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ANovel Red-Emitting Phosphor Sr,Zn, s (PO, ), :
Eu’' : Synthesis and Photoluminescence Properties”
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Abstract A novel red-emitting phosphor Sr,Zn; s (PO,);: Eu®" was synthesized by solid-state
method. The phase identification and crystal structure were detected by XRD and Rietveld re-
finement, respectively. The photoluminescence properties were investigated by excitation and
emission spectra as well as temperature-dependent luminescence spectra. The phosphor shows
strong absorption at 395 nm, matching well with the commercial n-UV chips. Under the exci-
tation of 395 nm, SZPO: Eu®" shows bright red emission with the dominate peak at 617 nm,
assigning to °D,-'F, transition of Ew*". Meanwhile, the fluorescence lifetime and thermal sta-
bility of SZPO:Eu®t have been investigated in detail. The CIE coordinates of SZPO: 0. 70Eu®
are (0. 616, 0.382). The results indicate SZPO: Eu®" may serve as a potential red-emitting
phosphor for WLEDs application.

Key words photoluminescence; red emission; phosphor; SZPO.Eu®*" ; WLEDs

CLC 0644.1 Document code A

0 Introduction

White light-emitting diodes (WLEDs) have drawn wide attention due to their advantages, such as

L2l " and they are re-

high brightness, long operation time, great stability and low power consumption
garded as the next generation lighting sourcest®. The popular way to produce WLEDs is to couple blue-
emitting InGaN chips with yellow Y;Al; O, : Ce*™ phosphorl*!, Although this is an efficient approach,
there exists an obvious shortage according to the tricolor theory. That is, it usually generates cool white
light with poor color rendering index (CRI) and relatively high correlated color temperature (CCT) ow-

151, To overcome the disadvantages, one method is to

ing to the lack of red component in the spectrum
couple near ultraviolet (n-UV) chips with RGB (red/green/blue) phosphors to obtain white light with
excellent properties. However, the commonly used red phosphors are sulfide-based and nitride-based
ones, which suffer some problems. For instance, oxysulfides and sulfides are chemically instable and

L6, 7]

moisture-sensitive . Furthermore, the commercially available Y,0,S:Eu*" shows low efficiency un-

der n-UV excitation® . Nitrides and oxynitrides are difficult to prepare owing to the demanding synthe-
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sis conditions of high temperature and nitrogen pressuret®. Hence, it is imperative to explore novel red-
emitting oxide-based phosphors excited efficiently by n-UV light.

To find efficient red-emitting phosphors, the choice of activators is a key factor. As is well-known,
Eu®" ion has been considered to be an efficient red-emitting activator because of its *Dy-"F; (J=0,1,2,3,4)

d®1 . In general, the PLE spectrum

transitions, and many Eu®" -doped red-emitting phosphors have been studie
of Eu®" consists of charge transfer bands (CTB) in short-wavelength UV region and direct excitation bands in n-
UV and blue region. "'} The excitation bands at n-UV region can match well with the n-UV chips.

As a significant family of luminescent host materials, phosphates have drawn wide attention because
of their advantages of easy synthesis, low cost and excellent optical propertiest®. Sr,Zn; ; (PO,); is one
variation of the whitlockite-type structures that have three P sites (P1-P3) and six metal sites (M1-M6).
This special structure enables the rich heterovalent substitutionof M?* by quadrivalent (R*"), monova-
lent (M") and trivalent(R*") cations"'?!, These different replacements of the initial structure can gener-
ate many types of materials with whitlockite-type structure, which makes SryZn; ; (PO,); a feasible host
for luminescent materials. In this article, we prepared a novel red-emitting Sr, Zn; ; (PO,);: Eu®*" phos-
phor that can be efficiently excited by n-UV light. The powder X-ray diffraction patterns were used to
confirm the phase purity. The crystal structure and luminescence properties were studied systematically.

Meanwhile, the fluorescence decay curves and thermal quenching properties were also discussed.

