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Electronic structure and photoluminescence property of
a novel white emission phosphor Na;MgZr(PO,);:Dy>*
for warm white light emitting diodes™
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To explore suitable single-phase white emission phosphors for warm white light emitting diodes, a series of novel
phosphors NagMng(PO4)3:ny3+ (0 < x £0.03) is prepared, and their phase purities as well as photoluminescence
properties are discussed in depth via x-ray diffraction structure refinement and photoluminescence spectrum measurement.
The electronic structure properties of the Na3MgZr(POy4)3 host are calculated. The results reveal that NasMgZr(POy)3
possesses a direct band gap with a band gap value of 4.917 eV. The obtained Na3Mng(PO4)3:Dy3+ phosphors are all well
crystallized in trigonal structure with space group R3c, which has strong absorption around 365 nm and can generate warm
white light emissions peaking at 487, 576, and 673 nm upon ultraviolet excitation, which are attributed to the transitions
from *Fy /2 to SH,5 /25 SH,, /2- and SH,, /2 of Dy3* ions, respectively. The optimal doping content, critical distance, decay
time, and Commission International de L’Eclairage (CIE) chromaticity coordinates are investigated in Dyt ion-doped
Na3zMgZr(POy)3. The thermal quenching analysis shows that Na;MgZr(POy) 3:Dy>" has a good thermal stability, and the
thermal activation energy is calculated. The performances of NazMgZr(POy4)3 :Dy?* make it a potential single-phase white
emission phosphor for warm white light emitting diode.
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1. Introduction

In recent years, white light emitting diodes (LEDs) have
been considered as the next-generation solid-state light, sub-
stituting for the incandescent and energy saving lamps due
to their unique advantages, such as high efficiency, environ-
mentally friendly merit, long lifetime and energy saving.!!=I
Among many methods to obtain white LEDs, one method
is by using the assembly of an ultraviolet (UV) LED chip
with tri-color, namely blue, green, and red phosphors. This
method can successfully avoid the inferior color rendering in-
dex (CRI) and unsuitable correlated color temperature (CCT)
induced by the traditional combination of a blue LED chip
with a yellow phosphor (Y3Al501,:Ce).[5%1 However, the
low luminescence efficiency caused by the reabsorption pro-
cess and different degradation ratios within the tri-color phos-
phors as well as the complex manufacture process restrict their
potential application. Therefore, the investigation of novel
UV LED chip responded single-phase white light-emitting
phosphor is still needed.!”-3! In such phosphor converted UV
LEDs, the luminescent properties such as excitation and emis-
sion spectra, Commission International de L’Eclairage (CIE)
chromaticity coordinates and the related color temperature
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(CCT) are important parameters for phosphors, which has
great influence on luminesce spectrum, the CRI and the lu-
men efficiency of an LED lamp. As a result, the selec-
tion of luminescent centers and host materials of phosphors
is of great importance. Among numerous luminescent cen-
ters, Dy3Jr ion is an important active ion, which has been
widely used in phosphor for LED due to its versatile emis-
sions in blue, yellow and red regions, which is attributed to
the complex intra-configurational 4f states, typically its transi-
tions “Fg/, —°Hjs /5 (~ 480 nm), *Fg/, —°Hy3/; (~ 575 nm)
and *Fy /2 —%H,, /2 (~ 665 nm).[>1% Thus, there is theoretical
probability to achieve white light through the combination of
these emissions from Dy3* ions.

A new phosphate structural family called ‘“Nasicon”
has received significant attention, which is constructed by
a flexible rhombohedral structure with possibilities of iso-
morphic institutions for different groups of elements.!'!! For
these reasons, these group compounds receive much atten-
tion for their potential applications in the field of ionic con-

12,13] In re-

ductors and radioactive waste immobilization. !
cent years, many reports have focused on the luminescent

properties of phosphors with Nasicon structure, such as
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Eu0_5Zr2(PO4)3 (blue emission), Cug_5Mno_252r2(PO4)3 (blue
and orange emission), NayNbP3O1,:Dy>", Tb>* (white and
green emission) Nal,XMgl,xScl,,c(M004)3:Eu3+ 0D<x<
0.5) (red emission), etc.!'*2%1 Compound NasMgZr(POy )3
(NMZP) belongs to the Nasicon system, which has been ex-
tensively studied because of its low thermal expansion and
ionic conductivity.[>!! However, reports on luminescent prop-
erties based on NMZP are limited till now. In this work, for
some basic studies and promising applications in white LEDs,
NMZP:Dy>* is prepared for the first time, the x-ray diffraction
(XRD) structure refinement and photoluminescence properties
are analyzed.

2. Experiment

Solid-state synthesis method is the most extensively
used technique to prepare phosphors, which is easy, effi-
cient, and suitable for mass production. In this work, sam-
ples of NMZP:Dy** (0 < x < 0.03) are prepared via high-
temperature solid state method with analytical-grade Na,CO3,
MgO, Zr(NO3)4-5H,0, (NH4 ),HPOy4, and EuyO3 as raw ma-
terials. The mixture is then placed into an alumina crucible
and heated at 1150 °C in air for 8 h and then cooled down to
room temperature slowly with a cooling rate of 5 °C/min.

