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Abstract

A new efficient blue phosphor, Eu2+ activated SrZnP2O7, has been synthesized at 1000 1C under reduced atmosphere and the crystal

structure and photoluminescence properties have been investigated. The crystal structure of SrZnP2O7 was obtained via Rietveld

refinement of powder X-ray diffraction (XRD) pattern. It was found that SrZnP2O7 crystallizes in space group of P21/n (no. 14), Z ¼ 4,

and the unit cell dimensions are: a ¼ 5.30906(2) Å, b ¼ 8.21392(3) Å, c ¼ 12.73595(5) Å, b ¼ 90.1573(3)1, and V ¼ 555.390(3) Å3. Under

ultraviolet excitation (200–400 nm), efficient Eu2+ emission peaked at 420 nm was observed, of which the luminescent efficiency at the

optimal concentration of Eu2+ (4mol%) was estimated to be 96% as that of BaMgAl10O17:Eu
2+. Hence, the SrZnP2O7:Eu

2+ exhibit

great potential as a phosphor in different applications, such as ultraviolet light emitting diode and photo-therapy lamps.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Rare earth activated wide band gap luminescent
materials are widely used in diverse applications, such as
lamp phosphor, color display and X-ray imaging [1].
Among these luminescent materials, Eu activated phos-
phors have been studied intensely since Eu3+ is an ideal
red-emitting activator and Eu2+ can emit photons in a
wide energy range from UV to red depending on the nature
of the host [2]. In the last decade, designing and researching
new Eu2+ activated phosphors have been boosted by the
development of light emitting diode (LED) lighting
industry around the globe [3–5].

A2P2O7 (A=Ca, Sr, Ba; Mg, Zn) is a large family of
pyrophosphate compounds, which have been found to
crystallize in two structural types that can be predicted
e front matter r 2007 Elsevier Inc. All rights reserved.
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from the ionic radius of A cation. When radius of A2+ is
smaller than 0.97 Å (A=Mg, Zn), A2P2O7 is of the
thortveitite structure, in which [P2O7] groups are in stagger
configuration; and when the radius of A2+ is larger than
0.97 Å (A=Ca, Sr, Ba), the [P2O7] groups are in eclipsed
configuration [6]. The luminescent properties, especially
the Eu2+-doped diphosphates, such as Ca2P2O7:Eu

2+,
a-Sr2P2O7:Eu

2+, MgSrP2O7:Eu
2+ and MgBaP2O7:Eu

2+

were found to be efficient phosphors in the violet–blue
region [7]. By introducing optical inert ions into the lattice,
such as Zn2+, it is possible to tailor the luminescent
properties. Among the alkali zinc diphosphates, BaZnP2O7

was found to crystallize in space group of P1 (no. 2) with
Z ¼ 2 [8], whereas for both CaZnP2O7 and SrZnP2O7 there
are only powder X-ray diffraction (XRD) patterns
compiled in ICDD database (no. 53-0681 and no. 49-1026)
and no detailed crystallographic data has been reported yet.
Though the dielectric properties of AZnP2O7 (A ¼ Ca, Sr)
have been studied systematically [9–11], so far as we know,
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there is no report on the photoluminescence of Eu2+-doped
alkali earth zinc diphosphates, A1�xEuxZnP2O7 (A=Ca, Sr,
Ba). In this work, the crystal structure of SrZnP2O7 was
obtained from Rietveld refinement, and the photolumines-
cent properties of SrZnP2O7:Eu

2+ were reported for the first
time. It was found that SrZnP2O7:Eu

2+ is an efficient
violet–blue emitting phosphor.

2. Experimental sections

2.1. Sample preparation

All the Sr1�xEuxZnP2O7 (x=0, 0.005, 0.01, 0.02, 0.03,
0.04, 0.05, 0.06) powder samples were prepared through
solid-state reactions at high temperatures. The analytical
pure starting materials, SrCO3, ZnO, (NH4)2HPO4 and
Eu2O3 were weighed stoichiometrically, ground and mixed
thoroughly in an agate mortar, fired in alumina crucibles at
400 1C for 1 h to remove volatile gas such as water and
ammonia, then calcined at 900 1C for another 24 h. The
Eu2+-doped samples were obtained by a final heat treat-
ment at 1000 1C for 4 h in a reducing atmosphere of H2/Ar
(volume ratio of 5/95). It was found that Eu3+ in the
samples cannot be totally reduced when reduced at 900 1C,
and the samples would melt when reduced at 1050 1C. All
samples were purely white and non-hygroscopic.