1 Experimental Section

1.1 Materials and Synthesis

A series of Sry_, Zn; s (PO,);: zEW®*" (SZPO.: zEu*") (z =0-0. 90) and Sr; ¢ Zn, . (PO,); .
0. 60Eu®*", 0.60MT(M*™ =Li", Na' and K*) phosphors were synthesized by solid-state method. The
starting materials SrCO; (A.R.), ZnO (A.R.), NH,H,PO,(A.R.) and Eu, O; (99. 99 %) were weigh-
ted in stoichiometric ratio. The mixtures were ground thoroughly in the agate mortar, and firstly sin-
tered at 450°C for 3 h with the heating rate of 3°C /min. Then, the reground powders were calcined at 1
250°C for 6 h with the heating rate of 3°C/min in air. Eventually, as-obtained samples were ground into
powder for further measurements.
1.2 Materials Characterization

The powder X-ray diffraction (XRD) data were collected by a D8 Focus diffractometer operating at
40 kV and 40 mA with graphite-monochromated Cu Ka radiation (1 =0. 154 05 nm). Rietveld refine-
ments of the XRD data were performed with the software GSAS. The excitation and emission spectra
were detected on a Hitachi F-7000 spectrophotometer with the excitation source of a 150 W xenon lamp.
The fluorescence decay curves were collected from a Lecroy Wave Runner 6100 Digital Oscilloscope (1 GHz)
with a tunable laser (pulse width=4 ns, gate=50 ns) as the excitation source. The temperature-dependent PL

spectra were detected on a Maya 2000 spectrophotometer (Ocean Optics) with a heating apparatus.

2 Results and Discussion

2.1 Phase Purity and Crystal Structure

Fig. 1(a) shows the XRD profiles together with the standard data Sr,Fe, ; (PO,); (JCPDS card No.
51-0427). As SryMg, s (PO,); is isostructural with SryFe, s (PO,);**, from Fig. 1(a), one can obvious-
ly find that all XRD patterns of SZPO.xEu®" agree well with the standard data Sr;Fe, ; (PO,);, which
manifests that the doped Eu®" ions do not generate any notable impurities. As for the site occupancy,
considering the similar ionic radii of Eu®" (1. 066 A, CN=8) and Sr*" (1.26 A, CN=8)1, we suppose
that Eu®t ions are tend to occupy the Sr’" sites. What’s more, it is also obvious from Fig. 1(a) that the

positions of the diffraction peaks shift gradually to larger 20 degree with the Eu*" concentration x in-
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creasing from 0 to 0. 9, because of the cell shrink of Sr, Mg, ; (PO,); host resulting from Eu*" with small

ionic radius substituting for Sr?" with large ionic radius.
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(a) The XRD profiles of SZPO: xEv’* (x=0, 0,20, 0.40, 0,60, 0.80 and 0.90) and the standard data

Sr, Fe, ; (PO, ), (JCPDS card No. 51-0427); (b) The Rietveld refinement pattern of SZPO: 0.50Eu®t

Fig. 1 (b) shows the Rietveld refinement patterns of
SZPO: 0. 50Eu*".
the structure data of SZPO: 0. 50Eu®".
nally converged to x* =3. 507, R,=4.80%, R,,=6.51%,

which indicates that the atom positions, fraction factors

Table 1 lists the refinement results and

The refinements fi-

and temperature factors of the sample agree well with the
reflection conditions. SZPO. Eu®" has the trigonal unit
cell with R3m as the space group. The cell parameters are
a=b6=10.588 A, c=19. 693 A and V=1 911. 987 A’
Fig. 2 shows the unit structure of SryZn; ; (PO,),. There
are three Sr sites (Srl, Sr31 and Sr32), two Mg sites
(Mg4 and Mgb5) and two P sites (P1 and P2) in the
SryZn; s (PO,),; matrixt*™,
dered. The coordination numbers (CN) of Srl site is 8,
while those of Sr31 and Sr32 sites change with the orien-
tation of P10, tetrahedra: 8 or 9 for Sr31 site, and 6 or 7
for Sr32 site.
Tablel Rietveld refinement and crystal structure

data of Srs_San_s (P04 )7 : 0. 50Ell3+

The structure is highly disor-

Formula Srg. 5Zn;, 5 (POy)7: 0. 50Eu3t
Space group R3m (No. 166)
a=b(R) 10.588
(A 19. 693 3
a=p (deg) 90 g
y(deg) 120 |
N 3
v (A 1911.987
R, (O%) 4. 80
Rep (30 6.51
52 3.507

s

c

Fig. 2 The unit structure of SryZn, ; (PO, ),
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Fig. 3 The PLE and PL spectra of SZPO: Ev**
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2.2 Photoluminescence Properties of SZPO: E3'

