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Green emitting Li-Mg;_,ZrO4:xTb®" (0.1 < x < 2.0) phosphor powders were synthesized via the wet
chemical synthesis and the luminescent proprieties were studied when excited at 380 nm and present
a dominant and strong green luminescence peak at 543 nm, due to D-F transition. The preparation of
Li;Mg;_,ZrO4:xTb>* (0.1 < x < 2.0) phosphor powders were confirmed by X-ray diffraction (XRD) results
without any secondary or impurity phases. The size and morphology of the Li;Mg;_,ZrO4:xTb>* (0.1 < x
<2.0) phosphor powders were further examined by scanning electron microscopy (SEM).

{fﬁ’; ‘S;Dhrﬁsn:inescence Photoluminescence (PL) results have shown strongest green emission at 543 nm, which is originated
Phosphor due to °D,4-"Fs transition of Tb>* ion, for the Li;Mg;_,ZrO4:xTb>" (0.1 < x < 2.0) phosphor. The addition

of concentration Tb3* was greatly improved the photoluminescence properties of present phosphors.
The present study suggests that the Li;Mg;_,ZrO4:xTb>* (0.1 < x < 2.0) phosphor is a strong candidate

Wet chemical method
Solid state lighting

XRD as a green component for phosphor-converted white light-emitting diodes (LEDs).
SEM © 2017 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Phosphors are usually made from a suitable host material with
an added activator i.e., lanthanide have attracted great attention
because of their excellent luminescent properties and consequent
applications in lasers, lighting, displays, lasers, scintillators, light-
emitting diodes (LED), detectors for X-ray imaging, electrolumines-
cent devices, and solar concentrators [1-3]. Generally host materi-
als, such as nitrides, oxides, sulfides, etc., should possess good
optical, mechanical and thermal properties [1]. Activators such as
rare earth (RE) metal possess unique optical behavior when doped
into host material. The luminescence of these ions is attributed to
the electronic transitions occurring within the partially filled 4f
energy shell of the lanthanide series [2]. Energy transfer from host
material to activators can play an important role in phosphor
materials as it can be used to enhance the luminescence efficiency
[1]. The remarkable narrow-band emission properties of Eu*, Tb*,
Dy?* and Tm>" ions have been utilized in the development of effi-
cient phosphors [4]. In particular, Tb ions are used as the activator
because their bright green emission is suitable for many applica-
tions [1]. This is due to their intense >D4—’Fs emission in the green
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spectral region. Efficiency of a prepared phosphor material mainly
depends on a host material and synthesis techniques. In crystal lat-
tice structure an extremely good homogeneity of the prepared
phosphor material is required for high efficient Tb**doped
phosphors [5]. Traditionally, RE-doped phosphors were prepared
by the solid-state reaction method, which demands longer reaction
times and higher annealing temperatures [6]. Today, low tempera-
ture methods such as sol-gel [7,8], co-precipitation [9,10],
combustion [11] and hydrothermal microwave [12], are used to
prepare these phosphors. However, the one-step wet chemical syn-
thesis to prepare the phosphor is very simple, safe, energy saving
and takes less time. This synthesis technique has been extensively
applied to the preparation of various materials. This method is rel-
atively cost-effective, quick and can be easily exploited to prepare
phosphors with enhanced optical properties. The intention of this
work is to report our investigation results on the synthesis, surface
morphology, photoluminescence and color chromaticity of the new
green Li,Mg;_,ZrO4:xTb®" (0.1 <x < 2.0) phosphor powder and
their corresponding spectroscopic properties under UV excitation.

Experimental

For preparing the microcrystalline Li;Mg;_,ZrO4:xTb3* (0.1 < x
< 2.0) phosphor powder, the simple, one step, wet chemical
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method is used. The starting materials were LiNO3 (Merck 99.99%),
Mg(NO), (Merck 99.99%), Zr(NOs), (Merck 99.99%), and terbium
(1) oxide Tb407 (Merck 99.99%), double distilled water were used
in this study without further purification. Diluted nitric acid is used
to convert Tb40, to terbium nitrate with appropriate ratio.