2.2. XRD measurement and Rietveld refinement

The powder XRD pattern for Rietveld refinement was
collected at ambient temperature on a HUBER Imaging
Plate Guinier Camera G670[S] (CuKa1 radiation,
l=1.54056 Å, germanium monochromator). The 2y ranges
of all the data sets are from 101 to 1001 with a step of
0.0051, and the time of data collection is 8 h.

All calculations were carried out with FullProf program
[12]. The Pseudo-Voigt peak profile function was used, and
the background was approximated by linear interpolation
Fig. 1. Rietveld refinement of powder X
between a set of background points with refinable heights.
Due to the similar size of Zn2+ and Cr2+, SrCrP2O7 (space
group of P21/n, Z ¼ 4) [13] was found to be the structure
analog for SrZnP2O7, from which the atomic positions
were used as the starting parameters in the Rietveld
refinement. The observed, calculated and difference pow-
der XRD patterns were shown in Fig. 1. The obtained
reliability factors are: Rp% ¼ 1.17, Rwp% ¼ 1.77,
Rexp% ¼ 0.71 and w2 ¼ 6.21, revealing the good quality
of refinement. Moreover, the correctness of the refinement
is indicated by checking the atom distances and angles
(Table 2). For instance, the P–O distances are in the range
of 1.471(4)–1.597(4) Å and the average P–O distance is
1.533 Å that is very close to 1.54 Å for P–O [14]. The Sr–O
and Zn–O distances are normal as well.

2.3. Optical measurements

The vacuum ultraviolet (VUV) excitation and emission
spectra were measured at the VUV spectroscopy experi-
mental station on beam line U24 of the National Synchro-
tron Radiation Laboratory (NSRL), University of Science
and Technology of China (USTC). The electron energy of
the storage ring was 800MeV and the beam current was
about 150–250mA with a lifetime of approximately 10h.
The synchrotron radiation was monochromatized through a
Seya-Namioka monochromator and the signal was received
by a Hamamatsu H5920-01 photomultiplier. The resolution
of the instruments is about 0.2 nm. The relative VUV
excitation intensities of the samples are corrected by dividing
the measured excitation intensities of the samples with that
of sodium salicylate in the same excitation conditions.
Because the range of wavelength in the VUV–UV excitation
spectra is 130–350nm, the lower energy part of UV
excitation spectra (350–410nm) was recorded on a Shimadzu
RF-5301 spectrofluorometer equipped with a 150W xenon
lamp as the excitation source. All of the excitation and
emission spectra are recorded at room temperature.
RD pattern of undoped SrZnP2O7.
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Table 2

Selected bond lengths (Å) and angles (1) in SrZnP2O7

Sr1

O1 2.627(3) O1–P1–O3 105.4(2) O1–Sr1–O2 74.8(1)

O2 2.627(4) O1–P1–O4 107.7 (2) O1–Sr1–O3 53.7(1)

O3 2.723(3) O1–P1–O5 116.2(2) O1–Sr1–O5 78.8(1)

O3 2.549(3) O3–P1–O4 107.0(2) O1–Sr1–O6 151.2(1)

O5 2.501(3) O3–P1–O5 113.9(2) O1–Sr1–O7 68.1(1)

O5 2.527(3) O2–Sr1–O3 64.0(1)

O6 2.692(3) O2–P2–O4 106.1(2) O2–Sr1–O5 79.0(1)

O7 2.755(3) O2–P2–O6 111.0(2) O2–Sr1–O6 76.5(1)

Zn1

O1 2.034(4) O2–P2–O7 111.0(2)

O2 2.037(3) O4–P2–O6 109.4(2)

O3 2.173(4) O4–P2–O7 102.2(2)

O6 2.100(3)

O7 1.988(4) O7–Zn1–O1 108.6(1)

P1

O1 1.471(4) O7–Zn1–O2 98.7(1)

O3 1.553(4) O7–Zn1–O3 79.3(1)

O4 1.597(4) O7–Zn1–O6 120.1(1)
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3. Crystal structure description

The unit cell dimensions obtained from Rietveld refine-
ment are: a ¼ 5.30906(2) Å, b ¼ 8.21392(3) Å, c ¼

12.73595(5) Å, b ¼ 90.1573(3)1 and V ¼ 555.390(3) Å3,
which match well with the values in ICDD no. 49-1026.
The atomic positions were tabulated in Table 1, and the
selected bond lengths and angles were listed in Table 2.

