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Luminescence Properties of Eu®* and Mn?* Doped Tungstate and Phosphate Materials

Shala Bi

Physic department, The Graduate School,
Pukyong National University

Abstract

As a new generation of display and lighting source, white LED has the characteristics of high
efficiency, energy-saving, green environmental protection, no pollution, sturdiness, long life, fast
switching, and easy maintenance. It is one of the most promising high-tech fields in the world in
recent years. Combining phosphors with ultraviolet, near ultraviolet or blue light chips is one of the
important ways to realize white LEDs. As a key and technically important component of white LEDs,
phosphors are of great significance in improving and improving the luminous efficiency, color
rendering index, service life and other technical indicators of white LEDs. Therefore, it is necessary
to continuously explore and develop new and efficient phosphor material.

Rare earth luminescent materials have a widely applicated in the fields of light-conversion
luminescent materials such as energy-saving lighting, medical imaging, modern information
technology and display detection, and phosphor luminescent materials with high efficiency, stability
and good luminescent properties are also used in white LEDs and other applications. significance.
Tungstate host materials are often selected as valuable luminescent materials due to their good
chemical stability, high luminescence intensity, self-luminescence, and easy preparation. Therefore,
the self-activated tungstate matrix and Eu’'-doped tungstate matrix materials have extensive
research and application significance. In this study, Eu’" ions doped Ca;WOsCl, was prepared by
the facile high temperature solid-state reaction. The PL-PLE spectra, crystal structure, temperature-
dependent luminescence, and decay lifetimes were investigated. Under the excitation of UV light,
the pure CazWOsCl, emitted the typical self-activated luminescence from the charge transfer (CT)

transitions in [WOsCI]>- groups. With the increasing temperature from room temperature to 480 K,

vi



the emission intensity decreases, and the emission band shifts to blue. Such reduction due to thermal
quenching wherein emission centers are thermally activated through the crossing point between the
ground and the excited levels. The concentration dependent emission spectra of CazWOsCly:Eu®*
shows the characteristic emission peaks of Eu*" ions can be observed in the red emission region at
around 615 nm both with the host emission band in the blue emission region at around 450 nm.
Accordingly, the band at 450 nm originates from charge transfer behavior of WOsCl group, while
the sharp lines at 615 nm originates from the °Do-'F, transitions of Eu’' ions. As the Eu**
concentration increases, the luminescence intensity of the Eu®" ions increase, while that of the
WOsCI group band decreases rapidly. The temperature dependent emission spectra indicate
CasWOsCly:Eu** phosphor has good thermal stability. Therefore, the results indicate the possibility
of present phosphor for Near UV (394 nm excitation), blue LED (450 nm excitation) applications
in white light diodes with high thermal stability.

Phosphate system phosphor is an important traditional light-emitting material. Phosphate matrix
has good physical and chemical stability, low synthesis temperature, low production cost, complex
structure, and can strongly absorb ultraviolet light to achieve high-efficiency emission in the visible
spectrum, and widely used. In this study, the traditional high-temperature solid-state reaction
method was used to synthesize Mn?"-doped Na,Mg(PO3)4 phosphors. The structure was conducted
on the basis of X-ray diffraction (XRD), the photoluminescence excitation (PLE) and emission (PL)
spectra reveal that the Na;Mg(POs)s:Mn?* red phosphor could be excited by ultraviolet (UV) to blue
light from 300 to 500 nm, and shows a broadband emission in the spectral region from 550 to 750
nm. The optimum doping concentration of Mn?* ions in Na,Mg(PQs)4 lattice was measured to be 9
mol% based on the concentration-dependent PL spectra. To deeply study the thermal stability of
Na,Mg(PO3)s:Mn?" red phosphor, temperature dependent PL spectra and decay curves were
measured at various temperature ranging from 10 to 500 K. It is demonstrated that
Na,Mg(PO3)s:Mn?" red phosphors can be simulated as potential materials to produce high-

efficiency white-light.
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1. Introduction

1.1 Introduction of luminescent materials

1.1.1 Definition and classification of luminescence

Luminescent substances are substances that can absorb external energy (mainly radiant
energy, chemical energy, electrical energy, etc.) and convert it into optical radiation. Generally,
the total energy of optical radiation emitted by luminescent substances is lower than the total
energy absorbed. Another part of the energy will be dissipated in the form of thermal radiation.
Luminescent substances, as the name implies, are substances with luminescence phenomena,
and the light radiation they emit is usually located in the visible light region. Luminescent
substances do not always have practical application value [1, 2].

The most fundamental difference between solid-state luminescence and other luminescence
is that solid-state luminescence has a longer duration. That is, when the excitation stops, the
light-emitting process does not disappear immediately, but gradually weakens until finally
disappears. This process is also called the "afterglow" phenomenon. The long duration can
reach more than ten hours, and the short duration can also be 1071 s. In this way, according to
the duration of the luminescence, the luminescence can be divided into two categories: the
duration of less than 10 s is called fluorescence, and the duration of more than 10 s is called
phosphorescence [3-5].

In the actual research and application process, solid-state luminescence is often divided into
the following categories according to the different excitation sources:

1. Photoluminescence: Refers to the object irradiated by external light sources to absorb
energy, and through the process of energy transfer and emission, the light is finally formed.
To achieve different luminescence purposes and produce different luminescence results,
ultraviolet light, visible light, or infrared light is often selected as the excitation light source
according to needs, and photoluminescence is also the main content of this paper. The two

most widely studied and important applications are solid-state lasers and fluorescent lamps.



Electroluminescence: The process of converting electrical energy into light energy. This
kind of luminescence does not have the process of first converting electrical energy into
heat energy like an incandescent lamp, and then increasing the temperature of the object
to emit light, so this kind of light is also called "cold light." The light emitted by a light
emitting diode (LED) refers to the electroluminescence of a semiconductor. When current
is applied to the p-n junction, it emits light. It has become an indispensable component in
household appliances, but because it has not been able to emit high brightness, Long-life
white light devices with relatively pure chromaticity have not been mass-produced.

X-ray and high-energy particle luminescence (radioluminescence): The luminescence
process of an object excited by X-rays, y-rays, protons, or neutrons. It is mainly used for
ray detection and nuclear medicine imaging, etc.

Cathodoluminescence: The luminescence is produced by high-energy electron beam
ionization and excitation of the luminescent center. The most common application is the
TV display, of course, it also includes the display of computers, electron microscopes, and
other electronic instruments. The electron beam is used to excite a luminescent substance
so that the substance emits light, and the electricity used in the quantum energy is very
high, usually in the thousands or even tens of thousands of electron volts (eV). After
entering the luminous body, the high-energy electron beam hits the crystal lattice,
producing an increasing number of secondary electrons. In the end, a large amount of
electrons with only a few electron volts excites the luminescent material with the highest
efficiency, and the material emits the strongest light.

Chemical luminescence: It mainly relies on the light radiation process triggered by the
energy generated in the chemical reaction process. For example, when two separated
compounds are placed in a transparent container when the separation is eliminated, the two
substances are mixed to produce a chemical reaction, thereby producing light. This product
can last for more than half an hour brightly and can be used for emergency lighting.
Bioluminescence: Chemical substances synthesized by cells, under the action of a special
enzyme, convert chemical energy into light energy. Common ones are fish, fireflies, and

bacteria, etc.



7. Triboluminescence: The luminescence phenomenon caused by mechanical action, such as

crystals of tartaric acid and sucrose, flashes when they are squeezed.

1.1.2 Composition of luminescent materials

(aoR Emission

E}y&l\
EXC.
w N EM.
Non-radiative transition ET
A:Activator

Figure 1.1 A luminescent ion A in its host lattice. Figure 1.2 Energy transfer from a sensitiser S to an actixator A.

In general, solid luminescent materials consist of two parts: a luminescent center, an activator,
and a host material. Figure.1.1 shows a schematic diagram of the luminescence behavior of
photoluminescent materials (Example Al,Os:Eu*") [6-8].

Figure.1.1 demonstrates a simplified luminescence process consisting only of activator ions
that absorb energy and produce luminescence and a host material for immobilizing the activator
ions. In fact, in many cases, the part of the luminescent substance that absorbs energy is not
only the activator ions, but also other ions and even the host material itself, and then other ions
or host materials transfer the absorbed energy to the activator ions, and then the activator The
ions are excited to produce light. Absorbs energy other than activator ions and can transmit to
activator. The ion of the agent is called a sensitizer. In actual research and development, we can
try to absorb more efficient sensitizer ions other than multi-doping activator ions to improve
the performance of light-emitting materials Figure.1.2.

Figure.1.3. and Figure.1.4. shows the schematic diagrams of the luminescence process and
energy transfer are respectively given. The main physical processes which play a role in the
luminescent material:

1. Absorption (excitation)which may take place in the activator itself, in another ion (the

sensitizer), or in the host lattice.



2. Emission from the activator.
3. Nonradiative return to the ground state, a process which reduces the luminescence
efficiency of the material.

4. energy transfer between luminescent centers.

Excitation Emission

Energy transfer

Emission Thermal radiation

/

Figure 1.3 The main physical process of luminescence, M: matrix; S: sensitizer; A: activator.

Energy transfer .
gy A
S* A - ’
Non-radiative transfer
Ay
Excitation
Emission
S A

Figure 1.4. The energy transfer from sensitizer to activator, S: ground state of sensitizer; S*: excited state of

sensitizer; A: ground state of activator; A1*, A2*: excited state of activator.

1.2 Rare earth luminescence

1.2.1 Rare earth ions

In 1794, the famous Finnish chemist Dolin discovered rare earth from silicon beryllium



yttrium ore, the properties of these rare earth elements are very similar. It has rich outer energy
levels, a large radius, strong polarization, and active chemical properties. Its metal activity is
second only to alkali metals and alkaline earth metal elements and is more active than other
metal elements. However, rare earth elements are present in extremely complex mines, and it
is difficult to separate them. Rare earth metal ions are the most widely used activator ions in
luminescent materials. Phosphors currently on the market emit light from rare earth ions. Rare
earth elements show stable physical and chemical properties due to their special electronic layer
structure, as well as excellent magnetic, optical and electrical properties. It has a wide range of
applications in military, aviation, electronics, medicine, new materials, glass ceramics and other

fields [1, 9].

