperature to obtain high crys-
tdline after being prepared. So, there are many reports that the pho-
toluminescence intengity is gradudly increased with increasing the
trestment temperature as long as the bulk crysd dructure is not
destroyed. From this point of view, the crystdlite size was consd-
ered asthe criticd variable affecting the photoluminescence inten-
sty of BAM particles prepared by spray pyrolyss, becauseit isac-
ceptable that larger crydtdlite Sze means more ordered gructure
and fewer bulk defects aslong as the domain growth isinduced by
athermal trestment. So, from the X-ray diffraction (XRD) andysis
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for the prepared patides the crysdlite size was caculaed by the
Scherrer equation and displayed in Fig. 10(a) as a function of par-
tide sze. All dense partidles had larger cryddlite size than that of
the hollow ones except for the smalest particles prepared a a solu-
tion concentration of 0.05M. This result supports thet the dense
particdes have higher crygdlinity than that of the hollow partides
Alsp, it isno doubt that the gphericd partides have cleaner surface
compared to the hollow one. A more notable result was found in
the linear relationship between the crystdlite Sze and the photolu-
minescence intengty of each hollow and dense partide as shown
in Fig. 10(b). Therefore, it was concluded that increesing the crys-
tdlite 9zeis oneway to suppress the decrease of photoluminescence
intengty by the reduction of patide 5ze. At agmilar cryddliteSze,
the dense BAM particles with spherica shape hed higher photolu-
minescence intensity than that of hollow particles even though the
average Sze of dense BAM particles was amdler than the hollow
ones. Thisresult says thet the particle morphology becomes much
more important factor in improving the photoluminescence inten-
sty. So, we conduded that enlarging the cryddlite Sze aswdl as
meking the particle dense and shericd is very important to im-
prove the luminescent intendty of BAM partides with a fine sze

of lessthan 1 pm.
CONCLUSIONS

Spray pyrolysiswas applied to prepare hollow and dense BaMig
Al O, : ELF* (BAM) phosphor partides and their luminescent prop-
erties were invedigated under vacuum ultraviolet (VUV) excitar
tion with varying the average partide Size. The luminescent inten-
sty was generaly reduced with decreasing the particle sze aslong
as the penetration depth of VUV was andl enough compared to
the partide Sze and greatly affected by the morphology of BAM
partides. As the patice sze was reduced, the photoluminescence
intengity of hollow particles was gradudly decreased, whereas the
dense particles had no sgnificant change. 1t wasfound thet the crys-
tdlite sze of BAM partides plays an important rolein determining
their luminescent intendties as varying the particle size. That i, the
larger crydtdlite size led to the higher photoluminescence intengity.
Therefore, it was conduded that suppressing the formation of ahal-
low gructure and Smultaneoudy increesing the crystallinity is essen-
tidly needed to obtain high luminous BAM phosphor partideswith
agheica shgpe and fine sze of lessthan 1 um when they are prep-
ared by the spray pyrolysis process.
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