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Three-factor orthogonal design (OD) of Er’*/Gd3* /T (calcination temperature) is used to optimize the luminescent
intensity of NaY(Gd)(MoO4)2:Er3+ phosphor. Firstly, the uniform design (UD) is introduced to explore the doping concen-
tration range of Er3*/Gd>*. Then OD and range analysis are performed based on the results of UD to obtain the primary
and secondary sequence and the best combination of Er’*, Gd3*, and T within the experimental range. The optimum
sample is prepared by the high temperature solid state method. Photoluminescence excitation and emission spectra of the
optimum sample are detected. The intense green emissions (530 nm and 550 nm) are observed which originate from Er3*
’Hy, 2 s /2 and 48, 2 s /2, respectively. Thermal effect is investigated in the optimum NaY(Gd3+)(MoQy),:Er3t
phosphors, and the green emission intensity decreases as temperature increases.
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1. Introduction

In recent years, trivalent rare earth ions have attracted
much attention, due to their substantial advantages such as
sharp emission lines, high color purity, strong capacity of
light absorption, and high photoelectric conversion efficiency,
etc.l!-31 Among numerous rare earth ions, Er** ions which act
as activators for host material have been extensively studied
and the research is concentrated on their high luminescent ef-
ficiencies. Currently, researchers pay more attention to Er’*
doped phosphors due to their plentiful energy levels and more
pumping ways of up-conversion luminescence.!* Though
Er** has received great attention for the past few years, the rel-
atively low absorption cross section of Er’* ions leads to very
poor luminescent efficiency.!”-8! On the other hand, Gd** is a
special lanthanide element which can act as a good activator
as well as a good sensitizer due to its half full 4f shell which
can absorb and transfer energy effectively between trivalent
rare earth ions. Moreover, Gd>* with simple level structure
and long excited state lifetime can easily match with Er** en-
ergy level Gd** and Er** co-doped materials can improve the
luminescence efficiency.[®!! Additionally molybdates have
aroused considerable interest as a momentous host material
possessing some specific properties to accommodate optically

active rare-earth ions.!!>!3] Molybdates can availably absorb
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blue or purple LED light and transfer to the rare earth ions.
Studies on molybdates mainly focus on AX(MoQOy4), with
a similar scheelite structure which has high randomness to
broaden the spectrum inhomogeneously, augments the excited
absorption cross section and weakens laser thermal effect.!!*]

Luminescence intensity is a critical index to evaluate the
luminescence performance of phosphor. The primary prob-
lem is how to figure out the optimum synthesis parameters of
the phosphors in the experimental domain. Orthogonal de-
sign (OD) is the most prevalent fractional factorial design us-
ing orthogonal table to design scheme, choose the most ef-
fective test sites without losing the main information in the
experimental range, which can significantly reduce the num-

s.[13:16] The key to a successful ex-

ber of experimental run
periment is the appropriate factors and the related variable
span. In our experiment several factors will affect the lumi-
nescence intensity of luminescence material, and we consider
three factors: the doping concentrations of Er’* and Gd**,
and synthesized temperature 7 at the green emission intensity
of NaY(Gd**)(MoOQy),:Er** phosphors.

In order to obtain NaY(Gd3*)(MoOy),:Er** phosphors
with a maximum green emission intensity, the method of
UD!7-201 i5 primarily employed to quickly narrow down the
scope of factors and achieve the probable concentration ranges
of Er¥* and Gd**, and then OD and range analysis are used
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to ascertain the optimum combinations of Er’*, Gd**, and
T. The OD is proved to be a fairly straightforward and cost-
effective optimization strategy that can be employed to assign
test factors in a series of experimental trials.[*!1 It is worth
noting that this method emphasizes the global optimization
throughout the whole process of experimental design and da-
tum analysis. The optimum NaY(Gd>*)(MoO4),:Er3* phos-
phor sample is synthesized by the high temperature solid state
method. Photoluminescence excitation (PLE) and emission
(PL) spectra are measured. The green emission integrated in-
tensity of NaY(Gd*)(MoOy),:Er** phosphor under the op-
timal condition is in good agreement with the theoretical op-
timum result. In addition, the temperature-quenching mecha-

nism of the optimum sample is also analyzed.