1.2.2 Electronic configuration of rare earth elements

The electron configurations of lanthanides are 1s? 2s? 2p° 3s? 3p% 3d!? 4s? 4p® 4d'° 4" 552 5p°
5d™ 6s? or [Xe] 4f" 5d™ 6s? ([Xe] is the electron layer configuration of the noble gas xenon). It
can be seen from the electronic configuration structure that the outermost 5d 6s electron
configuration of each atom is the same, this is because when the rare earth element is in the
atomic state, the electron fills the 5s? 5p® first, and then fills the 4fn shell. In chemical reactions,
rare earth elements easily lose three electrons in the 5d and 6s electron orbitals or 4f electron
orbitals, showing +3 valence. The transitions between the 4f configuration levels of rare earth
ions include (forced) electric dipole transitions and magnetic dipole transitions, which are
characterized by linear transition radiation spectra and long fluorescence lifetimes. Since the 4f
subshell is under the shielding of the outer 5s25p° full shell, it is little affected by the external
environment, so the emission wavelength basically does not change with the change of the host
material. The pair of 4f electronic transitions make rare earth ions have abundant energy level
transitions, which can emit characteristic spectral lines in the range of ultraviolet, visible to
near-infrared light regions, so rare earth ions can be used as active ions of luminescent materials

[10-13].



Atomic | Element name | Element Atom's electronic layer structure Atomic
number symbol radius/(nm)
4f | 5s |5p |5d |6s
57 Lanthanum La — |0 2 6 1 2 0.1879
58 Cerium Ce f_? 1 2 6 1 2 0.1824
59 Praseodymium | Pr g 3 2 |6 0 2 0.1828
60 Neodymium Nd E 4 2 6 0 2 0.1821
61 Promethium Pm %; 5 2 6 0 2 0.1810
62 Samarium Sm : 6 2 6 0 2 0.1802
63 Europium Eu (:nh 7 2 6 1 2 0.2042
64 Gadolinium Gd g 7 2 6 0 2 0.1802
65 Terbium Th E 9 2 6 0 2 0.1782
66 Dysprosium Dy § 0L 6 0 2 0.1773
67 Holmium Ho C-% 11 |2 6 0 2 0.1766
68 Erbium Er % 12 |2 6 0 2 0.1757
69 Thulium Tm 2* 13 |2 6 0 2 0.1746
70 Ytterbium Yb % 14 |2 6 0 2 0.1940
71 Lutetium La 15 |2 6 1 2 0.1734

Table 1.1 The electron shell structure and radius of rare earth atoms

Tablel.1 lists the atomic radius and electron shell results of rare earth elements, in this table
the characteristics of the electronic layer structure of these 15 lanthanide elements are: the
outermost 6s orbital is filled with electrons, the 5s and 5p orbitals of the second outer layer are
also in full electron state, and the 5d is an empty orbital or only one electron. The outer 4f is
gradually filled from 0 until the last 4f orbital of lutetium is filled with 14 electrons. Since the
distribution of the outermost and sub-outer electrons of various rare earth elements is similar,
it is easy to lose two electrons in the outer 6s orbital and one d electron in the sub-outer layer
(when there is no 5d electron, one 4f electron is lost), so Rare earth ions are usually positive
trivalent. Dan Hongte’s rule states that electrons arranged in the same electronic sublayer will
always be distributed in different orbits as far as possible, and the spin direction is the same, so
the number of 4f electrons has a very important influence on the valence state, 4%, 4f7, 4f'* are

Stable valence, while Ce**, Pr**, Tb*" are easily oxidized to tetravalent, while Sm**, Eu**, and
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Yb*" are easily reduced to positive divalent [14, 15].

1.2.3 The unique spectroscopic characteristics of rare earth ions

Because photoluminescence mainly depends on the defect energy level in the crystal or the
doping of impurity ions to form an effective luminescence center, rare earth elements have
become the preparation of luminescence due to their unique electronic layer structure and
spectral properties that are unmatched by general elements. The most ideal dopant ions can be
selected from materials. Nowadays, rare earth luminescence covers almost the entire solid-state
luminescence category.

The allowed optical transitions of the rare earth ions mentioned above are
interconfigurational and consist of two different types, viz.
<> Charge transfer transition (4/"—4/"'L"!, where L = ligand).
< 4f"—4f™15d transition.

Both are allowed, both have AR # 0 and appear in the spectra as broad absorption bands.
Charge transfer transitions are found for rare earth ions which like to be reduced, 4f-5d
transitions for ions that like to be oxidized. The tetravalent rare earth ions (Ce*', Pr**, Tb*")
show charge-transfer absorption bands. It has the following characteristics:

(1) The underfilled 4/5d electron configuration will shield the outside world. The electron
energy level is rich, the excited state life is long, and there are as many as 200,000 energy level
transition channels, so it can produce a variety of radiation absorption and emission. The
transition between different energy levels is subject to the law of spectral selection. Therefore,
in the underfilled 4f electron sublayer, there are about 30,000 observable spectral lines that can
emit various wavelengths from ultraviolet, visible light to infrared light. Electromagnetic
radiation.

(2) Once the rare earth atoms lose their outer electrons and are in the state of ions, the 4f
electron shell will be protected by the 55°5p° shell, so that the crystal field has little interference
with the 4f electron shell. More importantly, the energy level difference of the 4f layer is
extremely small, and the f-f transition usually presents a sharp linear spectrum, which also
causes the rare earth luminescent materials to have significant advantages such as narrow
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emission bands, high color purity, and bright colors.

(3) The fluorescence lifetime can range from nanoseconds to milliseconds, spanning almost
6 orders of magnitude. Generally, the average lifetime of the excited state of atoms or ions is
10'°~10"® seconds, and some rare earth elements can even reach 10°~10 seconds due to the
spontaneous transition between 4f electronic energy levels.

(4) High-temperature resistance, stable physical and chemical properties, and can withstand
the action of high-power electron beams or high-energy rays.

(5) The ability to absorb excitation energy is strong, and the conversion efficiency is high.
Based on the above excellent characteristics, rare earth luminescence can be widely used in
many fields such as communications, luminous display, ultraviolet disinfection, medical care,
and biomarking.

There are many types of rare earth luminescent materials, which can be roughly divided into
two categories according to the role of rare earth in luminescent materials: The first category is
rare earth ions as activators incorporated into crystal materials, and the second category can
only be rare earth compounds or non-rare earth compounds. Rare earth ions used as activators
can be said to be trivalent Eu**, Tb**, Dy**, and Sm*", etc., and can also be children’s Eu?", and
Nd**, Er**, Tm**, Ho*", Pr**, and Yb*' are often used as activating ions or sensitizing ions for
upconversion luminescent materials. Rare earth ions the type of luminescence has a decisive
effect on the final luminescence characteristics, such as red phosphors or green upconversion
luminescence used in white LEDs. The second category is that compounds containing rare earth
ions such as LayO;, Y»03, and Gd»O; can be directly used as host materials, and include

Compounds composed of rare earth and transition elements [15, 16].

1.2.4 4f-4f transitions

The rare earth ions are characterized by an incompletely filled 4f electron shell. The electrons
are allowed to jump, and the optical radiation they emit comes from the energy release of the
electron transition to the excited state and back to the ground state. This electronic transition
inside the 4f electron layer is called f-f transition, and the luminescence of trivalent Eu** is also
derived from this. Because the 5s and 5p electron layers are located outside the 4f electron layer,
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they can shield the electrons located in the 4f layer, so when rare earth ions are doped in the

matrix, the influence of the crystal field of the matrix on the electrons in the 4f layer is very

weak, so the position of the emitted spectral lines is also very stable [17-20]. At the same time,

the transition energy levels of rare earth ions in the crystal field of the matrix show similarities

with free atoms, that is, discrete energy levels, so the shape of the emitted spectral lines is

generally linear. The luminescence characteristics of the f-f transition of rare earth ions are

summarized as follows:

1. The luminescence spectrum is linear, which is not affected by temperature.

2. Since the felectron is in the inner shell layer and is shielded by 5s°5p°, the matrix has little
effect on the emission wavelength.

3. The light color is pure, the luminous color is stable, and it is not interfered by the external
environment.

4. The temperature quenching is small, and it still emits light even at 400~500°C.

2. Abundant spectral lines, ranging from ultraviolet to infrared.

3. The concentration is small.

4. Long fluorescence lifetime.

1.2.5 4f-5d transitions

The f-d transition is a parity allowable transition, and its luminous intensity and transition
probability are much greater than those of the f-f transition. The spectrum of this transition is
closely related to the lattice vibration, so the spectrum emitted by the f-d transition is usually
broadband. The main rare earth ions involved in the f-d transition are Ce**, Eu*", Yb*', Tb*",
Sm?*", Tm?*, Dy?*, Pr** and so on. For single-component broadband activator phosphors, Eu**
and Ce’" are the most suitable activators, and the broadband caused by their f-d transitions can
cover part or all the visible spectrum of white LEDs. Since the 5d electrons are exposed to the
outside, they are greatly affected by the surrounding crystal field environment [21, 22].
Accordingly, the position of the spectral band of the f-d transition will vary greatly depending
on the environment. The characteristics of the f-d transition spectrum are as follows:

1. The emission spectrum is usually broadband.
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2. Temperature has a greater influence on the emission spectrum.
3. Short fluorescence lifetime.
4. The emission spectrum is greatly affected by the host environment and can emit light of

various wavelengths from ultraviolet to infrared.

1.2.5 Luminescence of Eu®" ions

Trivalent europium ion (Eu**) as the most important rare earth ion of red phosphor activator
is one of the most widely studied ions in the rare earth element family. The outer electronic
structure of Eu®" ions is 5p®4f°5d°, the 4f layer is sheltered by the 5s?5p°® electron layer, and is
little affected by the external environment, while the emission lines of Eu** ions originate from
the internal 4f-4f transition, so the luminescence performance is not affected by the external
environment. The schematic diagram of the energy level transition of Eu** ion light emission is
shown in Figure 1.5. When the Eu** ion is excited by the external energy, the electron transitions
from the ground state to the excited state, and then from the excited state *Dy energy level back
to the ground state ’F; (J =0, 1, 2, 3, 4) energy levels, the energy will be emitted in the form of
luminescence. The positions of the emission peaks corresponding to different transitions are
different. The emission line of Eu** ion is a sharp linear spectrum, and its two main transitions
are magnetic dipole transition °Do—"F; and electric dipole transition *Do—'F,. Magnetic dipole
transitions are not affected by local positional symmetry, whereas electric dipole transitions are
very fragile at local symmetry positions and are called hypersensitive transitions. The location
and environment of Eu*" ions in the lattice have a direct impact on their emission properties.
When the Eu?* ion is located at the center of inversion symmetry in the lattice, >Do—F is the
main transition mode, and the characteristic emission wavelength is in the range of 585-600
nm, emitting orange-red light; When inverting the position of the symmetry center, *Do—"F is
the main transition mode, and the characteristic emission wavelength is in the range of 610-630
nm, resulting in bright red light. The typical absorption band peaks of Eu*" ions are around 395
and 465 nm, which are caused by the ’Fo—>L¢ and "Fo—>D, transitions of Eu*’, respectively
[23-27].

