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a  b  s  t  r  a  c  t

High-quality  Zn-free  and  added  GdPO4:Tb3 green  phosphors,  i.e.,  fine  size  as  well  as  smooth  and  spher-
ical  morphologies,  were  synthesized  by  ultrasonic  spray  pyrolysis.  The  influence  of Zn2+ content  and
annealing  temperature  on  the  photoluminescence  properties  of  the  GdPO4:Tb3 phosphors  annealed  at
800–1100 ◦C was  investigated.  The  addition  of  Zn2+ for  Gd3+ was  highly  effective  for  improving  the  pho-
toluminescence  properties  of GdPO4:Tb3.  The  Zn  added  GdPO4:Tb3 phosphors  with  Zn/Gd  =  0.045/0.805
showed  the  strongest  emission  of  the  prepared  phosphors.  The  emission  intensity  at  544  nm  for  the
eywords:
hotoluminescence
nnealing
ltrasonic spray pyrolysis
hosphors
owder

GdPO4:Tb3 phosphors  with  Zn/Gd  =  0.045/0.805  annealed  at 900 ◦C was  496%  stronger  than  that  at  800 ◦C.

© 2011 Elsevier B.V. All rights reserved.
dPO4:Tb3

. Introduction

The remarkable narrow-band emission properties of Eu3+, Tb3+,
y3+, and Tm3+ ions have been widely utilized for the devel-
pment of efficient phosphors for plasma display panels (PDPs),
amps, and light-emitting diodes [1–3]. In particular, rare-earth
oped phosphates are attractive host materials for PDPs because
f their excellent photoluminescence (PL) characteristics [4–9].
inke et al. [7] synthesized potassium rare earth orthophosphates
K3RE(PO4)2; RE = Ce3+, La3+, and Tb3+) by a solid state reaction and
tudied their optical properties under ultraviolet (UV) and vac-
um ultraviolet (VUV) excitations. The band gaps determined by
eflection and excitation spectra ranged from 7.2 to 7.8 eV. The
arrow excitation band at the VUV absorption edge originated

rom an excitation of (PO4)3− anion molecules in the hosts. Since
hen, Rao and Devine [8] investigated overall PL properties of rare
arth lanthanide (LnPO4; Ln = Y3+, La3+, and Gd3+) phosphate-based
hosphors and their suitability in PDPs. They reported that the
hosphate-based phosphors exhibited a high absorption in VUV
egion, compared to silicate-, borate-, and oxide-based standard

DP phosphors. The phosphors can be used in a display in con-
unction with suitable absorbing filter. Green-emitting Tb3+-doped

 orthophosphate YPO4 phosphors have attracted considerable
ttention as a promising green emitting phosphor candidate. Di
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et al. [9] prepared YPO4:Tb3+ phosphors by two different methods,
i.e., conventional solid-state reaction route and solution-based co-
precipitation route. The solution-based co-precipitation assisted
YPO4:Tb3+ phosphor powders showed high quality, i.e., spherical
shape, narrow size distribution, and homogeneous composition.
The YPO4:Tb3+ phosphors under 147 nm excitation displayed bet-
ter PL properties than conventional solid-state reaction assisted
phosphors because of their excellent powder characteristics.

Yang et al. [10,11] studied the PL properties of LaPO4 phosphate-
based phosphors synthesized by both hydrothermal and solvother-
mal  methods. LaPO4, LaPO4:Ce3+, and LaPO4:Ce3+,Tb3+ powders
with various morphologies and sizes were successfully prepared
by ethylenediamine tetraacetic acid disodium salt (EDTA) assisted
hydrothermal method [10]. The value of pH, the concentration
of EDTA, and the doping components significantly affected the
morphologies and sizes of the as-prepared powders. Upon UV exci-
tation, LaPO4:Ce3+ and LaPO4:Ce3+,Tb3+ phosphors presented the
characteristic 5d–4f emissions of Ce3+ and 5D4–7FJ, (J = 6–3) emis-
sions of Tb3+, respectively. In addition, luminescent LaPO4:Eu3+,
LaPO4:Ce3+, and LaPO4:Ce3+,Tb3+ powders were successfully syn-
thesized using oleic acid as capping agents via a solvothermal
process [11]. All the prepared LaPO4-based phosphors crystallized
in the monoclinic monazite-type structure. The prepared phos-
phors showed a narrow size distribution along with an average

powder size of about 15 nm.  Upon excitation by UV radiation, the
LaPO4:Eu3+ phosphors showed the characteristic 5D0–7F1–3 emis-
sions of Eu3+, while the LaPO4:Ce3+,Tb3+ showed the characteristic
5D4–7F3–6 emissions of Tb3+.