To synthesized Li,MgZrO,:Tb>* phosphor the above chemical
reagents treated as raw material in the preferred ratio and dis-
solved separately in double distilled de-ionized water with the
help of magnetic stirrer. After that mix all the dissolved solvent
in one beaker, and same for the each concentration and mix them
again with the help of magnetic stirrer. All the concentration with
the host material is kept in oven for 80 °C for 12 h. Subsequently,
the products were gradually cooled to room temperature by
switching off the oven and ground into powders for subsequent
analysis.

To check the phase purity and structure, the X-ray diffraction
(XRD) patterns studied of the prepared host material by using
PAN analytical diffratometer with Cu Kot radiation (1.5405 A) oper-
ating voltage at 40 kV, 30 mA and scan step time at 10.3377 s. The
morphological behavior of the host material powder was recorded
by field-emission scanning electron microscope (JSM-6700 F, JEOL
Japan). Photoluminescence spectra i.e., emission and excitation
was recorded with the help of RF5301, with the spectral slit of
1.5 nm. The Chromaticity behavior is studied with the help of CIE
diagram. All the characterization was done at room temperature
and the same amount of samples were taken during each
measurement.

Results and discussion
XRD characterization

The representative X-ray diffraction patterns of as-prepared
Li,MgZrO, matched well with standard JCPDS file (JCPDS card
number 78-0198) of Li;MgZrO,. It is observed clearly that no
noticeable impurity phase was presented in our synthesized
Li,MgZrO, pattern, This suggests that the phosphor samples were
well-synthesized by the one step wet chemical method. The XRD
pattern of the prepared phosphor is shown in the Fig. 1. Previously,
Castellanos et al. reported that the material is crystallized in cubic
rock-salt structure of space group Fm square3m [13]. Apart from
this, in our case a couple of new diffraction peaks also appear i.e.,
at 22.5 and 32.7 (20 degree) which are characteristic diffraction
peaks for the prepared samples, but cannot be attributed to any
known compounds. These results mean that the synthesized phos-
phor powders are not the simple physical mixtures of starting
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Fig. 1. X-ray diffraction pattern of Li,MgZrO, phosphor powder.

materials, but a new single-host Li,MgZrO,4. The detailed structure
of is still under investigation.

Scanning electron microscopy

We prepared high-quality Li,Mg;_,ZrO4:xTb>* (0.1 < x < 2.0)
phosphor powder by one step, wet chemical method i.e., irregular
and spongy type morphologies as well as smooth surfaces. We get
the detailed information about the size and shape of the particle
from SEM analysis. In spite of the annealing treatment, the pow-
ders showed high-quality characteristics. It was found that there
are agglomerates and clusters of several particles. It is understand-
able that in a clustered particle there are many crystalline particles.
The particle sizes of Li,MgZrO, powder is in the range of 2-5 pum.
The SEM images of prepared material were shown in the Fig. 2.
Furthermore, the samples are agglomerated and showing an
irregular, foam like morphology. The surface morphology of the
Li,MgZrO, powder was not much different from each other, but
the particle size is in between from 2 um to 5 pm.