2. Experiment
2.1. UD and OD

Reagent grade Gd, 03, Er; O3, Y203, M0O3, and Na; CO3
were used while NH4HF, was used as a flux. The com-
position of the compound used was NapyCO3—z;GdyO3—
2Ern03—(1 — 71-22)Y203-4Mo0O3, where z; varies from
60 mol% to 90 mol% and z» from 5.5 mol% to 8.5 mol%
based on UD result as shown in Table 1. We can intu-
itively infer from the strongest green luminescent intensity
listed in the ninth line that the rare earth ion domain is
Er**[5.5%,8.5%]*Gd**[60%,90%). Moreover T ranges from

700 °C to 1100 °C.

Table 1. Design and result of UD.

. C (Gd** C (Er**

T'=3800"C (0-100) m0>1% (0-15) mo)l% Viau.
1 1(0) 8 (11.69) 5264
2 2(11) 4(5.01) 4153
3 3(22) 7 (10.02) 6312
4 4(33) 3(3.34) 7701
5 5 (44) 10 (15) 4480
6 6 (55) 6 (8.35) 7071
7 7(67) 2 (1.67) 8493
8 8 (78) 9 (13.36) 3592
9 9 (89) 5 (6.68) 8664
10 10 (100) 1(0) -

The orthogonal table L. 15(45) was used in the experiment,
and four levels were set for each factor. Based on the investiga-
tion factors and the corresponding levels, the combination of
doping concentrations and 7 are arranged by orthogonal table
shown in Table 2. Here x;, x», and x3 are factorial code values
corresponding to actual values of percentage concentration of
Gd3* (z1), percentage concentration of Er’* (z3), and T (z3)

respectively.

Table 2. Design and results of L16(45) OD.

A (Gd) B (Er) C(T) Y
x1(z1)/mol%  xa(z2)/mol%  x3(z3)/°C  Intensity/a.u.
1 1 (60) 1(5.5) 1 (700) 5724
2 1 (60) 2 (6.5) 2 (833) 7917
3 1 (60) 3(7.5) 3 (966) 8151
4 1 (60) 4(8.5) 4 (1100) 9038
5 2 (70) 1(5.5) 4 (1100) 13113
6 2 (70) 2 (6.5) 3 (966) 9116
7 2(70) 3(7.5) 2(833) 6114
8 2 (70) 4 (8.5) 1 (700) 5900
9 3 (80) 1(5.5) 2 (833) 8673
10 3 (80) 2(6.5) 1 (700) 5760
11 3(80) 3(7.5) 4 (1100) 10337
12 3 (80) 4 (8.5) 3 (966) 8061
13 4(90) 1(5.5) 3 (966) 10923
14 4 (90) 2 (6.5) 4 (1100) 10827
15 4 (90) 3(7.5) 1 (700) 4383
16 4(90) 4(8.5) 2 (833) 6728
Ky 7708 9608 5442 -
Ks 8561 8405 7358 -
Kj3 8207 7246 9063 -
Ky 8215 7432 10829 -
R 853 2362 5387 -

2.2. Sample preparation

The traditional high-temperature solid-state method was
used for synthesizing the phosphors. The starting materi-
als were accurately weighed according to the certain doping
These

weighed powders should be fully ground to ensure a homo-

concentrations assigned through orthogonal design.

geneous blend and then the mixtures were poured into an alu-
mina crucible. Afterwards, the mixture powders were calcined
at different temperatures (from 700 °C to 1100 °C) for 4 h. Fi-
nally the wanted phosphors were obtained by grinding the bulk
materials into powders.

2.3. Sample measurements

The crystalline structure of the optimum phosphor was
characterized by x-ray diffraction (XRD) (Shimadzu XRD-
6000 diffractometer with Cu Kq; radiation source radiation
(A = 0.15406 nm)). The scanning region of 20 angles was
from 10 °C to 70 °C in scanning step of 0.02°. PLE and PL
spectra of the samples were measured by a Hitachi F-4600 flu-
orescence spectrometer equipped with a 150-W Xenon lamp.

