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ties were investigated under vacuum ultraviolet excitation. In the excitation spectrum monitoring at
544 nm, the band in the region of 120–162 nm can be attributed to be the overlap of host absorption and
charge transfer transition of O2− → Tb3+, and the band ranging from 162 to 300 nm was assigned to the
f–d transition of Tb3+. The photoluminescence spectrum shows that the phosphors exhibited a strong
green emission around 544 nm corresponding to the 5D4 → 7F5 transition of Tb3+ under the excitation of
147 nm. Optimal emission intensity was obtained when x = 7% in KSr1-xPO4:xTb3+ and the luminescent

were

UV
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. Introduction

Recently, the photoluminescence properties of rare earth ions
n different hosts in the vacuum ultraviolet (VUV) range have
ttracted much attention due to practical application such as
lasma display phosphors (PDPs), mercury-free lamps and liquid
rystal displays (LCDs) backlights [1–4]. Plasma resonance VUV
adiation lines at 147 or 172 nm from Xe/He gas plasma are used for
he phosphor excitation to emit visible luminescence [5–7]. Thus,
he design of phosphor should consider that the phosphor host
tself or doped activators can absorb around these wavelengths effi-
iently. In addition, phosphors for commercial purpose are required
o have high conversion efficiency under VUV excitation, good col-
rimetric purity, and proper decay time [8–10]. As for the green
omponent Zn2SiO4:Mn2+ which is widely used in PDP due to its
ood color purity and high luminous brightness, however, it has
long decay time resulting in a serious lag in image transforma-

ion due to the parity-and spin-forbidden 4T1 → 6A1 transition of
n2+ [4]. It is urgent to explore novel green phosphors with shorter

ecay time and high luminescent efficiency. Some complex oxides,
uch as borates, silicates, aluminates and phosphates having strong
bsorption in the VUV range were widely investigated [11–15].

Recently, KSrPO4 has drawn increasing attention due to their

xcellent thermal stability, chemical stability and hydrolytic stabil-
ty, which can provide opportunities for developing efficient VUV
hosphors. KSrPO4 has been reported to have a ß-K2SO4 structure
ith space group of Pnma [16]. The structure is formed by regular
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calculated to be (x = 0.317, y = 0.522) for KSr0.93PO4:7%Tb3+.
© 2011 Elsevier B.V. All rights reserved.

PO4
3− tetrahedral surrounding the monovalent cation K+ and diva-

lent cation Sr2+ in tenfold and ninefold coordinations, respectively.
The large-size divalent cation Sr2+ (1.12 Å) can be substituted by RE
(RE = Eu2+, Sm3+, Tb3+) to achieve full-color luminescence [17]. Up
to now, much previous work focused mainly on the luminescence
properties in the ultraviolet (UV) region [17–19] and little attention
has been paid to the VUV optical properties. In this study, the new
green-emitting VUV phosphor KSrPO4:Tb3+ was prepared and the
photoluminescence (PL) properties were investigated.

2. Experimental

The compounds KSr1-xPO4:xTb3+ (1% ≤ x ≤ 11%), KSrPO4:0.5%Eu2+,
KSrPO4:2%Eu3+ were prepared via a solid-state reaction by adopting K2CO3

(99%), Sr(NO3)2 (99.5%), (NH4)2HPO4(98.5%), Tb4O7 (99.99%) and Eu2O3 (99.99%)
as starting materials. Stoichiometric amounts of the starting materials were mixed
together on an agate mortar by using ethanol. The mixtures were prefired at
500 ◦C for 4 h in air and then fired at 1200 ◦C for 6 h under 5% H2/N2 mixed-gas
atmosphere for preparing KSr1-xPO4:xTb3+ (1% ≤ x ≤ 11%) and KSrPO4:0.5%Eu2+

samples. KSrPO4:Eu3+ were prepared at 500 ◦C for 4 h and then hold at 1200 ◦C for
6 h in air. The final products were obtained by cooling down to room temperature
in the furnace.