dx.doi.org/10.1016/j.jallcom.2011.06.063
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:kspark@sejong.ac.kr
dx.doi.org/10.1016/j.jallcom.2011.06.063
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Fig. 1. SEM image of the as-synthesized Zn-added GdPO4:Tb3 powders with Zn/Gd: (a) 0.015/0.835 and (b) 0.03/0.82 (scale bar: 5 �m).
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Fig. 2. SEM images of the Zn2+-free GdPO4:Tb3 phosph

It is known that controlling the composition and/or pro-

ess, especially annealing, is a feasible route for improving
L characteristics [12,13].  Therefore, in the present work,
o improve PL characteristics, we fabricated the Zn2+-added

ig. 3. SEM images of the Zn-added GdPO4:Tb3 phosphors with Zn/Gd: (a) 0.015/0.835 an
n/Gd:  (a) 0.015/0.835 and (b) 0.03/0.82 annealed at 1000 ◦C (scale bar: 5 �m).
nealed at (a) 800 ◦C and (b) 1000 ◦C (scale bar: 5 �m).

GdPO :Tb3 phosphors annealed at various temperatures
4
(800–1100 ◦C) and investigated their microstructure and PL
properties, depending on the Zn2+ contents and annealing
temperature.

d (b) 0.03/0.82 annealed at 900 ◦C and of the Zn-added GdPO4:Tb3 phosphors with
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Fig. 4. XRD patterns of the GdPO4:Tb3 phosphors with

.  Experimental

The Zn2+-free and added GdPO4:Tb3 powders with Zn/Gd = 0/0.85, 0.015/0.835,
.03/0.82, 0.045/0.805, and 0.06/0.79 (Zn + Gd = 0.85) were synthesized by ultrasonic
pray pyrolysis. The system for the synthesis of the phosphors consisted of a droplet
enerator (1.7 MHz), a high-temperature tubular quartz reactor, and a powder col-
ector. An ultrasonic spray generator was  used to generate droplets. The length and
nner diameter of the reactor were 1000 and 100 mm,  respectively. The temperature
f the reactor was  at 1000 ◦C.

Gd2O3 (99.99%) powders were dissolved in HNO3 and then heated at 80 ◦C to
repare solidified Gd(NO3)3·xH2O. Subsequently, Tb2O3 (99.9%) powders were dis-
olved in HCl and then heated at 80 ◦C to prepare solidified TbCl3. Zn(NO3)2·6H2O
99.9%), Gd(NO3)3·xH2O, and TbCl3 were added to the aqueous solution contain-
ng H3PO4 (99.9%) and organic additives. The organic additives were composed of

thylene glycol (99.5%) and citric acid (EP). The pH of the precursor solution was
ontrolled at 2.0 by adding HNO3. The reaction mists formed in the ultrasonic neb-
lizer were transferred into the quartz reactor (1000 ◦C) by air (20 l/min in flow
ate). The synthesized phosphor powders were annealed at 800–1100 ◦C for 4 h and
ubsequently cooled to room temperature.
us Zn2+ contents annealed at (a) 800 ◦C and (b) 900 ◦C.

A scanning electron microscope (SEM; Hitachi S4700) was used to investi-
gate the microstructure of the synthesized and annealed Zn2+-added GdPO4:Tb3

phosphors. The crystal structure of the annealed phosphors at room temperature
was characterized with an X-ray diffractometer (XRD; Rigaku RINT2000). The PL
properties of the phosphors at room temperature were measured with a spectro-
fluorophotometer (PSI) equipped with a D2 flash lamp. The emission spectra were
obtained under VUV region (147 nm).

3. Results and discussion

We synthesized high-quality Zn2+-added GdPO4:Tb3 green
phosphor powders, i.e., fine size as well as smooth and spherical
morphologies. For example, the SEM images of the as-synthesized

Zn-added GdPO4:Tb3 powders with Zn/Gd = 0.015/0.835 and
0.03/0.82 are shown in Fig. 1(a) and (b), respectively. The added
Zn2+ and Tb3+ had no significant influence on the synthesized pow-
der characteristics.
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Table 1
Calculated crystallite size of the annealed GdPO4:Tb3 phosphors with various Zn2+

contents as a function of annealing temperature.