Since the magnetic dipole transition Dy—’F; and the electric dipole transition *Dy—'F, of
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Eu*" ions are very sensitive to the local environment, they can be used to probe the local
structure of luminescent centers in a host lattice. The position occupied by Eu®* in the
luminescent material has high symmetry, and is dominated by magnetic dipole transition
SDo—"Fy; if the symmetry is low, it is dominated by electric dipole transition *Do—’F», while
other transitions are weak [27-30].
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Figure 1.5. The schematic diagram of energy level transition in Eu3* ion.

The host lattices of Eu**-doped luminescent materials NaLuO,:Eu** and NaGdO»:Eu** both
have rock-salt structures, the difference is that Na* ions and Lu** (or Gd**) are arranged in
different superstructures. In NaLuO,:Eu**, the Eu** ion occupies the inversion symmetry site,
and the Dy—'F; magnetic dipole transition dominates (orange light) in its emission spectrum,
as shown in Figure. 1.6(a). Eu** ions in NaGdO,:Eu** occupies the octahedral coordination
center site, which is slightly deviated from the inversion symmetry center due to the
superstructure [31]. Therefore, the *Dy—"F; electric dipole transition dominates (red light) in

its emission spectrum, as shown in Figure. 1.6(b).
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Figure 1.6 (a)(b) The emission spectrum of Eu3* in NaLuO; and NaGdO,.

1.3 Transition metal Mn ion luminescence

For transition metals, the valence electron shell is [X]3d4s. The cations generally lose 4s
electrons, the 3d electrons are exposed to the crystal field, and the incompletely filled d layer
has an electron configuration of d". Due to the non-filled shell structure of transition metal ions,
the energy gap from the ground state to the first excited state energy level is equivalent to the
energy of optical photons, so transition metal ions are also widely used as activators for
luminescent materials. Since the 3d electrons of transition elements are in the outer layer, they
are very sensitive to the crystal environment and are greatly affected by external fields such as
electric field, magnetic field, and coordination field. This is the biggest difference between rare

earth ions [32, 33].

1.3.1 Luminescence of Mn?*

The 3d shell of Mn?* has 5 electrons, which is half-full and shows the largest atomic magnetic
moment of all the elements. Compared with the f-orbital, the d-orbital has a stronger interaction
with the environment and can exchange interactions with the carriers, thereby changing the spin

of the carriers. The Mn?" ion has an emission consisting of broadband whose position is strongly
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dependent on the host lattice. The emission can vary from green to red. The decay time of this
emission is on the order of milliseconds. Tetrahedral coordinated Mn** (weak crystal field)
typically produces green emissions, and octahedral coordinated Mn*" (stronger crystal field)
emits orange to red emissions. The Tanabe- Sugano energy diagram of Mn?* ion given in Figure
1.6. The ordinate in the figure is E/B, E is the crystal field energy, and the AB represents the
ratio of crystal field intensity Dq to electron Coulomb interaction B. By adjusting the crystal
field strength, the spin-forbidden d-d transition (*T1—°A;) of Mn?* can be changed, and the

emission can be changed from green to red [34-36].
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Figure 1.7 The Tanabe- Sugano energy diagram of Mn?+,
1.4 Energy transfer

Energy transfer is essentially an ion transition. When excitation light acts on a luminescent
material, it will cause the luminescent material to self-regulate. Changes in body energy,
electrons and holes become unstable under the influence of excitation light, or some ions are
excited to higher energies state. Therefore, the excited state will transfer, interact with adjacent
ions to transfer energy, and electrons and holes are not limited in the original position, the

energy is transferred from the excited state to the ground state or from the ground state to the
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excited state, forming a readjustment of the energy redistribute [37-40].

(1) Self-absorption

After a part of the crystal emits light, the emission spectrum coincides with the absorption
spectrum, causing the light wave to be absorbed by the crystal itself, this phenomenon is called
self-absorption. Photons in light waves transport energy at a higher speed, and the process
distance is not fixed, but the transmission not affected by temperature.

(2) Resonance transfer

The most common luminescence of solid-state materials is resonance transfer, which means
that under the action of near-field force or electron exchange, the excited state, the process by
which a center transfers resonance energy to other centers. The two energy transfer values are
not much different, and this process is related to the temperature correlation is small.

(3) Carrier energy transfer

The diffusion drift of carriers is the energy transfer medium in insulators and semiconductor
photoconductive materials, and the transfer process will generate electricity flow and electrical
photoconductive phenomena are closely related to temperature.

(4) Exciton energy transfer

The excitons in the lattice can move freely, and the energy transfer of excitons is mainly
divided into two types. The first is excitons reabsorption with other centers transfers the
activation energy, and the other is the intrinsic excitation energy of excitons from A to B. The
critical distance Rc can be used to judge the energy transfer mode of the luminescent material.
During the process of energy transfer, the excitation on the one hand, the hair-state center
transitions back to the ground state through its own radiation, and the probability at this time is
P1; on the other hand, it can transfer the energy to the ground state is P2. when P1=P2, the

distance at 2 is called the critical distance Rc.

1.5 Implementation of white light diodes

White light LEDs were previously realized by white light (polymorph) mixed with red, green,
and blue primary color chips. Now gradually converted to white light (single crystal form)
obtained by exciting the corresponding phosphor with a chip [41-43].
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Blue, green, and red LED  Blue LED plus yellow phosphor UV LED plus triphosphor

il

Figure 1.8 Three methods of generating white light. (a) red + green + blue-LEDs; (b) UV-LED + RGB phosphors; (c)

blue-LED + yellow phosphor.

1)UV-near UV LED excitation of mixed red, green and blue phosphors

Red, green and blue phosphors are filled outside the excitation chip, and the ultraviolet-near-
ultraviolet LED chip is used to stimulate at the same time, and white light can also be formed
after the three colors of light are mixed.

2)Blue LED mixed with red and green phosphors

White light can also be formed by simultaneously exciting red and green phosphor
luminescent materials with a blue LED chip. The white light produced by this method has three
basic colors: red, green and blue, and has the advantages of high color rendering, high light
conversion efficiency, long working time and simple preparation procedure, but the overall
luminous efficiency is low, the color temperature is high, and at least two kinds of phosphors
are required, which increases the production cost.

3)Multi-chip combination to achieve white light

The multi-chip combination method combines three different light-emitting diode chips of
red, green and blue, and uses a lens to mix the chips to emit light of different colors to form
white light. The advantage of this method is that the white light emitted can be controlled
manually, with very high color rendering, but the disadvantages are also obvious, that is, it
consumes a lot of materials, driving voltage and operating temperature there may be differences
due to the influence of the environment and its performance, and because the current required
by each chip is different, three sets of circuits need to be designed, which will inevitably
increase the design difficulty and cause a corresponding increase in cost. Because of this, this
method is not suitable for large-scale use and is limited in application. Today's commercial

implementation is mainly a single-chip type.
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1.6 Scopes of this thesis

Over the past few years, phosphors, as a key and technologically important component of
LEDs, have been recognized as a prerequisite for the functionality and success of many lighting
and display systems.

(1) Due to the structural characteristics of the electrons in the 4f layer, rare earth ions show
extremely rich energy level transition forms, which can absorb or emit light from the ultraviolet
to the infrared region, thereby forming a variety of luminescent materials. Therefore, rare earth
luminescent materials play an increasingly important role in social development and scientific
and technological progress.

(2) Eu?* is one of the most widely studied ions in the rare earth element family, and it is also
the most important rare earth ion as an activator for red phosphors. The typical absorption band
peaks of Eu®* ions are around 396 and 465 nm, which can be well matched with commercial n-
UV and blue LED chips. In addition, since the magnetic dipole transition °Do—'F; and the
electric dipole transition °Do—'F2 of Eu®" ions are very sensitive to the local environment, it
can also be used as an ideal fluorescent probe to analyze the symmetry of lattice positions.

(3) Mn?* emission peak is generally broad band, with an emission peak around 550 nm to
750 nm, which originates from the >T;—°A; transition spin forbidden d-d transition. According
to the Tanabe-Sugano figures, the emission peaks of Mn2* in the octahedral coordination
environment are located on the orange to red region. The emission peak is located on the green
region when Mn?" is in the tetrahedral coordination environment. By adjusting the crystal field

strength, the spectrum of transition metal Mn?* changes from green to red.
2. Experimental and Characterization

2.1 Sample preparation

2.1.1 Synthesis of CasWOsCl; and Eu** doped Ca;WOsCl,

Ca;WOsCl, phosphors were synthesized via the facile solid-state reactions. The raw reactants
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are CaCOs (99.9%), WO;3 (99.9%) and NH4Cl (99.9%). Firstly, CaCO3; and WO3 with the
stoichiometric weight were ground by ball-milling in alcohol medium for 4 h. The slurries were
dried in a drying oven and then were calcined at 850 °C for 6 h to obtain the precursor Ca,WOs.
Secondly, the powders were thoroughly ground again with adding the CaCl, (99.9%) powders
and then sintered at 800 °C for 6 h to obtain the final products Ca;WOsCl,.

Step 1: 2CaCOs3 + WO3; — Ca,WOs + 2CO»

Step 2: Ca;WOs + CaCl, — CasWOsCl,

2.1.2 Synthesis of Na;Mg;..(PO3)s:xMn>* (x=0.01, 0.03, 0.05, 0.07, 0.09,

0.11)

The phosphors of Na;Mg.«(PO3)s:xMn?* (x=0.01, 0.03, 0.05, 0.07, 0.09, 0.11) phosphor were
prepared by high-temperature solid-state reaction. The raw reactants are Na,COs3 (99.9%),
4MgCO3-Mg(OH),-5H>0, NH4H>PO4 (99.9%), MnCOs (99.9%). All the starting reagents were
mixed in stoichiometric ratios and ground in an agate mortar for 20 minutes to obtain the
homogeneous mixture. Then, the mixture was calcined at 400 °C for 10 h in a crucible in
atmosphere. The obtained mixture was reground carefully and maintained at 850 °C for 8.5 h
in a muffle furnace. Thus, a series of the Mn?**-doped Na,Mg(PO;)s phosphors were

successfully obtained as cooling down to room temperature.

) Mixing . Prev calcining
Raw materials = Mixture = Precursor
Calcinate | Ground
Application  |= Masurement Sample

Figure 2.1 The preparation process of the high-temperature solid-state method.