The phase purity of all the samples was characterized and evaluated by using
Rigaku D/max-2400 X-ray diffractometer with Ni-filtered Cu K� (� = 1.54178 Å) radi-
ation operated at 40 kV and 60 mA. The 2� ranges of all the data sets are from 10o

to 80o with the step size of 0.02o. The VUV excitation and emission spectra were
measured by an FLS-920T fluorescence spectrophotometer with a VM-504 VUV
monochromator using a deuterium lamp as the lighting source. The excitation spec-
tra were corrected with sodium salicylate powder. All measurements were operated
at room temperature.
3. Results and discussion

The X-ray diffraction (XRD) patterns of as-prepared samples
and the standard pattern were shown and compared in Fig. 1. A
careful analysis of the patterns shows that KSr0.995PO4:0.5%Eu2+,

dx.doi.org/10.1016/j.jallcom.2010.12.123
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ig. 1. X-ray diffraction (XRD) patterns of KSr0.995PO4:0.5%Eu2+, KSr0.98PO4:2%Eu3+

nd KSr1-xPO4:xTb3+ (1% ≤ x ≤ 11%) samples.

Sr0.98PO4:2%Eu3+ and KSr1-xPO4:xTb3+ (1% ≤ x ≤ 7%) samples are
onsistent with the data reported for KSrPO4 in JCPDS file no.
3-1045. As for KSr1-xPO4:xTb3+ samples, further increase of Tb3+

oncentration (more than 7 mol%) leads to traces of impure phase
igned by symbol “*”.

The photoluminescence excitation (PLE) spectra
�emission = 544 nm) series of KSr1-xPO4:xTb3+ (1% ≤ x ≤ 7%) samples
re essentially the same except the intensity. For representa-
ion, the PLE spectrum of KSr0.95PO4:5%Tb3+ in the range of
20–300 nm is presented in Fig. 2. It is observed that the PLE
f KSr0.95PO4:5%Tb3+ exhibits a broad excitation band located

t 141 nm and a shoulder peak at 157 nm in the region of
20–162 nm. Considering host absorption band is rarely affected
y activators, the VUV excitation spectrum of KSr0.995PO4:0.5%Eu2+

�emission = 426 nm) measured under the same conditions was also

ig. 2. Vacuum ultraviolet (VUV) excitation spectra of KSr0.995PO4:0.5%Eu2+ and
Sr0.95PO4:5%Tb3+ monitoring at 426 nm and 544 nm at room temperature, respec-

ively. The inset gives ultraviolet (UV) excitation spectrum (�emission = 611 nm) of
Sr0.98PO4:2%Eu3+ at room temperature.
Fig. 3. Photoluminescence (PL) spectra (�excitation = 147 nm) of KSr1-xPO4:xTb3+

(1% ≤ x ≤ 7%) at room temperature.

shown in Fig. 2 in order to investigate the attribution of these
bands. Both the samples exhibit a broad band in the region of
120–162 nm. Thus, the band from 120 to 162 nm can be considered
to include host absorption. In addition, it is found that the shoulder
peak at 157 nm, which is overlapped with the host absorption, is
only observed in the PLE spectrum of KSr0.95PO4:5%Tb3+, therefore,
it may be related to the absorption of O2− → Tb3+. According to the
formula (1) which is proposed by Resfeld and J�rgensen [20], the
position of the charge transfer band of the rare earths ions can be
calculated.

Ect (cm−1) = [�opt(X) − �opt(M)] × 30, 000 cm−1 (1)

�opt(X) and �opt(M) are the optical electronegativities of the anion
and central metal ion, respectively. The electronegativity of O2− is
variational in different hosts, and the O2− → Eu3+ CT band could be
observed easily in the UV region. Thus, the positions of other CT
bands can be estimated after knowing the position of O2− → Eu3+

CT band. The UV excitation spectrum of KSrPO4:Eu3+ is given as
insert in Fig. 2. As can be seen from it, the position of O2− → Eu3+