Sample Annealing
temperature (◦C)

Crystallite
size (nm)

GdPO4:Tb3 with Zn/Gd = 0/0.85

800 27.9
900 31.6

1000 33.3
1100 40.5

GdPO4:Tb3 with Zn/Gd = 0.015/0.835

800 29.5
900 34.7

1000 35.4
1100 41.7

GdPO4:Tb3 with Zn/Gd = 0.03/0.82

800 29.8
900 37.3

1000 38.8
1100 54.3

GdPO4:Tb3 with Zn/Gd = 0.045/0.805

800 29.9
900 53.5

1000 55.8
1100 58.2

GdPO4:Tb3 with Zn/Gd = 0.06/0.79

800 30.6
900 49.5

1000 53.8
114 K. Park, M.H. Heo / Journal of Alloy

However, the powder characteristics of the annealed phosphors
epended strongly on both the Zn2+ content and the annealing tem-
erature. The annealed Zn2+-free GdPO4:Tb3 phosphors showed
igh-quality powder characteristics, irrespective of annealing tem-
erature. For example, the SEM images of the Zn2+-free GdPO4:Tb3

hosphors annealed at 800 and 1000 ◦C are shown in Fig. 2(a) and
b), respectively. On the other hand, the powder characteristics of
he Zn2+-added GdPO4:Tb3 phosphors depended strongly on both
he Zn2+ content and the annealing temperature. The powder char-
cteristics of all the Zn2+-added phosphors annealed at 800 ◦C were
early equivalent to those of the synthesized phosphors, irrespec-
ive of Zn2+ content.

The powder characteristics of the Zn2+-added phosphors were
radually deteriorated with increases in the annealing tempera-
ure and Zn2+ content. At the annealing temperature of 900 ◦C, the
n2+-added GdPO4:Tb3 phosphors with low and medium Zn2+ con-
ents (≤0.03) showed high-quality powder characteristics, whereas
hose with high Zn2+ contents (≥0.045) showed less regular,
mooth and spherical morphology. For higher annealing temper-
tures (≥1000 ◦C), the powder characteristics became worse with
ncrease in the annealing temperature and the Zn2+ content. For
xample, the SEM images of the Zn2+-added GdPO4:Tb3 phos-
hors with Zn/Gd = 0.015/0.835 and 0.03/0.82 annealed at 900 and
000 ◦C are shown in Fig. 3(a) and (b), respectively.

Fig. 4(a) and (b) reveals the XRD patterns of the phosphors
nnealed at 800 and 900 ◦C, respectively. All the phosphors
nnealed at 800 ◦C crystallized in a solid solution of constituent
xides with the monoclinic monazite structure [14]. In addition,
t the annealing temperature of 900 ◦C, the GdPO4:Tb3 phosphors
ith low and medium Zn2+ contents (≤0.03) formed a solid solution

f constituent oxides with a monoclinic monazite structure. On the

ther hand, in addition to the solid solution, the GdPO4:Tb3 phos-
hors with high Zn2+ contents (x ≥ 0.045) contained a secondary
hase Zn3(PO4)2 [15]. The amount of Zn3(PO4)2 became more pro-
ounced with increasing Zn2+ content. The crystal structure of the

Fig. 5. Emission spectra of the GdPO4:Tb3 phosphors with various Zn2+ con
1100 53.9

GdPO4:Tb3 phosphors annealed at 1000 and 1100 ◦C was basically
equivalent to that at 900 ◦C.

The crystallite size (D) of the annealed phosphors was calculated
from the Scherrer formula: [16] D = (0.9�)/(� cos �), where � is the
wavelength of radiation, � is the angle of the diffraction peak, and ˇ
is the full width at half maximum of the diffraction peak (in radian).

The calculated crystallite size of the annealed phosphors as func-
tions of annealing temperature and Zn2+ content is given in Table 1.
The crystallite sizes increased with increase in the annealing tem-

tents annealed at (a) 800 ◦C, (b) 900 ◦C, (c) 1000 ◦C, and (d) 1100 ◦C.
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ig. 6. Emission intensity of the GdPO4:Tb3 phosphors with various Zn2+ contents
t  544 nm under VUV excitation as a function of annealing temperature (�: 800 ◦C;
:  900 ◦C; �: 1000 ◦C; and �: 1100 ◦C).

erature and the Zn2+ content except for the Zn-added GdPO4:Tb3

ith Zn/Gd = 0.06/0.79.
From the viewpoint of practical applications in PDPs, the emis-

ion spectra of the Zn-added GdPO4:Tb3 phosphors annealed at
arious temperatures (800–1100 ◦C) were obtained under VUV
xcitation (147 nm), along with the Zn-free phosphors. The emis-
ion spectra of the Zn-free and added GdPO4:Tb3 phosphors
nnealed at 800–1100 ◦C are shown in Fig. 5. The main emission
eaks are located at 489, 544, 585, and 621 nm which are caused
y the 5D4–7FJ (J = 6, 5, 4, and 3) transitions of Tb3+, respectively
17]. The peak corresponding to the 5D4–7F5 transition, which is
esponsible for the green emission, is dominant among the emis-
ion peaks.