Optical properties of Li>Mg;_ZrO4xTh*>* (0.1 < x < 2.0) phosphor

A series of green emitting microcrystalline LioMg;_,ZrO4:xTb>*
(0.1 < x < 2.0) phosphor prepared by simple one step, wet chemi-
cal method to study their photoluminescence properties. The exci-
tation spectrum is a combination of a broad band and several
narrow peaks. The excitation spectrum of the Li;MgZrO,:Tb*"
phosphor for monitoring 543 nm at room temperature is given in
Fig. 3. It can be seen that the excitation spectrum consists of broad
bands in the range from 270 to 300 nm correspond to the strong
4f’5d! absorbability and a series of sharp lines (305, 319,
343,354, 371,375 and 380 nm) in the range from 300 to 400 nm
correspond to the weak 4f — 4f absorbability [14,15]. It can be seen
that the excitation spectrum are composed of several sharp bands,
including the bands at 305 nm (’Fs — 3Hg), 319 nm (’Fg — °Dq),
343 nm ("Fs - °L;), 354 nm (’Fg - °Lg), 371 nm (’Fg — >Gs), and
380nm (’Fg — °Gg). These sharp lines represent the spin-
forbidden 4f-4f transitions [15-17]. The band peaking at 284 nm
represents the spin allowed 4f-5d transition (f-d transition) of
Tb>* jons [18]. All the excitation intensities increase with an addi-
tion of the Tb>* content and reach the maximum when Tb>" ions
are 2 Mol%. Here, in Fig. 3, we shown only optimum concentration
i.e., x = 2 Mol% for better understanding. The position of the excita-
tion peak is not influenced by the Th®* concentration. However, the
excitation intensity increases with increase in Tb>* concentration
and reaches the maximum at about 2 Mol%.

The emission spectrum recorded under the 380 nm excitation is
shown in Fig. 4. A noticeable change in emission position is
observed by changing the Tb®* content. As shown in Fig. 4, all
the Li;Mg;_,ZrO4:xTb3* (0.1 < x < 2.0) phosphors emitted the light
wavelength near yellowish green light, approximating a green
luminescence with a peak wavelength of 543 nm. The emission
spectrum exhibits major emission peak at around 543 nm, which
is attributed to the typical °D4 — “F5 transition of Tb>* ions [14].
The emission spectra excited under 380 nm consist of several
peaks centered at 488, 543, 583 and 625 nm, which result from
the >Dy — 'F; (J=6, 5, 4, and 3) transitions of Tb*", respectively.
Among these peaks, the green emission peak (°D, — “Fs) located
at 545 nm is the most dominant, which is favorable for obtaining
a phosphor with high color purity [19].

These typical emission peaks are split in different ways. The
energy level °D, —7F, transition is split into 543 and 550 nm emis-
sion peaks and °D4 — ’F, transition is split into 582 and 589 nm
emission peaks [14]. These splits were related to in the crystal field
effect which resemblance with reported by Li et al. [14] in the case
of LiBaBO;3:Tb>* phosphor. Among these transitions, the green
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Fig. 2. SEM images of Li,MgZrO, Phosphor.
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Fig. 3. Excitation Spectrum of Li,MgZrO4:Tb*>* phosphor monitored at 543 nm.

emission at 543 nm (°D4 — F5) is the most intense. The emission
intensity depends strongly on the content of the Th*" ions. Under
the 380 nm excitation, all the samples with different doping
content of Tb3* display the similar emission spectra except for
emission intensity.

Furthermore, the fundamental relationship between Tb** con
centration and PL intensity of Li,Mg;_,ZrO4:xTb>* (0.1 <x <2.0)
phosphor under 380 nm excitations is shown in Fig. 5. Since PL

,;J
525 550 575 600 625 650

emission intensity strongly depends on both activator concentra-
tions and excitation energy, the action of the exciting carriers to
activator ions can be studied by measuring the intensity of the acti-
vator luminescence as a function of either activator concentration
with constant excitation energy, or excitation energy with a con-
stant activator concentration [20]. Clearly, from Fig. 5 shows that
the most intense peak is observed at x = 2.0 due to the larger num-
ber of luminescent centers and then the intensities decreased
slightly, owing to the energy transfer between the neighboring
Tb>" ions, i.e., quenching of the emission of Th®" [21]. At above x
= 2.0 concentration, the excitation energy transferred in the Mg?*
sublattice might be lost on some defect sites or captured by some
impurities, resulting in the decrease of the emission intensity of
Tb".

Energy level diagram

Fig. 6 depicts an energy level showing the transition of Tb** ions
and the luminescence process. All the emission peaks peaking at
488, 543, 583, and 625 nm are obtained from the transitions from
the energy level D, to °F; (J=6, 5, 4, and 3) of Tb** ions,
respectively.