The phase purity is identified by using a Rigaku D/Max-
2400 x-ray diffractometer with Ni-filtered Cu Ko radiation.
The luminescence spectra of the samples are measured by
using an FL-1039 (Horiba Jobin Yvon) fluorescence spec-
trophotometer equipped with a 450 W xenon light source.
The PL decay curves are measured by using an FLS-920T
fluorescence spectrophotometer equipped with a millisecond
Flashlamp. High-temperature luminescence intensity mea-
surements are tested by using an aluminum plaque with car-
tridge heaters, and the temperature is measured by thermo-
couples inside the plaque and controlled by a standard TAP-
02 high-temperature fluorescence controller. The electronic
structure is investigated by using the CASTEP package of Ma-
terials Studio software. [%?]

3. Results and discussion

Figure 1(a) illustrates the XRD Rietveld refinement of
NMZP:0.002Dy>* phosphor by Materials Studio and it shows
that NMZP:Dy>* crystallizes well in a trigonal crystal struc-
ture with space group R3c and cell parameters a = b =
8.8469 A, ¢ = 22.2668 A.[>31 The goodness-of-fit parame-
ters (Rywp = 12.43%, R, = 8.97%) guarantee the phase purity
of NMZP. In each NMZP unit cell, the number of available
cationic sites is 8, including 1 Na, 2 Mg, 1 Zr, and 4 P atoms,
of which P atoms adopt tetrahedral groups (blue tetrahedron)
while the two Na atoms named Nal and Na2 occupy the ir-
regular polyhedral cavities with coordination numbers of six

and eight, respectively, as depicted in the inset of Fig. 1(a).
Mg/Zr atoms occupy the same sites with six-fold coordinated
in an octahedral environment. According to the effective ionic
radius, Dy>* ions are expected to enter Na™ sites when they
are introduced into NMZP host.[>*l A series of XRD patterns
of NMZP:xDy3* (0 < x < 0.03) is plotted in Fig. 1(b). The
diffraction peaks are well fitted with the calculated XRD pat-
terns and no second phase is observed, indicating that the addi-
tion of Dy>* has no significant change in the NMZP structure.
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Fig. 1. (color online) (a) XRD Rietveld structure analysis of
NMZP:0.002Dy>* by using Materials Studio program The inset shows

the crystal structure diagram of NMZP host (b) XRD patterns of
NMZP:ny3+ (0 < x <0.03) and the calculated XRD patterns.

Figures 2(a) and 2(b) show the calculation results of elec-
tronic structure property of NMZP host based on the density
functional theory. The local-density approximation (LDA) is
used as the theoretical basis of the density function. The band
structure calculation results indicate that the valence band
(VB) of NMZP consists of two parts which are located in en-
ergy ranges from —15 to —23 eV and from 0 to —8 eV, which
are mainly contributed from the s orbits of Na, s and p orbits
of Zr, p orbits of P and s and p orbits of O atoms, respectively.
The conduction band (CB) structure is located in an energy
range from 4 to 10 eV and is mainly attributed to the p of P
and s and p orbits of Zr atoms. The top of VB and bottom of
CB are at the same point (point G) of the Brillouin zone, which
indicates that NMZP has a direct band gap of about 4.971 eV.
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Fig. 2. (color online) (a) Calculated band structure and (b) properties of total and partial density of states of NMZP host.
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Fig. 3. (color online) (a) PL excitation spectra of NMZP:xDy?* (0.002 < x < 0.03) monitored at 576 nm; (b) the emission spectra
of NMZP:nyFr (0.002 < x <0.03) excited at 365 nm; (c) the decay curve of NMZP:O.OZDy3+ monitored at 576 nm and excited at
365 nm; (d) the CIE 1931 diagram of NMZP:0.02Dy>* and the standard white light.

Figures 3(a) and 3(b) illustrate the excitation and emis-
sion spectra of NMZP:xDy>* (0.002 < x < 0.03) phosphors.
When the phosphors are monitored at 576 nm, the spectra
of NMZP:ny3+ (0.002 < x < 0.03) consist of a series of
sharp peaks in a range of 280-500 nm, caused by the tran-
sitions from the ground state °Hjs /2 to higher energy states
of Dy3* as plotted in Fig. 3(a).[”! The strong absorption
around 365 or 400 nm indicates that it has potential applica-
tions in UV pumped white LEDs. Under 365 nm excitation,
the emission spectra of NMZP:xDy>* (0.002 < x < 0.03) con-
tain three typical emission peaks located respectively at about
487, 576, and 673 nm, which can be ascribed to the tran-
sitions *Fg/, —°Hys/5, “Fg/» —°Hy3)5, and *Fy), —°Hy; )
of Dy**+.78] Normally, the structure of the host matrix has

a great influence on the optical performance of the phos-
phor. If Dy takes a high symmetry site, the blue emis-
sion will be prominent, otherwise, the yellow emission will
be dominant.!*>! The NMZP:xDy>* (0.002 < x < 0.03) phos-
phors each have a strong peak at 576 nm, which implies that
Dy’ occupies a low symmetry site, consistent with the disor-
dered lattice environment around Na™ in NMZP host. With the
increase of doping content x, both the excitation and emission
intensities are gradually enhanced until x increases to 0.02,
reaching the concentration quenching. Since the valence elec-
trons of Dy3* are shielded by 5s and Sp outer electrons, the
line emission shape mainly remains the same as Dy** contents
vary.[?°l According to Blasse’s report, the critical distance R,
for the relevant energy transfer between Dy ions can be es-
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timated from the following equation:

3V 1/3
<47‘£Nxc> ’ M

where x. is the critical concentration (x, = 0.02), V is the unit
cell volume (V = 1506.99 A%) and N is the available site num-
ber of the dopant in the unit cell (N = 6) according to the

R.=2

XRD structure refinement results. Thus, R. can be calculated
to be 28.84 A, suggesting that the energy transfer is through
electric multipolar interaction exchange rather than interaction
mechanism. >}

The room-temperature decay curve of NMZP:0.02Dy>"
is depicted in Fig. 3(c). The decay curve can be well fit-
ted into a double exponential equation I(r) = Ay exp(—¢/71) +
Asexp(—t/1,) as reported and the average lifetime (7) is cal-
culated to be 1.63 ms.[?8] The short decay time indicates that
NMZP:Dy3* is suitable to serve as a potential phosphor in
solid-state lighting. Besides, the CIE chromaticity coordinates
of NMZP:O.OZDy3+ are calculated to be (0.403, 0.416) and the
CCT is 3707 K as shown in Fig. 3(d), which is warmer than
that of the standard white light (0.33, 0.33). The CIE and CCT
results indicate that the warm white light could be obtained
from Dy3*-doped NMZP phosphor.
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Fig. 4. (color online) (a) Thermal quenching emission spectra of
NMZP:0.02Dy>" excited at 365 nm; inset shows the comparison of
thermal stability between NMZP:0.02Dy>* and commercial yellow
phosphor YAG: Ce?*; (b) calculated activation energy for thermal
quenching based on the linear fitting results.

The thermal quenching property is of importance for
future applications in white LEDs. In order to study the
relationship between temperature and luminescence proper-
ties, the thermal quenching spectra of NMZP:0.02Dy>* are
measured in a temperature range from the room temper-
ature to 230 °C, and the results are shown in Fig. 4(a).
The temperature-dependent spectra of the commercial yel-
low phosphor YAG:Ce>* are measured and plotted in the
inset of Fig. 4(a) as well. It clearly shows that the emis-
sion intensities of both NMZP:0.02Dy>* and YAG:Ce’* de-
crease with increasing temperature. The emission intensity
of NMZP:0.02Dy3* at 230 °C is still about 62% of its ini-
tial value, suggesting that it has good thermal stability. To
further discuss the thermal quenching phenomenon, the acti-
vation energy (AE) is calculated from the modified Arrhenius
equation!?%-30]

I(t) =1Ip/ (1+Cexp (AE/kT)), 2)

where [ refers to the emission intensity, a function of temper-
ature; Io is the initial emission intensity; C is a constant for
the thermally activated escape; AE is the activation energy; k
is the Boltzmann constant.!?®3% As shown in Fig. 4(b), the
results can be fitted linearly, which indicates that the tempera-
ture quenching process complies well with the Arrhenius-type
activation model, and the activation energy AFE is calculated to
be 0.142 eV from the slope of the plot.

4. Conclusions

In this work, a series of warm white light emission phos-
phors NMZP:xDy3*+ (0 < x < 0.03) is prepared via a high-
temperature solid-state reaction. The phase purity, electronic
structure and the photoluminescence properties are investi-
gated in detail. The XRD results indicate that each of the
samples is of single phase and crystallizes well into a trig-
onal crystal system. Electronic structure property shows that
NMZP possesses a direct band gap of about 4.917 eV. Photolu-
minescence property reveals that NMZP:Dy>* has strong ab-
sorption around 365 nm and could produce warm white emis-
sion, upon 365 nm excitation, with three emission peaks at
576, 487, and 673 nm, which originate from the transitions
*Fy/» to °Hyz)5, °Hys)p and ®Hyyj, of Dy?* ions. The op-
timal doping content is determined to be 0.02 and the criti-
cal distance R. is calculated to be 28.84 A. The decay time
is measured to be 1.63 ms in Dy>*-doped NMZP. Moreover,
NMZP:Dy>*+ phosphor shows stable color tone with CIE coor-
dinates (0.403, 0.416) and warm CCT of 3707 K. The thermal
quenching property investigation shows that the NMZP:Dy3+
phosphor has good thermal stability. The emission intensity of
NMZP:Dy** drops to 62% of its initial value at 230 °C. The
results show that the novel phosphor NMZP:Dy>* could be a
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potential white light emission phosphor for UV light pumped

warm white LEDs.
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