The emission intensity of the Zn-free and added GdPO4:Tb3

hosphors at 544 nm under VUV excitation is summarized in Fig. 6,
epending on the annealing temperature and the Zn2+ content. For
he Zn-free GdPO4:Tb3 phosphors, the emission intensity increased
ith the annealing temperature. The increased intensity is caused

y a larger crystallite size [18]. A large crystallite size provides
igher oscillating strengths for the optical transitions due to the

mproved crystallinity, increased interaction area with the exci-
ation light, and reduced loss [18–21].  For a low Zn2+ content
0.015), the strongest emission was obtained for the phosphors
nnealed at 1000 ◦C. This occurred primarily because their crystal-
ite size was larger, compared to the phosphors annealed at 800 and
00 ◦C, and their morphology was smooth and spherical. Although
he phosphors annealed at 1100 ◦C had the largest crystallite size,
hey had poor powder characteristics, e.g., rough and non-spherical

orphologies. In addition, for higher Zn2+ contents (≥0.03), the
hosphors annealed at 900 ◦C showed the most intense emission.
his is due to the fact that the phosphors annealed at higher tem-
eratures (≥1000 ◦C) had poor powder characteristics.

The emission intensities at 544 nm for the Zn2+-added
dPO4:Tb3 phosphors with Zn/Gd = 0.015/0.835, 0.03/0.82,
.045/0.805, and 0.06/0.79 annealed at 900 ◦C were 176, 233, 265,

nd 208% stronger, respectively, in comparison with the Zn2+-free
dPO4:Tb3 phosphors annealed at 900 ◦C. This means that the
ddition of Zn2+ for Gd3+ is highly favorable for improving the
L properties. In addition, at a fixed Zn2+ content of 0.045, the

[

[
[

ompounds 509 (2011) 9111– 9115 9115

emission intensities at 544 nm for the phosphors annealed at 900,
1000, and 1100 ◦C were 496, 440, and 275% stronger than that at
800 ◦C, respectively. Based on the above results, for fabricating
high-efficiency Zn2+ added GdPO4:Tb3 phosphors, it is necessary to
control the Zn2+ content, the annealing temperature, the crystallite
size, and the powder characteristics.

4. Conclusions

We  synthesized high-quality Zn-free and added GdPO4:Tb3

green phosphors, i.e., fine size as well as smooth and spheri-
cal morphologies, by ultrasonic spray pyrolysis. The phosphors
annealed at 800 ◦C maintained their synthesized powder charac-
teristics and were solid solutions of the constituent oxides with the
monoclinic monazite structure. The higher annealing temperature
(900–1100 ◦C) led to less smooth, regular, and spherical morpholo-
gies. In addition, the crystal structure of the phosphors annealed
at 900–1100 ◦C was  strongly dependent on the Zn2+ content. The
GdPO4:Tb3 phosphors with low and medium Zn2+ contents (≤0.03)
were a single phase with the monoclinic monazite, and those with
high Zn2+ contents (≥0.045) consisted of a solid solution of con-
stituent oxides and a secondary phase Zn3(PO4)2.

The emission intensity of the Zn added GdPO4:Tb3 phosphors
depended strongly on the Zn2+ content and the annealing temper-
ature. The emission intensity of the phosphors at 544 nm increased
with an increase in Zn2+ content up to 0.045 and then decreased
for higher Zn2+ content. The emission intensities at 544 nm for
the Zn2+ added GdPO4:Tb3 phosphors with Zn/Gd = 0.045/0.805
annealed at 900, 1000, and 1100 ◦C were 496, 440, and 275%
stronger than that at 800 ◦C, respectively. For the Zn2+ added
GdPO4:Tb3 phosphors, the magnitude of the emission intensity
depended strongly on the annealing temperature and followed the
order of 900 > 1000 > 1100 > 800 ◦C.
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