According to this mechanism, Tb>" ions are first excited from
the ground state to the excited state °D,, drop down non-
radiatively to the excited level °D,, and finally fall down radiatively
to the various energy levels of ’F; (J = 6-3) [19,22] It is considered
that the Li,Mg;_,ZrO4:xTb3* (0.1 < x < 2.0) can be potential green-
emitting phosphor for near ultraviolet excited light emitting
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g. 4. Emission Spectra of Li;Mg;_,ZrO,:xTb>* (0.1 < x < 2.0) phosphor when excited at 380 nm.
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Fig. 5. Concentration dependence of relative emission intensity of Li;Mg; ,ZrO4:
xTb3* (0.1 < x < 2.0) phosphor.

diodes used as a green emitting phosphor for white light emitting
diodes and various photonic applications.

Chromaticity nature

Fig. 7 shows the CIE chromaticity diagram for Li;Mg;_,ZrOy4:
xTb?* (0.1 < x < 2.0) phosphor excited at 380 nm. The green emis-
sion color coordinates in the present experiment study of prepared
Li,MgZrO,4:Tb>* phosphor and calculated from the corresponding
emission and excitation spectra. In general, the color of any light
source can be represented on the (x, y) coordinate in this color
space. The color purity was compared to the 1931 CIE Standard
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Fig. 6. A schematic diagram showing the transition of Tb>* ions in Li;Mg;_,ZrOy:
xTb3* (0.1 < x < 2.0) phosphor and the luminescence process.

Source C (illuminant Cs (0.3101, 0.3162)). In the present investiga-
tion, the chromatic coordinates (x, y), was calculated using the
color calculator program radiant imaging [23,24]. The coordinates
of the Li;Mg;_,ZrO4:xTb>* (0.1 < x < 2.0) phosphor of color green
(x =~ 0.256, y =~ 0.731). All the results calculated from the emission
spectra are plotted in the Commission Internationale del’ Eclairage
(CIE) 1931 chromaticity diagram, as shown in Fig. 7. It indicates
that Th>* doped Li,Mg;_,ZrOy, is close to the edge of CIE diagram,
which indicates the high color purity of this phosphor.

C]EY 520
3 530
0.8
] 514 540
0.6 4
500
] 590
0.4 —
= Eaas 61
DES
T 630
490 .
770
0.2 1
; 480
; 470
0.0 - 50 9 :
] CIE x !
0.0 0.2 0.4 0.6 0.8

Fig. 7. CIE chromatic diagram showing the chromatic coordinates for Li;Mg;_,ZrO4:xTb>* (0.1 < x < 2.0) phosphor.
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Conclusions

In summary, a series of novel Li;Mg; _,ZrO4:xTb3* (0.1 < x < 2.0)
phosphor green emitting phosphor was successfully synthesized
by the homogeneous and simple wet chemical method at 80 °C
for 12 h and their luminescence properties were investigated.
The particle size of prepared sample is in sub micrometer range
and possesses irregular, foam like morphology.

The luminescence intensity of Li;Mg;_,ZrO,:xTb>" (0.1 <x <
2.0) phosphor can be significantly improved by doping an appro-
priate amount of Tb** and the luminescence color is stable. The
PL spectra show the strongest emission at 543 nm corresponding
to the °D4-"Fs transition of Tb3* in present phosphor. It is shown
that 2.0 Mol% of the doping concentration of Tb>* ions in Li,MgZrO,
phosphor under 380 nm excitation is optimum. Such morphology,
high luminescence intensity, color purity, and stability are very
useful for practical application in the field of photonics. Much char-
acterization analysis will need to be evaluated in future studies.
These are under development and will be reported in the near
future. Strong absorption in deep NUV region for Li,MgZrO4:Tb>*
(2.0 Mol%) phosphor suggests that it can have important lumines-
cent applications. Thus, Li;MgZrO4: Tb3* (2.0 Mol%) phosphor
material presents very attractive luminescent property for the gen-
eration of the green color.
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