17



2.2 Material Characterization

2.2.1 X-ray Diffraction

X-ray powder diffraction is an optical analysis method detected by an instrument.
Monochromatic X-rays are irradiated on a powder crystal sample. If the angle between the
orientation of a group of facets of one of the crystal grains and the incident X-ray is 0, the
diffraction condition is satisfied. condition, diffraction occurs at the diffraction angle 26. There
are multiple grains in the sample and the diffraction is satisfied. By using the detector of the
powder crystal diffractometer to rotate around the sample at a certain angle, all diffraction lines
of different mesh planes and different orientations in the powder crystal are received, and the
corresponding diffraction pattern is obtained. By performing X-ray diffraction on the material
and analyzing its diffraction pattern, it is a research method to obtain the composition of the
material, the structure or morphology of the atoms or molecules inside the material, etc., but
there is low sensitivity, and the required sample content is greater than 1%. Generally, tens to
hundreds of millimeters are required, and problems such as amorphous samples cannot be
analyzed.

Bragg equation:

Incident
plane wave

2dsin @

4 ' 8 Constructive interference
dsin g when
e e o o o o nA =2d sin 6
Bragg's Law

Figure 2.2 Schematic diagram of Braggs Law.
nA=2dsin 8 (A is the X-ray wavelength, n is the diffraction order, d is the interplanar spacing,
and O is the diffraction half angle.) When a monochromatic X-ray irradiates a powder crystal

sample, if the angle between the orientation of the network plane (hkl) and the incident X-ray
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is 0, and if the diffraction conditions are met, diffraction occurs at the diffraction angle 20 (the
angle between the diffraction line and the extension of the incident X-ray).

The phase structures of the samples prepared in this paper were taken on a Rigaku D/Max
diffractometer (40kV, 30mA) with Bragg-Brentano geometry using Cu-Kal radiation
(L=1.5405 A). The XRD data in 20 ranging from 10° to 70° were collected at a scanning mode

with a step size of 0.02° and a rate of 4.0° min™".

2.2.2 Scanning Electron Microscopy

Scanning Electron Microscope (SEM) is a structural analysis tool, the principle of which is
to use an electron beam as a light source to focus the electron beam is irradiated on the sample
through a raster-like scanning method, so as to reflect various information of the produced
sample, and then by collecting information and processing, the micro-topography is obtained.
SEM provides high resolution, long depth of field and rich imaging. Therefore, the image
research method of scanning electron microscope is used to analyze the microstructure, which
is rich in content and intuitive in method. Surface observation and analysis of various materials.

In this study, the surface morphology of powder samples is mainly analyzed. When preparing
powder samples, first of all Adhere conductive glue on the tray, then place a small amount of
dried powder sample on the conductive glue and use a blowing rubber ball to the tray was blown
radially outwards to distribute the powder evenly on the tape, gold sprayed before testing, and
finally the morphologies of the samples at different resolutions were measured with a Philips

XL230 scanning electron microscope.

2.2.3 Photoluminescence Emission and Excitation Spectroscopy

When a luminescent material is excited by excitation light of a specific wavelength, the
relationship between the emission intensity or energy of the emitted light and the wavelength
of the emitted light is the emission spectrum. If it is a graph of emission intensity versus
wavelength, the spectral lines can be broad-band, narrow-band or linear depending on the

nature of the luminescent material. And if the relationship between the energy of the emitted
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light and the wavelength of the luminescent material is excited by the excitation light of a
specific wavelength, the emission intensity or the relationship between the energy and the
wavelength of the emitted light shows the energy distribution of the emitted lightExcitation
spectrum refers to the relationship between the intensity of the emission line at this wavelength
and the excitation wavelength by monitoring a specific emission wavelength under the
excitation of light of different wavelengths. It reflects the luminescence effect of materials
excited by light of different wavelengths and can know the characteristic absorption peak range
of matrix and activator ions. Therefore, the optimal excitation wavelength range of materials
can be determined by excitation spectrum, which is of great significance for the application of

research materials.
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Figure 2.3 Measurement schematic of excitation spectrum.
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Figure 2.4 Measurement schematic of emission spectrum.

The photoluminescence (PL) excitation and emission spectra of the phosphors were
measured on a luminescence spectrometer (Perkin-Elmer LS-50B). The luminescence was
investigated in the temperature region from 10 to 480 K. The samples were fixed in the vacuum
specimen chamber with liquid helium flow. The excitation source is 266 nm created from the
fourth harmonics of pulsed Nd-YAG laser. A digital storage oscilloscope (500 MHz, Tektronics

TDS754A) was used to record the dynamic data in this study.
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2.2.4 Fluorescence Decay Time

The fluorescence lifetime of the sample means the time interval between the phosphors
excitation and the detection of emitted light. The fluorescence lifetime is strongly related to the
lifetime of excited states. Under fixed excitation and emission wavelength pulsed laser
irradiation, the sample generates a certain fluorescence signal. decay time () there are generally
two common forms of decay, exponential decay, and non-exponential decay.

1) exponential decay, luminescence intensity /(2):

I = Iyexp(Tt/7) (2.1)
where [y is the luminous intensity, ¢ is the time, and 7 is the decay lifetime. After r seconds, the
luminescence intensity decreased to 1/e of the intensity before excitation was stopped. After the
external excitation stops, the electrons in the excited state transition back to the ground state to
produce luminescence, and the decay curve presents a single exponential decay. Taking the
decay time as the abscissa and the logarithm of the luminescence intensity as the ordinate, a
straight line is obtained by fitting with Origin software. The slope is 1/z, which gives the decay
lifetime.

2) non-exponential decay, the lifetime obtained by fitting the formula:

[ 1(t)tdt
Taverage = W (2.2)

where ¢ is the time, /(2) is the luminous intensity at time ¢ after the excitation cut-off, and zaverqge
is the average decay lifetime. Generally, when a material emits light, there will be non-
exponential decay due to thermal activation energy migration.

In this study the fluorescence decay curve test used a pulsed YAG:Nd laser as an excitation

source.

2.2.5 Temperature dependent photoluminescence

The thermal stability of with the optimum composition was evaluated by recording the
emission spectra at different temperatures. The low temperature dependence of the

luminescence spectra was determined by cooling each sample in a closed loop He cryostat to
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~10 K and then gradually heating to room temperature. When testing high temperature-
dependent luminescence, the phosphor was placed on an aluminum plate with a cartridge heater
and heated with a thermal sensor until the temperature stabilized and the test was measured

from room temperature to 480 K.

2.2.6 Color Coordinate

Chromaticity coordinates, abbreviated as CIE, is an important physical method to describe
color objectively and quantitatively, which effectively avoids errors caused by human
observation. Any color can be represented by chromaticity coordinates it can be quantitatively

represented by the three primary colors blue (x), green (y), and red (z). (2.3), (2.4) and (2.5) to

represent:
x=X/(X+Y+1Z) (2.3)
y=Y/(X+Y+17) (2.4)
z=7/X+Y+1) (2.5)

where X, y, and z are the chromaticity coordinates, and X, Y, and Z are the three primary color
stimulus values. Since x+y+z=1, (X, y) can be used to represent the coordinates of a color.

As shown in the CIE chromaticity diagram, according to the National Television System
Committee (NTSC), the standard blue CIE coordinates are (0.14, 0.08), the standard green CIE
coordinates are (0.21, 0.71), and the standard red CIE coordinates are (0.67, 0.33). The CIE
coordinates involved in this work are to calculate and process the obtained luminescence
spectrum data through the Color Coordinate software to obtain the coordinate value of the
phosphor, and then input the coordinate value into the CIE1931 software, so that the color of

the phosphor can be clearly seen.
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Figure 2.5 This CIE gamut chart shows the x,y chromaticity coordinates and color temperature locus. The triangular

area covers the gamut of colors defined by standard green, red, and blue colors.
2.2.7 Thermal stability activation energy

when the phosphor is in a high-temperature state for a long time, the fluorescence intensity
will gradually decrease with the increase of temperature, that is, the temperature quenching
effect occurs. At the same time, in the use of phosphors, the temperature of the phosphors will
change due to long-term excitation and changes in the working environment. With the change
the temperature, the luminous efficiency and color coordinates of the phosphors may be
changed. Thermal stability testing of phosphors is an important step to measure the performance
of phosphors. Activation energy Ea refers to the energy required for a molecule to change from
a normal reactant to an activated molecular state, which can determine the thermal stability of
the phosphor. The higher the activation energy, the stronger the thermal stability. The activation

energy can be calculated from the following equation as:
h_q = _4E
In ! 1=In4d pe= (2.6)
Where I, represents emission intensity of the phosphors at first, I is emission intensity at

temperature T, A is a constant, AE is the activation energy and k is the Boltzmann constant

(8.63*10-5 eV/).
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3. Synthesis, crystal structure and luminescent properties

of Eu®*-activated halotungstates applied in W-LEDs

3.1 Introduction

Tungstate families as the candidates of RE-free full-color phosphors have drawn increasing
attention due to their admirable merits of large X-ray absorption coefficient, high chemical
stability, high energy transfer efficiency and high light yield [44]. The highly charged central
transition-metal ions W' surrounded by several ligand ions are known as an important class of
self-activated luminescent matters, which feature the luminescence arising from the charge-
transfer transition from anion ligand to the d° electronic-configuration central metal ion. For
example, CaWOys [28], CsGao333W 166706 [45], A2W3010 (A=Rb and Cs) [46, 47] etc. Although
the self-activated tungstate has been widely investigated, many reports have been concerned on
non-contact optical thermometry for temperature remote detection, which is based on the fact
that temperature has great and subtle influences on the luminescence characteristics such as the
peak wavelength and bandwidth, emission intensity, luminescence intensity ratio, fluorescence
lifetime, up-conversion, and decay rise time etc. [27, 48-51].

Some rare earth Eu*" ion-doped tungstate that can be excited by near-ultraviolet and blue
light produce highly efficient red phosphors that can be used as red phosphors for white LEDs.
On the one hand, tungstate is chemically stable and has a broad and strong charge transfer
absorption band in the near-ultraviolet region. After ultraviolet excitation, its energy can be
transferred to the activator ions through non-radiative transitions, and it is a good host for rare
earth activator Eu**. On the other hand, Eu®* has unique spectral properties due to its special 4f
electronic configuration, which can emit red fluorescence with good monochromaticity and
high quantum efficiency and is widely used in lighting and display. When Eu*" ions are located
on the asymmetric lattice sites of tungstate, a °Do—F; transition can be performed, resulting in
red emission at a wavelength of about 616 nm. Therefore, Eu**-doped tungstate and molybdate
are expected to be used as red light-emitting materials for light LEDs [52].

This work reports a novel luminescence property of the self-activated halotungstates
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CazWOsCl, phosphors. The temperature-dependent luminescent properties were characterized
in detail for the first time. The experimental results show that Ca;WOsCl, phosphors are
potential candidates for UV-based self-activated luminescent materials and can be applied in

the field of white light diodes with high thermal stability.