Fig. 3 shows the PLE and PL spectra of SZPO: Eu®*". Monitored at 617 nm, the PLE spectrum ex-
hibits several sharp peaks and a broad band ranging from 200-310 nm, which is attributed to the charge
transfer band of O -Eu®". The peaks at 317 nm, 360 nm, 380 nm, 395 nm, 415 nm and 465 nm are as-
cribed to the "Fo-*H;, "Fo-°Dy, "F,-°Gy,°L;, "Fo-*Lss "Fy-°D; and "F,-°D, transitions of Eu®", respec-
tively. Therein, the 395 nm peak is predominated, and it is consistent with the n-UV commercial chips
perfectly, which proves that SZPO: Eu®" may serve as a potential red-emitting phosphor for WLEDs ap-
plication.

The PL spectrum consists of a series of sharp lines corresponding to the characteristic transitions
from the excited state °D, to the ground state’ F;(J=0, 1, 2, 3, 4) of Eu*" ions. The strongest peak at
617 nm is ascribed to *D,-'F, transition and the peak at 594 nm is due to the °*D,-"F; transition. Accord-
ing to the selection rule, the emission peaks belonging to *D,-"F, and *D,-"F, transitions are assigned to
magnetic dipole transition and electric dipole transition, respectively. [ The transition *D,-"F, is hyper-
sensitive to the environment of the crystal field, while the transition °D,-’F, is insensitivel®™, The elec-
tric dipole transition °D,-"F, will predominate in the PL spectra when Eu®" ions occupy a site without in-
version symmetry, and conversely, magnetic dipole transition *D,-"F; will become strongest when Eu®"
ions are in an inversion symmetry site. Hence, the emission intensity ratio of CD,-"F,)/CD,-"F,) is a
good way to explore the site symmetry around Eu®" ions. For SZPO; Eu®*", the emission intensity from
electric dipole transition °IDy-*F; is much larger than that from *Dy-"F,, indicating that the local symme-
try around Eu®" in SZPO. Eu®" is non-centrosymmetrict?,

Fig. 4(a) shows the PL spectra of SZPO:xEu®" with various Eu®t concentrations under the 395 nm
excitation. Fig. 4(b) depicts the PL intensities as a function of Eu®" concentration. The PL intensity
ascends with the rising of Eu®" concentrations up to =0. 70, and then declines beyond that concentra-
tions, which is ascribed to the concentration quenching behavior. The critical distance R, between Eu®"

in SZPO: Euw*" can be obtained according to the following equationt”
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Fig. 4 (a) PL spectra of SZPO: xEv’t with various Ev’t concentrations (i.,= 395 nm);
(b) PL intensities as a function of Eu’" concentration (x)
Where N is the formula units number per unit cell, V is the unit cell volume, and x, is the obtained criti-
cal concentration. With respect to SZPO: xEu®t, V=1 911. 987 As, x2.=0.70 and N=3. Therefore, R,
is calculated to be 12. 03 A. The Commission International de TEclairage (CIE) chromaticity coordinates
of SZPO; 0. 70E:" are (0. 616, 0. 382), which is shown in Fig. 5.
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Fig. 5 CIE chromaticity diagram of SZPO: Fig. 6 PL spectra for SZPO: 0. 60Ev’* ,0. 60M+ (Mt =Li" ,Na' and
0. 70Eu** phosphor (4. =395 nm) K" ),the inset shows the corresponding integrated PL intensities
Fig. 6 shows the charge compensation effect of @
. . :»‘Q_ﬁx&% x=0.40, 1=1.92 ms
different charge compensators (Li", Na' and K*) on B M
the PL intensity of SZPO. 0. 60Eu®*". It can be found ©
=1 < — _
that the three charge compensators all can increase the £ PO %=0.50, 7=1.95 ms
= bt
PL intensity of SZPO: 0. 60Eu’". And among them, £ =
. . B s (o)
the effect of Li" and Na™ is much better than that of = Mm&w » =070, 7=1.93 ms
K*. It may be because the radii of Li* and Na* area g p— B '
. . S d
little smaller than that of Sr**, and this make them # %=0.90, 1=1.91 ms @
occupy the Sr?t sites more easily than K, the radius it e :
T M T T T T T T T
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2.3 Fluorescence decay of SZPO: Ev®"
. . 3+
Fig. 7 shows decay curves of SZPO: 2E¢ (= Fig. 7 Fluorescence decay curves of SZPO: xEu
. x=0.40, 0,50, 0,70 and 0, 90) excited at
0.40, 0.50, 0.70 and 0. 90) excited at 395 nm and ( )
. . . 395 nm and monitored at 617 nm
monitored at 617 nm. The decay profiles can be fitted
by single-exponential functiont*
I = Aexp(—t/D), 2

