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a b s t r a c t

A series of RE3+ (RE = Ce, Tb, Dy, Tm and Sm) activated Ca10K(PO4)7 were synthesized by conventional
state reaction and their photoluminescence properties under vacuum ultraviolet excitation were inves-
tigated. The PO4

3− absorption lies within the range from 125 to 180 nm in all the excitation spectra of
Ca10K(PO4)7:RE3+. The first f–d transition of Ce3+ is observed at 316 nm, and the Ce3+ emission is located

3+
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ptical properties
uminescence
are-earth

at about 350 nm. Both the first spin-allowed and spin-forbidden f–d transitions of Tb are situated at
232 and 263 nm, respectively. The emission spectrum of Ca10K(PO4)7:Tb3+ exhibits typical Tb3+ emissions
with the predominant peak at 544 nm. The O2−–Dy3+ charge transition band was calculated and iden-
tified around 173 nm, the CIE chromaticity coordinates of Dy3+ were calculated to be 0.364 and 0.392.
The Ca10K(PO4)7:Tm3+ demonstrates the strongest excitation at about 182 nm assigned to O2−–Tm3+, and
gives the predominant emission at 453 nm. The 4G5/2–6H7/2 transition of Sm3+ at 601 nm is the most

spec
intensive in the emission

. Introduction

In the past few years, the luminescence spectroscopy of rare-
arth (RE) ions in the vacuum ultraviolet (VUV) spectral range has
ttracted a considerable attention [1,2] due to the main reasons
s follow: firstly, it is urgent to explore new efficient VUV-excited
hosphors for Hg-free fluorescent lamps and plasma display panels
PDPs); secondly, it is necessary to carry out researches on the the-
ry of luminescence to understand the luminescence mechanism
f RE-doped phosphors in the VUV region. As is known, the plasma
f xenon containing noble gas mixture, whose emission consists
f the Xe resonance emission line (147 nm) and/or the Xe2 molec-
lar emission band (172 nm), provides the excitation resource in
DPs or Hg-free lamps [3–5]. And the luminescence properties of
hosphors directly influence the performances of PDPs and Hg-free

amps. Recently, BaMgAl10O17:Eu2+ (BAM), Zn2SiO4:Mn2+ and (Y,
d)BO3:Eu3+ have been commercially used as blue, green and red
hosphors for PDPs, respectively. Among these phosphors, BAM is
asily degraded by a thermal treatment in the presence of oxygen
uring panel fabrication and VUV damage during panel operation

6]; the decay time of the Zn2SiO4:Mn2+ phosphor is too long result-
ng in that one image could be superimposed on another [7]; the red
hosphor exhibits a poor color purity, because the intensity of the
range emission is higher than that of the red one [8]. Hence, new
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phosphors with good characteristics such as intensive emission
upon 147/172 nm excitation are imperatively needed.

Recent studies [9–11] have found that RE3+-activated phos-
phates could exhibit excellent luminescence properties due to
the absorption of PO4

3− in VUV region [12]. It was reported
that Ca10K(PO4)7 (CKP) compound is isostructural to ˇ-Ca3(PO4)2,
which have a polar whitlockite-type crystal structure [13]. And
many kinds of materials with different cations substituting in the
initial ˇ-Ca3(PO4)2 have served as the base for the crystallochem-
ical design of compounds with ferroelectric, nonlinear-optical and
ion-conductive properties [14,15]. To the best of our knowledge,
the ultraviolet (UV) optical properties of CKP:Eu2+, Tb3+ have been
investigated [16]. However, the photoluminescence (PL) properties
of RE3+-doped CKP in VUV region have not been reported. In this
paper, to explore new VUV phosphors and carry out basic research,
we synthesized the CKP:RE3+ (RE = Ce, Tb, Dy, Tm and Sm) samples
and investigated their VUV spectroscopic properties.