3.2 Results

3.2.1 Structural and properties of pure CazsWOsCl

The Rietveld refinement analysis of the XRD patterns of as-synthesized CasWOsCl, were
shown in Figure.1.1. The detailed crystallographic data and structural parameters, extracted
from the Rietveld refined XRD data, were summarized in Table 3.1, and the position, thermal
parameter (Biso), and occupancy of the constituent atoms are summarized in Table 3.2. The
experimental data (black square) is expected to be matched well with the calculated data (red
line), as represented by the goodness of fittings. CasWOsClI; crystallize in orthorhombic crystal
structure, and the unit cell parameters are a=11.820(2) A, b=11.132(1) A, ¢=5.587(1) A
V=735.14(19) A, and Z=4 for Ca3WOsCl, with the space group of Pnam (62). The refined
XRD pattern of as-precipitated CasWOsClI; is consistent with the standard data (ICSD#2335),
indicating a high purity and crystallinity [53].

Accordingly, the crystal structure of CasWOsClI; is isostructural with the mineral pinalite
PbsWOsClI, [54], as shown in Figure 3.2. Figure 3.2c illustrates the crystal structure of the
WOsCI unit cell, where the W®* ion is surrounded by five oxide ions and one chloride ion,
forming a heavily distorted WOsCI octahedron. And the WOsCI octahedra do not share their
anions, keeping the nearest-neighbor distance of 6.3793 A, which is longer than 5 A and results

in localized 5d electrons with small electron transfers [54].
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Figure 3.1 Experimental (black point) and calculated XRD patterns (red solid line) and their differences (blue solid

line) for the Rietveld fit of the Ca3WOsCl, phosphor. The short vertical lines (pink line) show the position of Bragg
reflections of the calculated patterns. Figure 3.2 The configuration of the atoms in crystal structures CasWOsCl5.

Table 3.1 the refined crystal parameters of CasWOsCl; and compared with the standard data.

Formula Standard-CasWOsCl: Refined-CasWOsCl2
symmetry Orthorhombic Orthorhombic
space group# Cmcm (63) Pnam (62)
alA 5.796(2) 11.820(2)
b/A 13.825(2) 11.132(1)
c/A 11.469(2) 5.587(1)
Z 4 4
V1A 919.01(38) 735.14(19)
W-01(A) 1.7516 1.7243
W-02(A) 1.9042 1.9112
W-03(A) 1.9042 1.8875
W-04(A) 1.9042 1.9112
W-05(A) 1.9042 1.8875
W-CIL(A) 3.4424 3.4039
A - 1.2097
W1-W1(A) 6.4263 6.3793
Rp - 0.0174
Rwp - 0.0152
X2 - 1.279
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3.2.2 Self-activated luminescence of the CazWQsCl;
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Figure 3.3 (a) The room temperature PLE and PL spectra of host (CazWOsCl, phosphor) (Aem =560 nm and Aex =266
nm), and (b) the decay curves of host (CasWOsCl; phosphor) (Aem =704 nm;Aex = 344 nm).

Tungstate crystals belong to the self-activated luminescent family, the PL and PLE spectra
of CasWOsCl, were characterized as shown in Figure. 3.3(a). The emission spectrum, excited
by 266 nm, consists of an intense ultra-broad band covering the entire visible region in which
the peak maximum centered at 475 nm. Whereas the corresponding PLE spectrum, monitored
by 500 nm, exhibits a broad absorption band in the ultraviolet (UV) region ranging from 200

to 330 nm, with a maximum at 270 nm. Usually, the luminescence of tungstate compounds
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originates from the tetrahedral WO.? group or the octahedral WOg® group due to the charge
transfer transition from 2p orbital of the O% ligand to the 5d orbital of the d° tungsten metal ion.
The [WOsCI]*> group and the WOs® group have analogous octahedral symmetry, and the band
shape of the excitation and emission spectra of pure CasWOsCl, is similar to the reported
AgGdW-0g with octahedral WO group. This indicates that the charge transfer process in
WOs® group occurs also in [WOsCI]*> group.

The decay curves of the CasWOsCl, excited by 266 nm and monitored by 500 nm at
temperature are shown in Figure. 3.3(b). The decay curve is slightly nonexponential which
seems existence of two decay components, we fit the decay with a double exponential function.
The anomalous decay phenomenon is also reported in self-activated NaWO,PO4 [55] phosphor
by Blasse et al. The average decay time can be calculated by the following equation:

[t (t)at
Foa = [1(t)at

The average luminescence decay time was calculated to be 8 pus, which is comparable to

3.1)

other reported self-activated tungstates in Table 3.2.

Table 3.2 Decay times of CazWOsCl, and some fitting parameters of some luminescent tungstate compounds.

Compound T/ Tu(ns) e cm. Ecm’ Ref.
NaWo0,P0, 550/80 24 / [55]
CaWo, 330/8 20 / [56]
Na,W-0; 200/30 12 / [57]
Ba,WOF, 222/33 10 / [58]
PbWO,: Mo 243/12 2.82 2095 [59]
CsoWO.F, 456/99 29 2261 [60]
Ca;WO,CL, 12/48 102 1828 This work
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Figure 3.4. (a) Temperature-dependent emission spectra of pure CasWOsCl,. (b) Temperature-dependent decay

curves of pure CasWOsCl,. (c)Calculated lifetime of pure CasWOsCly. (d) Three-level energy scheme.

Figure. 3.4(a) displays the temperature dependent emission spectra of CazWOsCl.. From the
temperature dependent calculated emission intensities insert in Figure. 3.4(a), it is seen that
emission intensity is reduced with increase in temperature. Such reduction due to thermal
quenching wherein emissive centers are thermally activated through the crossing point between
the ground and the excited levels are well known [61].

The decay curves of the CasWOsCI; as a function of temperature are shown in Figure. 3.4b.
The decay curve at 10 K is slightly nonexponential which seems to be due to the existence of

two decay components. The anomalous decay phenomenon is also reported in self-activated
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NaWO;,PQ, phosphor by Blasse et al. The average decay time can be calculated by the

following equation:

[t
Foa T [ 1)t

The measured luminescence decay time is shortened significantly in the elevated temperature

(3.2)

region and the decay kinetics of the emitting WOsCI group exhibit a singular exponential decay.
The average decay times reduce from 222.9 ps at 10 K to 48.4 ps at 420 K for CasWOsCl,, due
to the nonradiative transition probability at a low temperature is lower than that at a higher
temperature.

The average decay time as a function of temperature is revealed in Figure. 3.4(c). The results
could be explained by a three-level scheme [58, 59, 62] as illustrated in Figure. 3.4(d), where
level 1 is the singlet ground state, level 2 is a metastable excited level and level 3 belongs to an
excited triplet level with the energy separation € between levels 2 and 3. p23 and ps. are
nonradiative relaxation rates between levels 2 and 3. It is assumed that one photon is excited
from the ground state to the lower excited state 2 and then trapped thermally by the de-excited
state 3 resulting in the emission with the radiative transition ps:, while p2: is an unobserved
transition, which could be supposed as a non-radiative process. The thermal quenching rate po
from level 2 to level 1 are considered in a uniform form. Therefore, the luminescence decay

time depending on temperature is given by the following equation [56-58]:
PN e ] E
t(T)= [1+e —} + {1+e ——} +W,exp(—— 3.1
(T)=ps, Xp(kT) P2y 1+exp( I(T) exp( kT) (.1

Where € is the energy separation between level 2 and level 3, wl is frequency factor, E is the
activation energy, and k is the Boltzmann constant. The experimental decay times are well fitted
to eq. (2) as shown in Figure. 3.4¢ and the fitting results are as follows: po1 = 20723 s, p31 =
82623 s1, € =1828 cm™, w; = 1.28 x 10% s, and E = 1828 cm™'. The values of calculated

parameters and comparative data from other system are listed in Table 3.

Table 3.3 The doping concentration of Eu3* ions dependent CIE values of CasWOsCl,:Eu3*
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Compound CIE (x) CIE (x)

CasWosC1, 0.2017 0. 2600
CasW0sCl.:0. 1mo1% 0.2017 0. 2600
Ca;W0sCl1,:1. Omo1% 0. 2035 0. 2596
Ca;W0sC1,:3. Omo1% 0. 2058 0. 2572
CasW0sCl.:5. Omo1% 0.2221 0.2616
CasW0sCl.: 7. Omo1% 0. 2351 0.2616
Ca;W0sC1,:9. Omo1% 0. 2649 0. 2613

3.2.3 Luminescent performance of CasWOsCL:Eu**

The XRD measurements for Eu*-doped samples verified that the maximum tolerable doping
level of Eu®* ions in CasWOsClI, lattices is about 9 mol % (Figure. 3.5). The impurity phases
could be detected when the doping contain excesses 9 mol% due to the different ions’ radius

and the charge balance between the Eu®* ions (1.066 A, CN=8) and the substituted Ca®* ions

(1.12 A, CN=8) [63].

T~ J.l " A ] Eu® 9.0 mol%
~
S f—tda LLJ,.AL A Ak Eu® 7.0 mol%
S
I .JL A Eu* 5.0 mol%
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Figure 3.5 XRD patterns of CasWOsCl,:Eu3* phosphors with different Eu3* doping concentration along with the ICSD

card (ICSD-2335).

Surface morphology of phosphors was investigated by SEM, Figure. 3.6 shows the SEM
images of 3 mol% Eu®*" ions doped CasWOsCl, phosphors with the size distribution in the range

of 2 um and 1 pm. The particles of the samples are mostly irregular layered shapes, and all

samples have in the phenomenon of agglomeration.
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Figure 3.6 SEM images of 3 mol% Eu®* ions doped CasWOsCl2 phosphors.

Figure. 3.7 represents the PLE spectra of Eu®* ions doped CazWOsCl, phosphors obtained by
monitoring the 615 nm emission correspond to the *Do—'F, transition at room temperature.
The PLE spectra can be separated into two parts, one is a broadband ranging from 200 to 350
nm with a maximum in the wavelength of about 340 nm, which corresponding to the charge
transfer band (CTB) from the 2p orbital of the O ligand to the 4f orbital Eu®* and the 5d orbital
of the d® tungsten metal ion. The other part is a series of sharp excitation peaks in the
wavelength region from 350 to 450 nm corresponding to the 4f-4f transitions ("Fo—°Do,1, 2, 3, 4,
SLg, 7, °Hs) of Eu®" ions. The most intense line is observed at 394 nm due to the "Fo—°Ls
transition. This means that near-ultraviolet LED chips (around 400 nm) the phosphor can be

efficiently excited.
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Figure 3.7 The room temperature excitation spectra of CasWOsCly:xEu3* (x = 0.1, 1.0, 3.0, 5.0, 7.0 and 9.0 %)
phosphors.