Where A is a constant, I(t) is the PL intensity at time ¢, 7 is the decay time of the exponential function,
respectively. The average lifetime (z) can be determined to be 1. 92, 1.95, 1. 93, and 1. 91 ms for SZ-
PO. zEu®" phosphors with =0. 40, 0. 50, 0. 70, and 0. 90, respectively. The results indicate that the
lifetimes for SZPO: Eu®*' is in the order of milliseconds, which is in accordance with the most frequent
value of the Eu®" emission in solids.

2.4 Thermal Stability of SZPO: En®"

Fig. 8(a) shows the temperature-dependent PL spectra of SZPO: 0. 70Eu*". The PL intensity of
SZPO: 0. 70Eu*" decreases gradually with temperature increasing from 299 K to 523 K, due to the ther-
mal quenching effect. The emission intensities at 373 K, 498 K and 523 K only decline to 88.5% , 64. 7% and
55.0% of the initial one, respectively, as shown in the inset of Fig. 8(a). And according to the litera-

turel™

, the emission intensities of the commercial red-emitting phosphor Y,O;: Eu®" at 373 K and 508
K decline to about 85% and 54% of the initial one, respectively. The thermal stability of SZPO: Eu®' is
similar to that of Y,0;: Eu*", which demonstrates that the thermal stability of SZPO. Eu®' is excel-
lent. A modified Arrhenius equation is applied to obtain the activation energy (AE) for thermal quench-

ingt®!
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Fig. 8 (a) Temperature-dependent PL spectra of SZPO: 0. 70Ed*" (T=299-523 K, A, =395 nm); the inset shows the PL intensity
of SZPO: 0. 70Ew" as a function of temperature (T); (b) The dependence of In[ (I, /I;)—1] on 1/T for SZPO: 0. 70Ew’™

I
I; = 0 s €))
1+ cexp(— ?—?)

Where I, and I are the emission intensities at room temperature and experimental temperature, respec-

tively; c is a constant and represents the rate of thermally activated escape; k is the Boltzmann constant
(k=28.617X107° eV/K); T is the temperature. Based on eq. (3), the relationship of In[ (I,/I;)—1]
with 1/T is linear with the slope of —AE/k. Fig. 8(b) plots the dependence of In[(I,/I;)—1] on 1/T
for SZPO:0. 70Eu®". And the activation energy AE was calculated to be 0.182 7 eV. The result reveals
that SZPO: Eu®" can serve as a potential red-emitting phosphor in n-UV WLEDs.

3 Conclusions

A novel red-emitting SryZn; s (PO,);: Eu®" phosphor was synthesized by solid-state reaction. The
phosphor can be excited efficiently by n-UV light, and exhibit bright red emission with the dominate
peak at 617 nm, assigning to °D,-'F, transition of Eu*". The space group of SZPO: Eu’" is R3m, and
the cell parameters are a=5=10.588 A, c=19.693 A and V=1 911. 987 A®. The critical distance (R.)
is calculated to be 12. 03 A. The thermal stability of SZPO. Eu*' is similar to that of Y,0,: Eu*',
which demonstrates that the thermal stability of SZPO. Eu*" is excellent. The CIE coordinates of SZ-
PO. 0. 70Eu®" are (0. 616, 0. 382). The results demonstrate SZPO: Eu®" may serve as a potential
redAemitting phosphor for WLEDs application.
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