As shown in the projection of SrZnP2O7 view along the
[1 0 0] and [0 1 0] axis (Fig. 2), [ZnO5] pyramids and [P2O7]
groups connect with each other to form a 3D-netwok by
sharing the oxygen at the vertex of polyhedra, and Sr2+

ions locate at the dodecahedra formed in the Zn–P–O
network. Different from another blue phosphor, a-Sr2P2O7

(Pnma (no. 62), Z ¼ 4), in which the [P2O7] groups are in
eclipsed configuration [15], the [P2O7] groups in SrZnP2O7

are in a stagger configuration (Fig. 3c) since half of the
cation sites in the pyrophosphate lattice are occupied by
the smaller Zn2+ cations. Zn2+ coordinates with five
oxygens with average Zn–O distance of 2.066 Å, and Sr2+

coordinates with eight oxygens with average Sr–O distance
of 2.625 Å (Fig. 3 and Table 2). Each Sr2+ has two nearest
neighboring Sr2+ ions along the [0 1 0] axis with Sr–Sr
inter-cation distance of 4.191(1) Å, and two next nearest

neighboring Sr2+ ions along the [1 0 0] axis with Sr–Sr

inter-cation distance of 5.309(1) Å. Among the seven
oxygen anions in each formula of SrZnP2O7, O4 is the
bridging oxygen in one [P2O7] group and each of the other
six oxygens is the shared vertex of one [SrO8] dodecahe-
dron, one [ZnO5] pyramid and one [PO4] tetrahedron. The
sites of dopants in the host are determined by their ionic
radius. The radius of Eu3+, Eu2+, Sr2+ and Zn2+ is 1.07 Å
(CN ¼ 8), 1.25 Å (CN ¼ 8), 1.26 Å (CN ¼ 8) and 0.74 Å
(CN ¼ 6), respectively [16]. Consequently, the europium
dopants (Eu3+ or Eu2+) can more easily occupy the Sr2+

sites rather than the smaller Zn2+ sites.

O5 1.521(4) O1–Zn1–O3 87.8(1)

P2

O2 1.518(4) O1–Zn1–O6 86.1(1)

O4 1.578(3) O2–Zn1–O3 84.6(1)

O6 1.474(4) O2–Zn1–O6 91.4(1)

O7 1.552(3)
4. Photoluminescent properties

Let us first examine the photoluminescent properties of
Eu3+-doped sample prior to the reduction treatment,
Table 1

Atomic positions in the unit cell of SrZnP2O7 obtained from Rietveld refinem

Atom Wyck. Site symmetry x/a

Sr1 4e 1 0.28706(13)

Zn1 4e 1 0.82887(17)

P1 4e 1 0.7497(3)

P2 4e 1 0.3183(3)

O1 4e 1 0.6681(7)

O2 4e 1 0.6753(7)

O3 4e 1 0.9540(6)

O4 4e 1 0.7648(7)

O5 4e 1 0.4824(6)

O6 4e 1 0.0912(6)

O7 4e 1 0.1974(7)
which shows relatively weak orange–red emissions of
Eu3+ under UV radiation. As shown in Fig. 4a, the
excitation spectra is characterized by very weak host
absorption band and broad charge transfer state (CTS)
[2] band within 180–280 nm that peaked at 247 nm. And in
the emission spectra (Fig. 4b), the intensity of magnetic-
dipole transitions of 5D0–

7F1 (587 and 593 nm) is stronger
than that of the electric-dipole transitions of 5D0–

7F2 (611
and 620 nm), which indicates that the Eu substituted Sr2+

site is basically centro-symmetric [1].
However, after the reduction heat treatment in H2/Ar

atmosphere at 1000 1C, narrow Eu3+ emission lines
vanished completely and broad Eu2+ emission band
dominated the spectra. As presented in Fig. 5, a strong
Gaussian emission band was observed at 420 nm with
ent

y/b z/c U [Å2]

0.33960(6) 0.27904(5) 0.0077(2)

0.15179(11) 0.10540(6) 0.0093(3)

0.5344(2) 0.16429(12) 0.0039(5)

0.19912(18) 0.97944(12) 0.0029(5)

0.3642(5) 0.1527(2) 0.0021(11)

0.4040(4) 0.4004(3) 0.0054(12)

0.1169(4) 0.2664(3) 0.0054(12)

0.1180(3) 0.4488(3) 0.0037(11)

0.0604(4) 0.2966(3) 0.0025(12)

0.3327(4) 0.4737(2) 0.0029(11)

0.1868(4) 0.0900(2) 0.0025(12)
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Fig. 3. The coordination environment of (a) Sr2+ and (b) Zn2+ ion in SrZnP2O7. (c) The connection between two [PO4] tetrahedra in the [P2O7] group.