The Eu®* ions concentration dependent emission spectra of CasWOsCl,:Eu®* were obtained
by excitation with 266 nm radiation at room temperature as shown in Figure. 3.8(a). The
characteristic emission peaks of Eu®" ions can be observed in the red emission region at around
615 nm together with the host emission band in the blue emission region at around 450 nm.
Accordingly, the band at 450 nm originates from charge transfer behavior of WOsCI group,
while the sharp lines at 615 nm originates from the 5Do-’F; transitions of Eu®* ions. As the Eu®*
concentration increases, the luminescence intensity of the Eu®* ions increase, while that of the
WOsCI group band decreases rapidly (Figure. 3.8(b)).

The energy transfer efficiency nr can be approximately calculated by the following equation

[64]:

np=1-2 (3.4)

I,
where nr represents the energy transfer efficiency, Iso and Is represent the luminescence
intensity of tungstate group in the absence and presence of Eu®" ions. Figure. 8c shows the
calculated transfer efficiency in CasWOsCl2:Eu®* phosphors. The energy transfer efficiency nr

increase monotonously and reaches the maximum value of 40% at x = 9.0 mol%.
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According to the Dexter’s energy transfer formula of multipolar interaction and Reisfeld’s
approximation, the relationship between WOsCI group and Eu®* ions can be obtained by the
following equation [65, 66]:

250 oc c3 (3.5)

I
where nso/ms represents the ratio of luminescence quantum efficiencies of the WOsCI group in
the absence and presence of Eu* ions, C represents the doping concentration of the Eu®* ions,
and n = 6, 8 and 10 represent electric dipole-dipole (d-d), dipole-quadrupole (d-p), and
guadrupole-quadrupole (g-q) interactions, respectively [67]. Here, the ratio of luminescence
guantum efficiencies of nsp=ns can be approximately estimated by the luminescence intensity
ratio of Iso=ls.

The pattern in Figure. 3.8(d) shows the plots of Iso/ls vs C"°. As shown in the pattern, based
on the value of R?, the best linear behavior is observed when n = 10, indicating that the energy
transfer occurs through the d-p interaction mechanism. In conclusion, in the CasWOsCl, lattice,
the energy transfer behavior from WOsCI group to Eu®* ions occur through the g-q interaction
mechanism.

Significantly, the emissions from host WOsCI octahedral are always exist even in Eu®*-
condensed CasWOsCl; halotungstates. It is well known that some compounds containing MOXx
group (M is a high valence d° ion), such as vanadates, molybdates, tungstates, the energy
transfer occurs via either an exchange or super exchange mechanism, and is depended on the
M-O-RE bond angle in the host lattices [68-70]. For example, M-O-RE bond angle of 180°

would maximize wave-function overlap and the energy transfer efficiency.

35



€))

9.0 mol%

" 1
7.0 mol%]

e S

1
5.0 mol%

S

1
3.0 mol%

N

1
N’ijiiijjjwwmwmmmmwNNNN\wM\mmﬁvwﬁ—A—v-k

1
W

300

400 500

600 700

Wavelength (nm)

a. ug)é

o
©
1

0.6

0.4

0.2 4

Relative intensity (

50

0.1 mol% ' 1.0mol% ' 3.0 mol%

5.0 mol%

B Total
B wo.cl

Eu3+

7.0 mol% " 9.0 mol%

Eu®* doping concentration (mol%)

(©

40 4

304

n, (%)

10

04

~

Yo TN

Ve

0

2 4

6

8 10

Eu®* concentration (mol%)

36




N\

o

N\
—
co

/I, of tungstate group '

R?=0.896 R?=0.973

=

3]
1
1

=

[N
1
1

o
©

T T T T T T T T T T T T

T T T T T T T T T
0.0020406081.01214 00051015202530 0123 4567
CG/3 xlOz CS/3 X103 C10/3 ><104

Figure 3.8 (a)The room temperature concentration-dependent emission spectra of CasWOsCly:xEu3* (x = 0.1, 1.0,

3.0, 5.0, 7.0 and 9.0 %). (b) Relative intensity of Eu3*. (c) energy transfer efficiency nr with different doping

concentration (d) the plots of lso/ls vs C"/3,

Figure. 3.9 shows the schematic view of the coordination geometries around the Eul (a), Eu2
(a) and Eu3 (a) polyhedrons in CasWOsCl:Eu®" phosphors. The W-O/Cl-Eu bond angle is about
102° and 139° for Eul, 60°, 102° and 139° for Eu2, 63°, 104°, 135° and 162° for Eu3 in
Ca;WOsCl:Eu** phosphors, which reduces somewhat wave-function overlap and the exchange
energy transfer efficiency. Consequently, the emission from WOsCl group in CasWO;sCl,

halotungstates can be still observed [71].

Figure 3.9 The schematic view of the coordination geometries around the Eul (a), Eu2 (a) and Eu3 (a) polyhedrons.
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The decay curves of the concentration dependent Eu®* doping CasWOsClI, excited by 266 nm
and monitored by 615 nm at temperature are shown in Figure. 3.10. The decay curve of
CasWOsClp: xEu®* overlapped very well when Eu®* changed, which implied that the
luminescence of Eu®* did not quenched with increasing concentration. The decay curves can be

fitted by a single-exponential decay model.

+ — 0.1 mol%
Ca,WOCl,:Eu’ 10 molk
—— 3.0 mol%
—— 5.0 mol%
—— 7.0 mol%
—— 9.0 mol%
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xem:615 nm
A,=266 nm
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Figure 3.10 The decay curves of the CasWOsCl,:Eu3* phosphors with different Eu3* doping concentration.

To evaluate the colorimetric performance of the prepared phosphors, the Commission
Internationale de I’Eclairage(CIE) 1931 chromaticity coordinates for CasWOsCl, phosphors
doped with different Eu** concentration and excited at 266 nm are calculated using the intensity
corrected emission spectra. Upon excitation with 266 nm, the emitted light changes its color
from a blue green to a white as the doping concentration is increased. At the doping level of 0
mol% and 9 mol%, the CIE coordinates are x = 0.2617 and y = 0.26; and x = 0.2681 and y =
0.2638 respectively. This indicates a red shift with increasing concentration of dopant (Eu").

The CIE color coordinates diagram is shown in Figure. 3.11 [72].
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Figure 3.11 The CIE and led chips of CasWOsCl; phosphors.

The energy transfer process from the WOsClI group to Eu** in CasWOsCl, phosphors shown
in Figure. 3.12. Under excitation at 266 nm, the electrons get excited to WOsCl group and by
non-radiative transitions these electrons relax to lower energy states and then by transferring
their energies they excite Eu®" ions to higher energy states (°Do). These excited Eu®" ions return

to the ground states of Eu®" ("F,) by radiative transition in red region.
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Figure 3.12 Schematic energy level diagram for transfer process between WOsCl group and Eu3* ions in CasWOsCl,

phosphors.
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3.2.4 High-temperature luminescence of Ca;WOsClL:Eu*

To further study the emission thermal stability and potential application in LEDs, the
emission spectra and decay curves of the CasWOsCl.:Eu®* (5 mol %) phosphor are studies in
the temperature region of 300 - 480 K under excitation at 266 nm. In Figure. 3.11(a) displays
with increasing temperature, the spectral shape and peaks unchanged and both the emission
intensity for WOsCI group and °De-’F; transitions of Eu* ions decrease. Which is beneficial to
prepare stable luminescence at elevated temperature. The luminescence normalized integrated
intensities of CasWOsCl:Eu®* (5 mol %) phosphors in the temperature region 300-480 K are
shown in Figure. 3.11(a), the intensity of the CasWOsCl,:Eu* (5 mol %) phosphors becomes
weak with an increasing temperature 300 K to 480 K, owing to the thermal quenching effect
[73].

In general, the thermal quenching performance of phosphors is usually investigated based on
activation energy of materials. Activation energy of materials is calculated by following

equation as [74]:

_ Io
(M= 1+c exp(—Eq/kT) (3'5)

Where I, represents emission intensity of the phosphors at room-temperature, I(T") is emission
intensity at different temperatures, ¢ is a constant for a certain host, E, is the activation energy
and k is the Boltzmann constant (8.63*10-5 eV).

Figure. 3.10(b) presents the plot of Inl,/I — 1 vs.1/kT. The experimental data can be
fitted linearly. The slope is —0.29, so the activation energy for the thermal quenching is 0.29 eV.
The value is similar to those of the reported red phosphor such as Y,MoSiOg:Eu®" [75],
Ca,MgTeOs:Eu®" [76], BiLaWOgEU®* [77], BasY4Oq:Eu®*" [26]. The high AE proved the
CasWOsCl2:Eu®* (5 mol %) phosphors had good thermal stability.

Thermal stability is often important for phosphors, as it is well known that as the
temperature increases, the luminescence intensity becomes weaker, and accordingly, the
luminescence lifetime T becomes shorter. It has been demonstrated that the transition
probability is proportional to T, In order to explore the thermal stability of CasWOsCl:Eu®* (5

mol %) luminescence, the luminescence decay lifetime of the phosphor at 300-480 K was
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measured. The temperature-dependent decay curves of the CasWOsCl:Eu®* (5 mol %)
phosphor by monitoring 615 nm emission under 266 nm excitation were recorded from 300 K
to 480 K, as shown in Figure. 3.11(c). The calculated values of decay time for CasWOsClz:Eu®*
(5 mol %) phosphor shown in Figure. 3.11(d), decreases from 0.53 ms to 0.42 ms with the
increase of environment temperature 300 K to 480 K, mirroring the increase of probability of

non-radiative transition at elevated temperature [78].
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Figure 3.13 (a) The temperature dependent emission spectra of CasWOsCl,.Eu3*(5 mol%) phosphors. (b) The
relationship of In[(10/1) - 1] vs. 1/kT activation energy graph for thermal quenching of the CasWOsCl,.Eu3*(5 mol%)
phosphors. (¢) The temperature dependent decay curves of CasWOsCl,.Eu3*(5 mol%) phosphors. (d) The calculated

lifetime of CasWOsCl,.Eu3* (5 mol%) phosphors with increasing temperature.

The Commission Internationale de I’Eclairage(CIE) 1931 chromaticity coordinates for
CasWOsCl:Eu®* (5 mol %) phosphor with different temperature excited at 266 nm and CIE
coordinates can be used to calculate correlated color temperature CCT, both calculated in Table
3.4. The CIE coordinate value of self-activated CasWOsCI, phosphor located on blue region,
CIE coordinates of CasWOsCl:Eu* (5 mol %) phosphor at different temperature are similar

with CIE coordinate of self-activated CasWOsCl, phosphor. These results showing that the
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material can be used in clinical applications and blue LEDs. This improvement managed to the

displays for iPads, cell phones, computers, TVs, etc [76, 79].

Table 3.4 The temperature dependent CIE values of CazWOsCl,:5mol%Eu3*.