2. Experimental

RE3+-doped CKP (RE = Ce, Tb, Dy, Tm and Sm) were synthesized by conventional
solid-state reaction. The starting materials included CaCO3 (99%), NH4H2PO4 (99%),
K2CO3 (99%), CeO2 (99.99%), Tb4O7 (99.99%), Dy2O3 (99.99%), Tm2O3 (99.99%) and
Sm2O3 (99.99%). When RE oxides were doped into the CKP matrix, the equally K2CO3

serves as a charge compensation reagent. Stoichiometric amounts of the starting

reagents were thoroughly mixed and ground together by an agate mortar. An excess
(5%) of NH4H2PO4 was used to compensate for the evaporation at a high tempera-
ture. The mixture was pre-fired in air at 600 ◦C for 3 h, reground, then calcined in
air (for Dy, Tm and Sm doped samples) or in a reduction atmosphere (N2:H2 = 95:5,
for Ce and Tb doped samples) at 1210 ◦C for 7 h. The concentrations of RE3+ (RE = Ce,
Tb, Dy, Tm and Sm) activators are 2 mol% of Ca2+.
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Fig. 1. XRD patterns of CKP:RE3+ (RE = Ce, Tb, Dy, Tm and Sm).

The phase purity was determined using a Rigaku D/MAX-2400 powder X-ray
iffractometer (XRD) with Cu K� radiation (� = 1.54178 Å) operating at 40 kV and
0 mA. The photoluminescence (PL) and photoluminescence excitation (PLE) spectra
ere measured by a FLS920T spectrophotometer equipped with VM504 vacuum
onochromator, and the PLE spectra were corrected by the sodium salicylate at the

ame measurement conditions. All the spectra measurements were performed at
oom temperature.

. Results and discussion

.1. XRD analysis

The XRD studies were performed on CKP:RE3+ (RE = Ce, Tb, Dy,
m and Sm) as shown in Fig. 1. The pattern shows that all of the
eflected peaks are identified to CKP host lattice which crystal-
izes in hexagonal structure (JCPDS-45-0138), indicating the single
hase samples can be successfully obtained by solid-state reaction
hen a small quantity of RE3+ was doped into the CKP matrix.
.2. Photoluminescence properties

.2.1. Ce3+-doped CKP
Fig. 2 presents both the excitation excited at 147 nm and the

mission spectra monitored at 350 nm of CKP:Ce3+, respectively. In

Fig. 2. Excitation and emission spectra of CKP:Ce3+.
Fig. 3. Excitation and emission spectra of CKP:Tb3+.

Ref. [17], Saito et al. have calculated the energy levels of tetrahedral
PO4

3− molecule using the extended Hückel method. According to
their results, the lowest intramolecular transition of 2t2 → 2a,3t2
was found to exist at 7–10 eV (124–177 nm). And in many phos-
phates, the absorption position of the PO4

3− has been reported at
this range [9–11,18]. Therefore, the excitation band from 130 to
180 nm in Fig. 2 could attributed to the PO4

3− absorption of the
host. And the remaining excitation band from 180 to 350 nm could
be attributed to the f–d transition of Ce3+ due to its broad and strong
characteristics, from which it can be seen the first f–d transition of
Ce3+ in CKP:Ce3+ is located at 316 nm. Upon 147 nm excitation, the
emission spectrum exhibits a broad emission band located at about
350 nm, which could be assigned to the d–f transition of Ce3+.

3.2.2. Tb3+-doped CKP
Both the excitation and emission spectra of CKP:Ce3+ are shown

in Fig. 3. Upon 147 nm excitation, the emission spectrum con-
sists of a group of typical 5D3,4 → 7FJ (J = 3–6) transitions of Tb3+,
among which the 5D4 → 7F5 transition at 544 nm is predominant.
On the other hand, the 5D3 → 7FJ (J = 3–6) transitions of Tb3+ can be
observed obviously, this is due to that the spectral energy distribu-
tion of Tb3+ emission depends strongly on Tb3+ concentration [11].
At a low concentration of Tb3+, the emissions from 5D3 to 7FJ lev-
els can be observed easily; with an increase of Tb3+ concentration,
the emissions from 5D3 to 7FJ levels are quenched gradually by the
cross relaxation process, as described in formula (1).