The pink tetrahedra and cyan pyramid correspond to [PO4] and [ZnO5] groups, respectively.

Fig. 2. Projection view of SrZnP2O7 from (a) a-axis and (b) b-axis.

Fig. 4. VUV–UV excitation and emission spectra of SrZnP2O7:1% Eu3+

powder sample at room temperature. Fig. 5. (a) VUV–UV excitation spectra monitoring the strongest emission

of SrZnP2O7:4% Eu2+ at 420 nm, in which the red solid curve was

obtained at the VUV station of NSRL and the blue dot line was recorded

using a Shimadzu RF-5301 spectrofluorophotometer. (b) UV-excited

emission spectra of SrZnP2O7:4% Eu2+, together with the emission

spectra of BAM:Eu2+ measured under the same conditions as a reference.
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FWHM of 30 nm, which could be assigned as the
4f 65d1–4f 7 parity-allowed transition of Eu2+ in SrZnP2O7.
The excitation spectra consists of two parts: the host
absorption band in the lo160 nm region that corresponds
to the transition from valence band to conduction band
and energy transfer from host to Eu2+ activators, and the
broad band within 200–400 nm that corresponds to
transition from the ground state 4f 7 (8S7/2) to the excitation
states 4f 65d1 of Eu2+. As a result, the optical bandgap (Eg)
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Fig. 6. (a) The emission spectra of SrZnP2O7:Eu
2+ with varying Eu

concentration. (b) The Eu2+ concentration dependence of the emission

intensity of Sr1�xEuxP2O7 (0oxo0.06).
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of the host was calculated to be 7.8 eV, which is very close
to the intra-molecular absorption edge of [PO4] group [17].
The lowest 4f 65d1 absorption band of Eu2+ locates at
380 nm, from which the Stokes shift was calculated to be
2500 cm�1.

The lowest 4f 65d1 absorption band of Eu2+ at 380 nm is
1925 cm�1 higher than the lowest 4f 65d1 absorption band
of Eu2+ in a-Sr2P2O7, of which the lowest absorption band
locates at 410 nm and the main emission band locates at
420 nm [18]. The difference in the energy positions of the
lowest 4f 65d1 band can be understood following Doren-
bos’s formula [2,19]:

Dð3þ;AÞ ¼ �c þ
�cfs

rðAÞ
� 1890 cm�1, (1)

in which D(3+, A) is the redshift of the lowest 5d level of
Ce3+ in host A, centroid shift ec is the downward shift of
the average energy of the 5d levels relative to that of free
ion, crystal field splitting ecfs is the difference between the
energy of the lowest and highest 5d level. ec is commonly
associated with the nephelauxetic effect which is often
attributed to the covalency between the 5d orbital and the
p-orbitals of the anion, and ecfs is determined by the shape
and size of the first anion coordination polyhedron. Due to
the similarity in 5d levels among rare earth ions, this
formula is also applicable for predicting 5d level positions
of Eu2+ [2]. Comparing with a-Sr2P2O7, in which Sr2+ ion
is 9-fold coordinated and the average Sr–O distance is
2.700 Å [15], in SrZnP2O7 the 50% occupation of the
cationic sites by Zn2+ leads to shrinkage of the lattice
and the reduction of both coordination number of
Sr2+ and the average Sr–O distance, which result in
the increase of crystal field splitting (ecfs) at Sr2+ site.
However, since Zn2+ directly connects with the oxygen at
the vertex of [SrO8] dodecahedron, and the electronegativ-
ity value of Zn (1.65) is considerably greater than that of Sr
(0.95) [20], the Sr–O bond in SrZnP2O7 is less covalent than
that in a-Sr2P2O7, leading to the reduction of centroid shift
(ec) value. The reduction of ec preponderates over the
increase of ecfs. Hence, the D(Eu2+, SrZnP2O7) is smaller
than D(Eu2+, a-Sr2P2O7), and the lowest Eu2+ 4f 65d1

absorption band in SrZnP2O7 is higher than that in e-
Sr2P2O7.