Temp. (K) CIE (x) CIE(y) CCT
300 0.21160 0.25057 29735
330 0.2086876  0.2364189 49862
360 0.2238327  0.2310688 46317
390 0.2361424  0.2327774 38162
420 0.2219857  0.2141462 112863
450 0.2312386  0.2214883 63587
480 0.2462275  0.2241072 43873

3.3 Conclusion

The CasWOsCl, and CazWOsCly: Eut were synthesized via the facile solid-state reactions.
Under UV-light, the CasWOsCI, phosphor shows typical self-activated luminescence from the
allowed charge transfer transitions in [WOsCI]> groups. The temperature-dependent (10480 K)
luminescence of CasWOsCl, shows with the increasing temperature from 10 to 480 K, the
emission intensity decreases. The decay curves of the CasWOsCI; are shorter than other self-
activated tungstate materials. Eu®* activated tungstate shows energy transfer from [WOsCI]>
groups to Eu®" ions have been observed during the photoluminescence of the Eu**-doped
compounds. The emission intensity relating to [WOsCI]*> groups decreases with increasing Eu*
concentration. The emission intensity of CasWOsCl, Eu®* (5 mol %) phosphor decreases with
increasing temperature and the lifetime of the CasWOsCl, Eu®** (5 mol %) phosphor do not
change significantly with the increasing temperature. And the obtained CasWOsCl, Eu®* (5
mol %) phosphor possesses good thermal stability, having potential application in white light

diodes (WLED:s).
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4. Photoluminescence properties of red-emitting Mn?*-

activated Na:Mg(POz3)s phosphors for white-LEDs

4.1 Introduction

Recently, white-LED (Light Emitting Diode) with energy saving and low-cost characteristics
have attracted worldwide attention. Rare earth (RE) ions, especially for the ions with 5d — 4f
or 4f — 4f transitions, play an important role in display and modern lighting fields owing to
their abundant emission colors [64, 80, 81]. However, it is well known that the reserves of RE
elements on earth are limited. which usually leading to the high prices for phosphors using RE
ions as luminescence centers. Therefore, recently, non-RE ions doped phosphors have attracted
extensive attention, for example the phosphors doped with Cr3*, Mn?* or Mn*. Among these
non-RE ions, as an alternative, the phosphors doped with Mn?* provide some important
advantages in this respect and thus have attracted more and more attention recently.

Mn?* as a transition metal ion, the outer electron configuration 3d® which will be strongly
effected by the crystal field of the host lattice. Under the action of excitation energy, the
electrons in Mn?* ions will be excited from the ground state °As (°S) level of Mn?* to the higher
excited state (such as “E(“D), “E(*G), *T1(*P), “T2(“D), and “A1(*G)) levels in the UV to blue
region (300-480 nm), then relax to the lowest excited state of “T1(*G) with non-radiation process.
Finally, the forbidden transition “T1(*G) — °A1(®S) produced with a broad band transmission
[82]. With the increase of crystal field strength, the energy level splitting increases resulting in
the lowest energy level “T1(*G) moves down, and then the emission wavelength redshifts, even
reachs the near-infrared region. Conversely, the crystal field splitting decreases, and the lowest
energy level “T1(*G) will moves up, and then the emission wavelength blueshifts, even reachs
the green region [83]. Accordingly, J. A. Hodges point out that Mn?* ions can enter the tetra-
coordination, hexa-coordinate and octa-coordinate in some lattice in order to increase the

absorption efficiency of phosphors, it is natural and effective to increase Mn concentration due
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to the fact that phosphors doped with high concentration of Mn?* without causing serious
concentration quenching. The non-concentration quenching phenomenon can be expected to
have high absorption efficiency for the excitation light, and consequently, high PL output.

In this work, Na,Mg(POs). host was selected to explore a novel Mn?* activated red-emitting
phosphor for W-LED. The excitation wavelength in the region from 300 to 500 nm matches
well with the characteristic emission of UV LED chips. The experiment characterization
methods such as XRD, PL, PLE spectra and luminescence decay were employed in order to
investigate the optical performance. Otherwise, the thermal stability was analyzed, which are

attractive characteristics for white LED applications and discuss characteristics.

4.2 Results

4.2.1 Crystal structural refinement

11.0 mol%

9.0 mol%
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5.0 mol%

Intensity (a. u.)

3.0 mol%

1.0 mol%

A
PDF#22-0477 I | |

5 10 15 20 25 30 35

Two Theta (degree)

Figure 4.1 XRD patterns of NaaMgi«(POs)a:xMnZ* phosphors with different Mn?* doping concentration sintered at
850 °C for 6 h, along with the standard PDF card (PDF#22-0477).

Figure. 4.1 exhibits the XRD patterns of Na,Mgi-«(POs)s:xMn?* with different doping

contents of Mn?* ions and compared with the standard PDF card. Due to the similar ions radii
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and the same valance state, it is suggested that the Mg?* ions will be replaced by Mn?* ions. All
the XRD patterns are in good agreement with the standard PDF card #22-0477 and there are no
trace of impurity phase can be detected, suggesting that as-synthesized phosphors are confirmed
to be single-phase, and the doping of the Mn?* ions does not cause any significant changes in

Na;Mg(POs). lattice.

4.2.2 Optical performances

The luminescence mechanism of Mn?* ions usually can be described by the Tanabe-Sugano
energy level diagram of d° configuration as exhibited in Figure. 4.2(a). The horizontal axis
presents the Dq/B values to evaluate crystal field strength, while the vertical axis represents the
energy levels of the free Mn?* ion and the energy levels of the crystal field splitting acting on
the Mn?* ion. As the diagram shows, the luminescent properties of Mn?* are strongly dependent
on the crystal field where Mn?* ions locate. Generally, when Mn?* ions replace the tetrahedral
positions with relatively weak crystal field, the phosphors emit green emission, conversely,
when Mn?* ions replace the octahedral positions, the phosphors emit orange to red emission

[84].
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Figure 4.2. (a) The energy-level diagram of Mn2* ions, (b) PL and PLE spectra of the typical Mn2* ions doped in
Na,;Mg(POs)q lattice.
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Figure. 4.2(b) shows typical excitation and emission spectra of the Na;Mg(PO3)s:Mn?" red
phosphor. The emission spectrum was obtained under excitation at 355 nm and the excitation
spectrum was detected by monitoring the 613 nm emission. As figure shows, the PL spectrum
is composed of five bands, which cover the spectral range 250 - 550 nm. They are assigned to
the transitions from the ground state As(S) to the “E(“D), “E(*G), “T1(*P), *T-(*D), and *A1(*G)
states, respectively. The most intense excitation bands at 360 and 410 nm correspond to the
6AL(S) — “T2(*G), *A1(*G) transitions, indicating that the Na,Mg(POs)4:Mn?* red phosphors can
be stimulated by UV, near UV and blue light. The PL spectrum shows a broad band emission
peaking at 613 nm, which can be ascribed to the spin-forbidden “T1(*G) — °A; transition. The
red emission indicated that all the Mn?* ions are coordinated by six O ions forming octahedral
sites [85-87].

The colorimetric properties were introduced to evaluate the luminescence properties of
Na;Mg(PO3)s:9%Mn?*, By using the CIE 1938 system, the CIE index were calculated as
(x=0.628, y=0.371) according to the PL spectrum. From Figure. 4.2(b), it can be seen that the
CIE coordinates measured for the Na;Mg(PO3)4:9%Mn?* phosphor are falling on the red region
which is in consonance with the PL spectrum shown in Figure. 4.2(b). At the same time, the
digital photo of the Na;Mg(PO3)4:9%Mn?* phosphor is shown as well under a 355 nm UV lamp.
Besides, the color purity (CP) of the phosphor can be determined according to the equation as

following:

; / xp)2+(yy,)” 4.1)
,, (Xd'xi)2+(yd'yi)2

where the (x, y) refer to the color coordinates of the Na;Mg(PO3)4:9%Mn?* phosphor with the

Color purity=

values of (x=0.628, y=0.371) under the excitation of 355 nm. The white illuminant point (xi, y;)
and the dominated wavelength point (X4, Ya) Were equal to (0.310, 0.316) and (0.675, 0.325),
respectively. According to the Eq. (1), the color purity of the Na,Mg(PO3)4:9%Mn?* phosphor
can be calculated to be 88.4%, which further indicates that the synthesized phosphor has a high

color purity and has a promising application prospect in near UV to blue light excited W-LEDs.

47



The correlated colour temperature (CCT) is another important tool to evaluate the
luminescence properties of Na;Mg(POs)4:9%Mn?*, which can be estimated using the following
formula proposed by McCamy:

CCT=-449n3+3525n2-6823.2n+5520.3 (4.2)
where (X-Xe)/(y-ye) = n refers to the inverse slope line, where X, = 0.332 and y. = 0.186 refer to
the epicenter of the convergence. From Egqg. (4.2), the value of CCT for the
Na;Mg(POs3)s:9%Mn?* phosphor was calculated to be 1788 K. Generally, the phosphors with
the CCT < 5000 K can be used for warm white light, and other phosphor with the CCT > 5000
K can be used for cold white light. The calculated CCT value for the Na,Mg(POs)4:9%Mn?*
phosphor was noticed to be < 5000 K indicating that it can be served as the warm-white LEDs

applications.

4.2.3 Concentration-dependent luminescence properties of Mn?*'-

doped Na;Mg(PO3)4

Figure. 4.3(a) shows Mn?* concentration dependent emission spectra under the excitation of
355 nm at room temperature. When Mn?* concentration increases from 1.0 mol % to 9.0 mol %,
the emission intensity increases. For all samples, the profile of PL spectra are nearly the same
except for the intensity, and the optimum concentration of Mn?* ion for Na,Mg(PQs)4 system
is 9 mol%. For further increase in Mn2* concentration up to 11 mol% the quenching of the
emission begins to occur. Based on isotropic exchange interaction between Mn?* ions, the
formation of Mn?* ion pairs and clusters were revealed to be the leading factor of concentration
guenching behavior [88, 89]. Figure. 4.3(b) indicates the calculated emission intensities of
various doping concentration of Mn?* ions in Na;Mg(POs)s lattice. As figure shows, the
excitation intensity increased firstly and then decreased which can be ascribed to the
concentration quenching behavior. According to Dexter theory, non-radiative transitions
between Mn?* ions should be controlled by multipole electrical interactions, which can be
ascribed to the allowed electric dipole transitions. And the type of interaction can usually be

determined by the equation as following equation:
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L S (4.3)

X 1+ 8(x)"°

where x refers to the doping concentration of Mn?* ions, | represents the PL intensity, k and A
represent the constants. The interaction type of nonradiative transitions can be denoted by the
value 0, where 0 = 3, 6, 8, and 10, refer to the nonradiative transitions between nearest Mn?*
ions, electric dipole-dipole, dipole-quadrupole, and quadrupole-quadrupole interactions,
respectively. Here in this work, as shown in the illustration of Figure. 4.3(b), the 6 obtained by
linear fitting method was 2.62 on the basis of the relationship between logx and logl/x. The
fitting result indicate that the dominant concentration quenching behavior is realized by the
nonradiative transitions between nearest Mn2* ions.