CT band situates around 243 nm, viz. 41,152 cm−1. Using the value
of Ect and �opt(Eu) which is reported to be 1.74 [21], the calcu-
lated electronegativity of O2− is 3.11. Putting �opt(O) = 3.11 and
�opt(Tb) = 0.95 [21] into Eq. (1), the CT band of O2− → Tb3+ can be
calculated to be 154 nm. Combining the PL spectra in Fig. 2 and the
calculated result, the shoulder peak at 157 nm could be assigned
to O2− → Tb3+ absorption transition. From the analysis discussed
above, the band spanning from 120 to 162 nm can be related to
the host absorption transition and O2− → Tb3+ CT band. The bands
which cover the spectral range from 162 to 300 nm in the PLE spec-
trum of KSr0.95PO4:5%Tb3+ are due to transitions from the 4f8 single
configuration to the energy levels 4f75d1 mixed configuration of
Tb3+, and the crystal field splitting of d-levels of Tb3+ is reflected
in this region. The PL spectra of KSr1-xPO4: xTb3+ (1% ≤ x ≤ 7%) sam-
ples under 147 nm excitation were presented in Fig. 3. As seen from
Fig. 3, the characteristic transitions of Tb3+ ions strongly depend
on the Tb3+ concentration. At lower Tb3+ concentration, the PL
spectrum of Tb3+ is composed of two groups: the blue emissions
below 450 nm are from 5D3 → 7Fj (j = 4, 5, 6) transitions while the

5 7
green and red emissions above 450 nm are from D4 → Fj (j = 3, 4,
5, 6) transitions with the most intense emission at 544 nm corre-
sponding to the 5D4 → 7F5 transition of Tb3+. Then, the 5D3 → 7Fj
(j = 4, 5, 6) transitions decrease gradually while the 5D4 → 7Fj (j = 3,
4, 5, 6) transitions increase with increasing of Tb3+ concentra-
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Fig. 4. A possible schematic diagram illustrating the cross relaxation process and
emission process of Tb3+ in KSrPO4 host.

Fig. 5. Photoluminescence (PL) spectra (� = 147 nm) of KSr PO :7%Tb3+
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nd commercial Zn2SiO4:Mn2+ green phosphors at room temperature. The inset
xhibits the decay curve (�excitation = 147 nm) of the 5D4 → 7F5 transition of Tb3+ in
Sr0.93PO4:7%Tb3+.

ion. This phenomenon is accordance with the results reported for
aLnAl3O7:Tb3+ (Ln = La, Gd) phosphors [22], and the reason can be
onsidered to be cross-relaxation which can be expressed by the
ollowing process

b3+(5D3) + Tb3+(7F6) → Tb3+(5D4) + Tb3+(7F0)

A possible schematic diagram illustrating the cross relaxation
rocess and characteristic emission of Tb3+ in KSrPO4 host is shown

n Fig. 4.
Fig. 5 exhibits the comparison of the PL spectra between

Sr0.93PO4:7% Tb3+ and the commercial Zn2SiO4:Mn2+ green
hosphors by 147 nm excitation. The integrated intensity of
Sr0.93PO4:7%Tb3+ is about 42% of the commercial Zn2SiO4:Mn2+
reen phosphors, and the color coordinates were calculated to be
x = 0.317, y = 0.522) for KSr0.93PO4:7%Tb3+ sample. The inset shows
he decay curve of Tb3+ 5D4 → 7F5 transition in KSr0.93PO4:7%Tb3+.
he decay curve has been analyzed by curve fitting and it is found
hat the decay curve can be fitted perfectly using the single- order

[

[

[
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exponential decay function

I = A exp
(−t

�

)
(2)

where I is the phosphorescence intensity at time t, A is a constant,
and � is the decay time for exponential component. The decay time
extracted from the fitted curve is about 4.37 ms.

4. Conclusion

The green-emitting phosphors KSr1-xPO4:xTb3+ (1% ≤ x ≤ 7%)
were successfully prepared via a solid-state process. Monitoring
at 544 nm of the Tb3+ 5D4 → 7F5 transition, the PLE spectrum in
VUV region showed a band below 162 nm and a shoulder peak at
157 nm, which can be considered to be host absorption and charge
transfer transition of O2− → Tb3+, respectively. The PL investiga-
tion showed the optimal concentration of Tb3+ is about 7 mol% in
KSrPO4 host. The integrated intensity of the optimum compound
KSr0.93PO4:7%Tb3+ is as much as 42% of commercial Zn2SiO4:Mn2+

and the decay time is about 4.37 ms. In view of further founda-
tion work, the investigation of photoluminescence properties of
KSrPO4:Tb3+ in VUV region provides a few of experiment data and
would be helpful for exploring VUV mechanism.
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