3. Results and discussion
3.1. Photoluminescence properties

PLE and PL spectra for all the prepared samples are mea-
sured under the same experimental conditions. The integrated
intensities denoted as Y value for the green emission are cal-
culated and shown in Table 2. Figure 1 shows the excitation
spectrum of NaY(Gd>*)(MoQy),:Er** phosphor monitored at
552 nm. It can be clearly seen that there is a broad intense band
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at 315 nm and a narrow peak with a maximum at 380 nm as
well as some other weak lines in the wavelength region. In
accordance with Refs. [22] and [23] the broad band at 315 nm
could be assigned to the O-Mo ligand-to-metal charge-transfer
state from MoO?f unit in the NaY,(MoOy), host lattice. In
the excitation spectrum of NaY(Gd>*)(MoOQ,),:Er** phos-
phor, the broad absorption band from 250 nm to 350 nm is ob-
served, which does not originate from Er3* but from MoOi_
group. Thus, we think there exists an energy transfer process
between MoOZ* group and Er’*. In this process, MoO;~
group acts as an energy transfer donor, and Er** ion acts as
an acceptor. The other excitation bands peaking at around
365.2, 378.4, 407.2, 451.4, 488.2, and 521.4 nm are derived
from Er** #1155 — *Kys/2, *lisjo —= *Gyy /2, *lisjo = *Hopa,
ys/2 — *F32, *Iisj — *Fs)p. and *1ys5/ —*F7),, respec-
tively. The emission spectrum of Er’* is obtained under the
380 nm excitation. From Fig. 2 the green emission bands
peaking at around 530 nm and 550 nm corresponding to the
transitions from the excited states 2Hj, /2 and 48, /2 to the

[241 Otherwise, under the ex-

ground state 41,5/, are observed.
citation of 380 nm (Aex = 380 nm) each emission peak is
due to Er’t characteristic emission spectrum and it has no
Gd3* characteristic emission spectrum. Therefore the lumi-
nescence of NaY(Gd**)(MoQy),:Er** phosphor is not in-

duced by Gd** but Er’.
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Fig. 1. Excitation spectrum of NaY(Gd>*+)(MoO,),:Er’* phosphor.
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Fig. 2. Emission spectrum of NaY(Gd*>*)(MoOy),:Er** phosphor.

3.2. Result analysis of OD by range analysis

A reliable experimental result largely depends on appro-
priate analysis methods; moreover optimal design analysis is
an indispensable component of orthogonal design. Even the
best experimental design cannot struggle to meet the require-
ments for its experimental goals without appropriate optimal
analysis methods. We have employed several analysis meth-
ods in previous work!>! such as variance analysis and GA
(Genetic Algorithm). However, range analysis!?®%) has been
proved to be a visual and vivid method through simple cal-
culation and judgment, which can optimize the experimental
results: preliminary and secondary factors, optimal levels and
optimum combination. Range analysis aims to illustrate the
significant levels of various influencing factors on the green
light luminescence intensity and ascertain the best combina-
tion of z1, z2, and z3. Summarized in Table 2 is the statistic
analysis of the green light luminescence intensity of three fac-
tors of orthogonal design.

The K value for each level of a parameter is the aver-
age of four values shown in the last column in Table 2. We
can determine the optimum level of each factor and further
obtain the optimum combination according to the K value.
The range value (R) for each factor reflects the indicator
range with corresponding factor change, which equals the
minimum of K subtracted from a maximum. Normally, the
larger the R value, the greater the influence on the result.
According to the results of range analysis, the order of sig-
nificance levels is z3 > 7 > z1, for the green luminescence
intensity. In other words, the calcination temperature (7)
has a greater influence on the green luminescent intensity of
N aY(Gd)(M004)2:Er3+ phosphors than the other two factors
since the phosphors may present different luminescence per-
formances at different calcination temperatures. In general the
luminescence intensity increases with the rising of the calcina-
tion temperature within certain limits on account of high tem-
perature contribution to well crystallizing. The optimal com-
bination A,B{Cy4 is also obtained from Table 2. Therefore,
it could be concluded that the optimum conditions to synthe-
size NaY(Gd3*)(MoOy),:Er** phosphors are that Gd** con-
centration is 70%, Er3T concentration is 5.5% and calcination
temperature is 1100 °C in our experiment. Just as it is, the fifth
sample in Table 2 is the sample under the optimum combina-

tion, which shows the maximum green luminescent intensity.

3.3. Structural characterization

Figure 3 shows the XRD pattern of the optimal sample
of NaY(Gd**)(MoQ, ),:Er** phosphors doped with 70 mol%
Gd3*/5.5 mol% Er’*" calcined at 1100 °C and also the XRD
pattern from the standard card of NaY(MoOy), for compari-

063301-3



Chin. Phys. B  Vol. 25, No. 6 (2016) 063301

son. It can be found that diffraction peaks are in accordance
with those obtained from JCPDs files of NaY(MoOy)5.