Then, the Mn?* concentration dependent CIE values of the Na,Mg(POs)4:Mn?* phosphors
were evaluated based on the Mn?* concentration dependent PL spectra as presented in Figure.
4.3(a). According to the coordinates, the values of CP were calculated in the region of 85.7 to
88.4% as a function of Mn?* ions in Na;Mg(POs)s:Mn?* phosphors. Particularly, the CCT value
for prepared phosphors is calculated to lie in the range 1673 - 1788 K. The CIE values, color
purity, and the chromaticity coordinate of the Na,Mg(POs)4:Mn?* phosphor were given in Table
4.1.

Figure. 4.3(c) shows luminescence decay curves of the “T: emitting state in
NazMg(POs)4:Mn?* phosphors for various Mn?* concentration excited by 355 nm. In
most of host crystals, the PL decay dynamics of Mn?* ions is attributed to coexistence
of emissions from isolated Mn?* ions and Mn?*-Mn?* pairs or clusters, which shows
slow and fast PL decay time, respectively [90]. Therefore, the experimental data can be
fitted by a single exponential decay function for the sample doping with low Mn?* ions
concentration and show multi-exponential decay curves for the sample doping with
high Mn?* ions concentration, as the red lines shown in Figure. 4.3(d). All the effective
lifetimes were calculated based on the decay curves as the following equation:

[EIQE:
Fovg = [ 1)t

(4.4)
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where I(t) represents the PL intensity at time t after the excitation light is cut off. As
previously revealed, all decay lifetimes at millisecond scale are due to the properties of
3d shells in Mn?* ions. The evaluated experimental lifetimes (t) are listed in Table 4.2,
which are comparable to that of Mn doped B-Zn.SiO4 (13-18 ms). In addition, the
lifetimes of the *T1 emitting state in Na,Mg(POs)4:Mn?* phosphors gradually decreased
from 23.97 to 22.81 ms with increasing the doping concentration of Mn?* ions, which
could give rise to a high radiative energy transfer rates (Arad = 1/1) in the region from
0.0417 to 0.0438 ms™, thus produces a high intensity emission at 613 nm of Mn?* ions.
Meanwhile, the reason for the monotonously decline of lifetimes can be ascribed to the

increasing possibility of nonradiative energy migration among Mn?* ions [92].
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Figure 4.3. (a) Luminescence emission spectra (Aex = 355 nm) of phosphors Na;Mgi«(POs)s:xMn?* with different
Mn2* doping concentration. (b) The integrated PL intensity versus the concentration of Mn#* ions; insert shows the
Log(l/x) dependent on Log(x). (c) Luminescence excitation spectra (Aem = 613 nm) of phosphors Na,Mgs.
x(PO3)a:xMn2* with different MnZ* doping concentration. (d) The decay curves (Aex = 355 nm) of phosphors Na;Mg;-

x(PO3)a:xMn2* with different Mn2* doping concentration.

4.2.4 The temperature dependent luminescence properties in Mn?*-
doped Na:Mg(PO3)4

Generally, since the junction temperature increases with the increase of current, the reduction
of chromaticity drift and luminous efficiency are the key problems of white-LEDs, especially

52



for the high power ones, the thermal quenching behavior is an important technological
parameter due to the considerable influence on the color rendering index and the light output.
The mechanism of temperature influenced on the emission of Mn?* ions is complicated and the
PL spectra of Na,Mg(POs)4:9%Mn?* excited by 355 nm at various temperatures were shown in

Figure. 4.4a. There are some optical characteristics should be noted:
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Figure 4.4. (a) Temperature-dependent emission spectra (Aex = 355 nm) of phosphors Na;Mgo.s1Mng.09(PO3)a. (b)
Temperature-dependent luminescence wavelength center and integrated luminescence intensities. (c) The

variation in FWHM values from 10-500 K for Na;Mgo.91Mno.0s(PO3)4 phosphor.

Firstly, as the temperature increases, the emission peak moves toward lower energies. As
shown in Figure. 4.4a. the emission peak shifted significantly from 633 - 602 nm with the
increase of temperature. In general, according to the Varshni equitation, the emission
wavelength should be shifted towards lower energy (redshift) as the temperature increases [84,
93, 94].

aT?
T+b (4.5)

E(T)=E, -

where E(T) represents the energy difference between the ground state and the excited state at
temperature T, a and b represent the fitting parameters. The unusual properties suggest that
some internal structure effects exert on the optical performance. However, until now, the
detailed crystal structure of Na;Mg(POs)4 is not clear. Here, according to the reference, a
tentative luminescence mechanism was proposed. The unusual properties can be explained by
thermally active phonon assisted excitation from low energy level to high energy level. That is
to say, at low temperature, the systems are more likely to be distributed in the vibrational ground
state, where only relaxation back to ground with zero-phonon lines (ZPL) and Stokes emission
primarily occurs. However, as the temperature rises, the electrons have enough energy to
populate the upper vibration state and relax back to ground state with anti-Stokes emission.

Consequently, the emission wavelength Mn?* presents blue shift behavior. But, quite apart from
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that, it could also be explained by the expansion of the host lattice with increasing temperature,
which results in a reduction in the crystal field splitting and leads to higher emission energies.

The luminescence intensity increases firstly and then decreases due to the thermal quenching
behavior. Figure. 4.4b shows the temperature dependent integrated emission intensity of Mn2*
ions normalized with respect to the value at 10 K. With increasing the temperature from 10 K
to 500 K, the emission intensity increased to 165% (450 K) of the initial value (10 K), and then
decreased to 146 % at 500 K. Usually, the emission intensities always decreased with
temperature increase, which can be explained by thermal quenching behavior through the
configurational coordinate (CC) model as shown in Figure. 4.5. Here, in this work, the increased
emission intensity also can be attribute to phonon-assisted excitation from low energy level to
high energy level as mentioned above. Overall, it clearly demonstrates that Na,Mg(PQOs)4:Mn?*

phosphor shows excellent thermal stability [34, 95].

Excited state

Total energy

Ground state
A CC

Figure 4.5. The schematic diagram of CC model used to explain the various intra-d-transition phenomena.

The emission band widens as the temperature increases. For phosphors, an increase in
temperature can produce more thermally active phonons, which can help electrons to jump from
the low energy excited states to the high energy excited states. In Figure. 4.4c, the full width at
half maximum (FWHM) of Na,Mg(PO3)s:Mn?* emission continues to increase with increasing

temperature. As the excited electrons diffuse to high vibrational energy levels at high
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temperature, the radiative transitions from these energy levels give rise to the broadening of the
emission band with the increase of temperature. The variation of the FWHM values along with
temperature can be described by the following equation based on the configuration coordinate

model and Boltzmann distribution:

FWHM=v8n2 xhvxy/Sx [coth (%T) (4.6)

where S represents Huang-Rhys parameter, hv represents vibrational phonon energy, and k
represents the Boltzmann constant. The best fitting value can be obtained with S =1.962 and hv
= 39.3 meV. The Huang-Rhys factor reveals the weak electron phonon interaction in
Na;Mg(POs)s:Mn?" and also provides evidence for the good thermal photo-luminescence

properties of Na,Mg(POs)s:Mn?*,
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Figure 4.6. Temperature-dependent decay curves (Aex= 355 nm) of phosphors Na;Mgo.91Mng09(PO3)s monitored

by 613 nm. Insert shows the calculated temperature-dependent luminescence lifetimes of the Mn2?* ions in

NazMgO491Mno,09(PO3)4 lattice.

According to the CC model as mentioned above, the temperature dependent decay curves
were introduced as shown in Figure. 4.6. It can be seen that the luminescence remains stable in
the region from 10 to 100 K, and when the temperature exceeds 100 K, the luminescence
decreases slightly. The lifetimes can be calculated as a function of temperature and are listed in

the insert of Figure. 4.6. The obtained results indicate that the lifetimes are not significantly
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affected by temperatures in the region from 10 to 500 K. The lifetime retains several
milliseconds with the longest lifetime of 26.58 ms and the shortest lifetime of 21.97 ms. Usually,
due to thermal quenching behavior effects, for example thermally activated photoionization
from excited state to conduction band, thermally activated nonradiative transition or
multiphonon relaxation, the lifetimes of some phosphor decrease with the increase of
temperature However, the Na,Mg(PO3)4:0.09Mn?" phosphor shows excellent thermal stability
with low thermal quenching effects, especially in the low temperature range. Such unusual
property also has been reported in some other Mn?* doped materials, for example the Mn:ZnS
guantum dots with thick shells exhibit high quenching temperature of more than 200 °C.

The thermal activation energy (AE) was introduced to evaluate the thermal quenching
behavior of the Mn?* ions in Na,Mg(POs) lattice, which can be determined by the temperature

dependent lifetimes of the Mn?* ions as shown in:
r

1+ [glex(-57)

(T) = (4.6)

where T, and 1, represent the radiative and non-radiative lifetimes at temperature T, respectively,
and k represents the Boltzmann constant. The AE fits to 0.3678 eV, which is comparable to that
of other Mn**-doped luminescent materials, such as, Zn,GeO4:Mn?>" with 0.36 eV. The unusual
thermal stability indicates that Mn?** doped materials have unique properties and potential

applications.

4.3 Conclusions

In summary, NazMg1.«(POs)4:xMn?* red phosphors with various doping concentration of
Mn?* ions were synthesized by solid-state method and the crystal structure were determined by
XRD measurement. The overall luminescence performances were evaluated through PL spectra,
PLE spectra, and decay curves. Na,Mg(POs)s:Mn?* red phosphor exhibits strong and broad
absorption ranging from 300 to 500 nm and exhibits bright red emission at 613 nm, which can
be attributed to the “T1 — A, transition of Mn?* ions. Temperature dependence of luminescence
indicates that Na,Mg(POs)s:Mn?* red phosphor shows excellent thermal stability, and the
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thermal quenching temperature is higher than 450 K. With the increase in temperature, the
emission wavelength Mn?* ions are slightly blue shifted and the emission spectrum becomes
broaden, which can be explained by the transition of thermally active phonon-assisted
excitation from low energy level to high energy level in Mn?* ions. The AE was calculated to
be 0.3678 eV, which is comparable to that of other Mn?*-doped luminescent materials. All
results indicate that the Na;Mg(POs)4:Mn?* red phosphor is a good non rare earth ions doped

red-emitting phosphor for use in white-light LEDs.
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