The influence of the Eu2+ concentration on the
luminescence was investigated and the optimum concen-
tration of Eu2+ in SrZnP2O7 was determined. As shown in
Fig. 6, when the concentration of Eu2+ increases, the
intensity of Eu2+ increases steadily until reaching the
optimal concentration of 4mol% and a further increase in
concentration leads to the decrease of Eu2+ emission
intensity due to concentration quenching. As the Eu2+

concentration increases, the distance between the Eu2+

ions becomes smaller, leading to the higher probability of
energy transfer among the Eu2+ ions. From Fig. 6, it is
clear that 4mol% is the critical concentration of Eu2+,
from which a rough estimation of the critical distance
(Rc) for energy transfer can be made using the formula
given by Blasse [21]:

Rc � 2
3V

4pxcZ

� �1=3
, (2)

in which V is the volume of the unit cell, xc is the critical
concentration of the activator ion, and Z is the number of
formula units per unit cell. In the SrZnP2O7:Eu

2+

phosphor, Z equals 4, xc and V are taken approximately
as 0.04 and 555 Å3, respectively, from which the critical
distance of Eu2+ in SrZnP2O7, Rc, is estimated to be 19 Å,
which is similar to the Rc value for Eu

2+ centers in several
oxide and nitride lattices [3,22–24].
Energy transfer is generally associated with exchange

interaction, radiation re-absorption and multipolar inter-
actions [25]. Since the overlap between wave functions
of neighboring Eu2+ ions with such long distance is
neglectable, the mechanism of exchange interaction plays
little role in energy transfer between Eu2+ ions in
SrZnP2O7:Eu

2+. Besides, it should be noted that there is
little spectra overlap between excitation and emission
spectra of SrZnP2O7:Eu

2+ (Fig. 5), and there is no
variation in the position nor the profile of the Eu2+ emi-
ssion spectra when Eu2+ concentration increases (Fig. 6a),
which indicate that the energy transfer mechanism between
Eu2+ ions should not be radiation re-absorption [26]. In
addition, the fluorescent mechanism of Eu2+ is the parity-
allowed electric-dipole transition of 4f 65d1–4f 7. As a result,
the energy transfer should be dominated by electric
multipolar interactions according to Dexter’s theory [25].
In order to estimate the luminescent efficiency of

SrZnP2O7:4% Eu2+ phosphor, a comparison was made
with the standard commercial blue phosphor, BaMg
Al10O17:Eu

2+ (BAM:Eu2+) (Fig. 7), of which the emission
spectrum was presented in Fig. 5b. Both phosphors were
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Fig. 7. Digital picture of the phosphors under the excitation of 254 nm of Hg lamp. (a) SrZnP2O7:4% Eu3+ (b) SrZnP2O7:4% Eu2+ and (c) commercial

phosphor of BaMgAl10O17:Eu
2+ (BAM:Eu2+).
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measured under the same conditions and excited using
their most efficient excitation wavelengths. By comparing
the integration area of the emission curves, it was found
that the quantum efficiency of SrZnP2O7:4%Eu2+ was
96% of that of BaMgAl10O17:Eu

2+, of which the quantum
efficiency was regarded to be as high as 91% [27,28]. It is
obvious that SrZnP2O7:Eu

2+ is a highly efficient UV-
excited violet–blue emitting phosphor. SrZnP2O7:Eu

2+ can
be efficiently excited by UV photons and there is little UV
radiation in the emission, therefore SrZnP2O7:Eu

2+ is a
candidate phosphor in UV-LED and lamps for photo-
therapy [1].

5. Conclusion

An efficient violet–blue emitting phosphor, SrZnP2O7:Eu
2+

was reported in this work. SrZnP2O7:Eu
2+ was synthesized

through solid-state reactions and reduced in H2/Ar atmo-
sphere at 1000 1C. By means of Rietveld refinement of powder
XRD data, it was found that SrZnP2O7 crystallizes in space
group of P21/n (no. 14), Z ¼ 4, and the unit cell parameters
are: a ¼ 5.30906(2) Å, b ¼ 8.21392(3) Å, c ¼ 12.73595(5) Å,
b ¼ 90.1573(3)1, and V ¼ 555.390(3) Å3. SrZnP2O7:Eu

2+ can
be efficiently excited by UV photons (200–400nm) and emits
strongly in the violet–blue region (420nm, FWHM 30nm), of
which the quantum efficiency is estimated to be as high as
96% of standard commercial phosphor BAM:Eu2+.
SrZnP2O7:Eu

2+ is a potentially useful phosphor in UV-
LED applications and lamps for photo-therapy.
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