The position of the main peak has a gradual shift to-
wards the lower degree, which indicates that Gd** doping
is mainly in the way of replacing Y3* rather than Mo®*.
If Gd*" replaces the site of Mo®", the characteristics of
crystal will change a lot due to the large radius gap be-
tween the two ions. Reversely, the radius, valence and elec-
tronegativity of Gd*>* ion are close to those of Y>* ion, so
replacing can easily be realized. This fact indicates that
NaY(Gd**)(MoOy),:Er** phosphors can be produced by the
traditional high temperature solid state reaction method and
that the NaY(Gd**)(MoOy),:Er** phosphors doping at the
present level does not cause any remarkable change in crys-

tal structure.
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Fig. 3. Comparison of XRD of the optimal sample with that from stan-
dard card of NaY(MoOy),.

3.4. Thermal quenching properties of down-conversion lu-

minescence

In recent years, many researchers have studied the
thermal stability of phosphors. Figure 4 shows the ther-
mal quenching of the down-conversion emission spectra at
different temperatures from 300 K to 723 K. For under-
standing the thermal quenching mechanism of the optimal
NaY(Gd*)(MoOy4),:Er’* phosphors, when the thermal exci-
tation rate is considered, the luminescence intensities of 4S3 2

and %H, /2 levels can be written as

Ar
Is = a —
Ar+Wer + Wy (0) [ 1— —h—v ’
T et nr eXP) kT
1
1
" 1+Cex 7& 7 v
PUT %
A;
h=o —
A+ Wee + Wy (0) |1 — —h—v ’
T et nr eXp kT
AE
Cexp (kT>
X 2

AE )
14 Cexp (_kT)

where « is a coefficient, A; presents the radiative transition,
Wet is the energy transfer rate from the luminescence level
48, /2> and Wy, (0) is the initial nonradiative relaxation rate at
temperature close to zero, V is the effective photon frequency,
h is the Planck’s constant, k is the Boltzmann’s constant, and
p is the effective phonon mode number, and AE is the energy
difference between *Hy /, and *Sj ), levels.[*”] The two green
emissions’ integrated intensities at various temperatures are
fitted by Eqgs. (1) and (2), the curves in Fig. 5 show the fitting

results.
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Fig. 4. Emission spectra of the optimal NaY(Gd>*)(MoQy4),:Er3* phosphor
at different temperatures.
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Fig. 5. (color online) Dependences of luminescence intensities (l for
2H11/2—4115/2 and e for 483/2—4115/2) on temperature.

As the energy difference between 2H /2 and 48, /2 levels
is small, the green emission integrated intensities at various
temperatures can be fitted by the following equation accord-

ing to classical thermal quenching theory:3%-31]

Iy
1Ty = 1+Aexp(—AE/kT)’

3

where I represents the initial intensity, I(7) represents the in-
tensity at a certain temperature 7', A refers to the frequency
factor of radioactive transition, k is Boltzmann’s constant, and
AFE is activation energy of thermal quenching. In Eq. (3), 1, A,
and AF act as free parameters. The value of activation energy
AFE exhibited in Fig. 6 is fitted as 0.41 eV by using commodity

software Origin.
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The degradation of green emission intensity originat-
ing from temperature increasing is half the initial inten-
sity at 550 K, thus the quenching temperature (75p) is con-
firmed to be 550 K. The temperature stability of the op-
timal NaY(Gd**)(MoOy),:Er** phosphors is higher than
that of CaLay(MoOy4)4:Sm3*/Eu*t phosphors.

emission intensity reduces minutely with the increasing of

The green

the temperature, which adequately indicates that the opti-
mal NaY(Gd>*)(MoOy),:Er** phosphors may work at higher
temperature and can be effectively applied to illumination, dis-
play and other practical applications. The thermal stability of
the optimum sample is worthy to be favorable.

| AE=0.4140.02 eV

Intensity/10% arb. units
s o

[\V]
T

300 400 500 600 700 800
Temperature/K

Fig. 6. (color online) Dependence of luminescence intensity on temper-
ature.

4. Conclusions

The uniform design is used to obtain the doping concen-
tration of rare earth ions with Er**[5.5%, 8.5%]+Gd*"[60%,
90%]*T[700 °C, 1100 °C]. The three-factor orthogonal de-
sign of Er’*/Gd** /T and range analysis are employed to
acquire the optimum combination of Er’*/Gd>* /T with
5.5 mol%Er’*, 70 mol%Gd**, and 1100 °C. The optimum
NaY(Gd*")(MoOy),:Er* phosphor with maximum green
emission is synthesized by the high-temperature solid-state
method. The XRD of optimum sample is characterized to
verify its purity. Down-conversion excitation and emission
spectra are also measured and the temperature effect on the
optimum sample is analyzed according to the theory of the
quenching temperature.
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