Tb3(5D3) + Tb3(7F6) → Tb3(5D4) + Tb3(7F0) (1)

From the excitation spectrum monitored at 544 nm, it can be
seen that the CKP:Tb3+ phosphor could be efficiently excited by
147 nm, and the excitation band between 125 and 165 nm could
be attributed to the host absorption according to the analysis
above. For Tb3+ ions, when one electron is promoted to 5d shell,
it gives rise to two 4f75d1 excitation states: the high-spin state
with 9DJ configurations and the low-spin state with 7DJ con-
figurations. Correspondingly, the 4f–4f5d transitions include the
7FJ → 9DJ and 7FJ → 7DJ transitions which are spin-forbidden (SF)
and spin-allowed (SA), respectively. In addition, it is well known
that the relative energy of the first f–d transition for different RE3+

ions is strongly dependent of host and the defined crystal show

somewhat lower energies compared with the 5d orbital energy of
the free RE3+ ions [19]. Dorenbos [2] proposed that crystal-field
decrease D(Ln, A) for the energy of the 4fn−15d levels of a lanthanide
ion in compounds A relative to the same level energies in the free
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Fig. 4. Excitation and emission spectra of CKP:Dy3+.

on, i.e.

(Ln, A) = 49, 340 cm−1 − D(A) + �ELn,Ce (2)

s almost independent of the nature of lanthanide ion doped. Here,
(Ln, A) is the f–d energy difference of the lanthanide ions Ln3+

oped in compound A, D(A) is the energy that the lowest 4f–5d exci-
ation band is lowered relative to that of free Ce3+ ion, and �ELn,Ce

s the energy shift between the lowest 4f–5d excitation band of
n3+ with respect to that of Ce3+. The first f–d transition of Ce3+ in
KP:Ce3+ is observed at 316 nm as shown in Fig. 2, so the D(A) could
e calculated to 17,694 cm−1. Both the 5d levels of free Tb3+ for the
F and SA f–d transitions are reported to be 62,500 and 56,200 cm−1

2], respectively. By Eq. (2), we can obtain the first SF and SA f–d
ransitions of Tb3+ in CKP:Tb3+ to be 44,806 cm−1 (223 nm) and
8,506 cm−1 (260 nm), respectively. Correspondingly, the strong
xcitation band around 232 nm could be attributed to the first SA
–d transitions of Tb3+ and the weak excitation band around 263 nm
ould be assigned to the SF f–d transitions of Tb3+.

.2.3. Dy3+-doped CKP
It is well known that the color of the Dy3+ luminescence is close

o white due to the blue emission (about 480 nm) and the yel-
ow emission (about 570 nm). Both the excitation and emission
pectra of CKP:Dy3+ are represented in Fig. 4. Upon 147 nm exci-
ation, the CKP:Dy3+ gives three emission peaks at 481, 572 and
59 nm, ascribed to the 4F9/2–6H15/2, 4F9/2–6H13/2 and 4F9/2–6H11/2
ransitions, respectively. And the intensity of 4F9/2–6H13/2 emis-
ion is much stronger than that of 4F9/2–6H15/2 emission. As we
now, the 4F9/2–6H13/2 transition belongs to the hypersensitive
ransition with �J = 2, which is strongly influenced by the outside
nvironment of Dy3+ and is allowed only at low symmetries with
o inversion centre; the 4F9/2–6H15/2 transition is magnetically
llowed, which hardly varies with the crystal field strength around
he Dy3+ [10,20]. The CKP is isostructural to ˇ-Ca3(PO4)2, which has
o inversion centre in this structure [13,21], so the emission spectra
f CKP:Dy3+ demonstrate a large ratio of the yellow emission inten-
ity to the blue one. The Commission International del’Eclairage
CIE) chromaticity coordinates of CKP:Dy3+ are calculated using
he emission spectrum dates to be 0.364, 0.392, indicating a near-
hite emission. The excitation spectrum of CKP:Dy3+ monitored at
72 nm demonstrates two strong excitation bands in VUV region.
s discussed above, the former excitation band from 125 to 163 nm
ould be attributed to the PO4

3− absorption. And the attribution of
he latter one needs discussing in detailed. Generally, the charge
ransfer band (CTB) is usually of strong and broad character, and
Fig. 5. Excitation and emission spectra of CKP:Tm3+.

the CTB positions of other RE3+ ions can be predicted once that of
any one RE3+ ion such as Eu3+ is known with the help of an empirical
formula given by Jørgensen [22]:

Ect(cm−1) = [�opt(X) − �uncorr(M)] × 30, 000 cm−1 (3)

where Ect (cm−1) gives the position of the CTB. �opt (X) is the optical
electro-negativity of the ligand ion (viz. oxygen in the present sys-
tem). �uncorr (M) is the uncorrected optical electro-negativity of the
central metal ion. The UV excitation spectrum of CKP:Eu3+ is pre-
sented in the inset of Fig. 2, the broad band around about 245 nm
could be attributed to the O2−–Eu3+ CTB. According to Ref. [23],
the optical electro-negativity of Eu3+ and Dy3+ is 1.74 and 1.21 eV,
respectively. Therefore, the CTB energy of Dy3+ in CKP:Dy3+ can
be calculated to 56,716 cm−1 (viz. 176 nm). In this case, the latter
excitation band located at 173 nm in Fig. 4 could be ascribed to the
O2−–Dy3+ CTB.

3.2.4. Tm3+-doped CKP
Fig. 5 shows both the excitation and emission spectra of

CKP:Tm3+. From the excitation spectrum monitored at 453 nm, it
can be seen that the CKP:Tm3+ exhibits a weak host absorption, but
a relatively strong excitation band centred at 182 nm is observed
obviously, which could be assigned to the O2−–Tm3+ CTB according
to the calculated result by Eq. (3). In the UV region, there are a group
of excitation peaks existing between 260 and 300 nm that can be
assigned to the 3H6–3PJ (J = 2, 1, 0) transitions [24]. Upon 172 nm
excitation, the predominant emission peak is located at 453 nm,
attributed to the 1D2–3F4 transition of Tm3+ [24]. Besides, there
is a weak emission at about 478 nm, and it could be ascribed to
the 1G4–3H6 transition of Tm3+ [24]. As a whole, the brightness of
CKP:Tm3+ is somewhat low. That is because for Tm3+ with complex
levels in 4f12 configuration, the electron–phonon coupling plays an
important role in the relaxation process of Tm3+, which will lower
the blue emission [10].

3.2.5. Sm3+-doped CKP
The excitation spectrum by monitoring at 601 nm and the emis-

sion spectrum upon 147 nm excitation are both shown in Fig. 6.
Similarly, the excitation band from 125 to 163 nm could be asso-
ciated to the host absorption. By Eq. (2), the first f–d transition

position of Sm is calculated to 172 nm that is very close to the
position of the excitation peak centred at 174 nm, so the band
from 163 to 195 nm could be attributed to the f–d transition of
Tm3+. In Ref. [18], the O2−–Sm3+ CTB in the Ba3(PO4)2:Sm3+ phos-
phor has been reported at 223 nm. And considering the broad
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Fig. 6. Excitation and emission spectra of CKP:Sm3+.

nd strong character of CTB, the intensive excitation band around
25 nm in Fig. 6 could be ascribed to the O2−–Sm3+ CTB. The emis-
ion spectrum demonstrates the typical emissions of Sm3+, and the
redominant emission peak is located at 601 nm ascribed to the
G5/2–6H7/2 transition. The other three relatively weak peaks at
63, 648 and 707 nm are attributed to the 4G5/2–6H5/2, 4G5/2–6H9/2
nd 4G5/2–6H11/2, respectively [25].

. Conclusions

In conclusion, we prepared Ce, Tb, Dy, Tm and Sm doped CKP
amples by solid-state reaction, and studied their PL and PLE prop-
rties in VUV region. The host absorption in all of these phosphors
s located between 125 and 180 nm. The first f–d transition of Ce3+

s observed at 316 nm. Both the CKP:Tb3+ and CKP:Dy3+ exhibit
ntensive excitation in VUV region, and their predominant emis-

ions are at 544 and 572 nm, respectively. Under 172 nm excitation,
he CKP:Tm3+ gives the strongest emission at 453 nm. Upon 147 nm,
our emission peaks are observed at 563, 601, 648 and 707 nm at the
ange from 550 to 750 nm for CKP:Sm3+. To sum up, the investiga-
ions on CKP:RE3+ will enrich the RE-doped luminescence materials

[
[

[
[

mpounds 509 (2011) 4649–4652

excited by VUV light and contribute to the applications for PDPs and
Hg-free lamps.
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