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Synthesis and luminescence characterization of rare earth ions (Tb**, Sm*")

doped in SroLa;«(PO4)7; phosphors

Eunhye Yang

Department of Physics, The Graduate School

Pukyong National University

Abstract

The SroLa(PO4); phosphors with different doping concentrations of Tb*" and
Sm*" were prepared by a solid-state reaction method, respectively. The correlation
between crystal structure and photoluminescence (PL) properties of the phosphors
were investigated in detail.

Sm**-doped in SrsLa(POs); phosphors was crystallized in a rhombohedral
structure. Under the excitation wavelength of 399 nm, SroLa(POs);: xSm*"
exhibited an intense orange-red emission spectrum centered at 556 nm, 595nm,
and 670 nm, which can be assigned to radiation transitions from “Gs to “Hsy,
H7/, and ®Ho/» of Sm™, respectively. The optimal Sm** doping content was found
to be 3 mol%. The concentration quenching mechanism between Sm*" ions was
attributed to the dipole-dipole interaction and the critical distance of Sm*" was

determined to be 21.917A. The results indicate that SroLa(POs);: xSm*

Vi



phosphors could be promising candidates as orange-red phosphors for being
integrated into white light-emitting diodes.

The samples of SroLa(POx)7: xTb** were synthesized by a solid-state reaction
method. From the XRD pattern analysis, it was confirmed that the crystal structure
of samples changed from the rhombohedral (space group R3m) to the
monoclinic (space group 12/a) with an increase of the x value. To obtain crystal
structure information, the Rietveld refinement and high-resolution transmission
electron microscope (HRTEM) of SroLa(POs)7: xTb*" (x= 0, 1) were performed.
It was found that SroLa;«(PO4)7: XTb** phosphors have a broad excitation band at
the 200300 nm region due to the 4*—4"5d" transitions of Tb*' ions. Under the
excitation of 376 nm, Tb**-doped SroLa(PO4); shows green emission with a main
peak at 542 nm. As increasing of concentration of Tb*"ions up to 100 mol%, the
PL intensity of Tb3+—doped in SrolLa(PO4); was increased, moreover, the decay
time of the SroLa(PO4)7: Tb** phosphor abnormally increased from 2204 ps to 4
062 us. The results indicate that SroLa(POs);: Tb®" could be an excellent

candidate as a green-emitting phosphor.
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1. Introduction

Phosphor-converted light-emitting diodes (pc-LEDs) have attracted great
attention in lighting and display fields [1-3]. Due to their advantages, such as high
luminescence efficiency, low energy consumption, high physical and chemical
stability, and environmental friendliness, the light source based on white LEDs has
broad potential applications [4-7].

Currently, there are mainly two methods to achieve white light through the
phosphor-converted white LED. The first method is by combining a InGaN-based
blue LED chip with a yellow-emitting Y3Als01.: Ce** (YAG: Ce) phosphor. The
advantages of this method are its simple process and inexpensive. However, this
combination is disadvantageous in that the color-rendering index is low, and the
red light is weak [8—11]. The second method to solve the above problem is to cover
the surface of the ultraviolet (UV) chip with three kinds of red, blue, and green
phosphors to obtain a white color. Compared to the previous method, the latter
method has improved the color-rendering index for full-spectrum lighting. It is
essential to find new phosphors with red, green, and blue emission under near-UV
excitation.

To obtain a phosphor with high intensity, quenching at a relatively high
doping concentration is needed. This concentration quenching strongly depends
on the crystal structure environment [12]. Therefore, the choice of the host plays
a key role in phosphor efficiency. Recently, several examples of phosphates having

a whitlockite crystal structure based on the MyR(PO4)7; compound (M= Ca or Sr



and R= La, y, Sc, Gd, or Bi) are applicable as host materials [13]. Specifically,
such phosphate compounds have good thermal stability and have complete charge
stabilization permitted by the rigid tetrahedral matrix of phosphate [14, 15]. This
structure can weaken the possibility of concentration quenching.

Generally, trivalent rare earth ions can emit various colors. Among these, Eu**
and Sm*" have been known as a red activator in phosphors due to the 4f-4f
transitions [16, 17]. However, phosphors doped with Eu®" exhibits efficient
luminescence only at n-UV excitation, thus limiting application to w-LED. While
phosphors doped with Sm** can be more easily excited from UV to blue region
radiation and intense emission intensity in the orange-red region but also present
a high color purity of the emitting light because of their sharp characteristic
emission spectrum when excited by n-UV radiation [18, 19]. Therefore, the Sm**
doped compounds can be widely applied in temperature sensors,
photoluminescence glasses devices, radiation dosimeters, w-LEDs, and so on.

Among the above-mentioned tricolor phosphors, trivalent terbium (Tb*") is
known as an activator of green luminescent materials due to its 'Fy, °Ds, and *D4
states. The Tb*" ion has a 4f* electronic configuration in the ground state and a 41",
5d"' electronic configuration in the excited state. Excitation occurs after the
absorption of energy, and electronic transitions take place from 4f° to 4’5d". When
the terbium ion returns to its 'F; ground level from °Ds, the lowest excited level, it
gives rise to characteristic f-f emission transitions. The green emission of Tb*" is
the result of the *Ds — F transition, and the blue emission corresponds to the °D;

— 'F; transition [20].



In this work, the SrsLa(PO4)7: RE*" (RE= Tb**, Sm*") phosphors are prepared
by using a solid-state method. The prepared samples were characterized by using
X-ray diffraction (XRD). The crystal structure information was analyzed based on
the Rietveld refinement results. As function of the concentration of Tb** and Sm*"
ions, the photoluminescence (PL) properties of the phosphors related to the crystal

structure transformation were studied.



. Theoretical background

2.1 Luminescence mechanisms

A luminescent material, also called a phosphor, is a solid which converts certain
types of energy into electromagnetic radiation over and above thermal radiation.
When you heat a solid to a temperature over about 600 , it emits red radiation.
This is thermal radiation. The electromagnetic radiation emitted by a luminescent
material is usually in the visible range, but can also be in other spectral regions,
such as the ultraviolet or infrared. Luminescence can be excited by many types of
energy. Photoluminescence is excited by electromagnetic radiation,
cathodoluminescence by a beam of energetic electrons, electroluminescence by an
electric voltage, triboluminescence by mechanical energy, X-ray luminescence by
X rays, chemiluminescence by the energy of a chemical reaction, and so on.

The process in the luminescent materials is shown in Fig. 2.1. The luminescent
consists of a host lattice and a luminescent center often called an activator. The
luminescence processes are as follows. The exciting radiation is absorbed by the
activator, raising it to an excited state (Fig. 2.2). The excited state returns to the
ground state by emission of radiation. This suggests that every ion and every
material shows luminescence. This is not the case. The reason for this is that the
radiative emission process has a competitor, viz. the non-radiative return to the

ground state. In that process, the energy of the excited state is used to excite the



vibrations of the host lattice, i.e., to heat the host lattice. To create efficient
luminescent materials, it is necessary to suppress this non-radiative process.
Sometimes, the exciting radiation is not absorbed by the activator, but
elsewhere. We can add another ion to the host lattice. This ion may absorb the
exciting radiation and subsequently transfer it to the activator. In this case, the
absorbing ion is called a sensitizer. Fig. 2.3 shows the luminescence processes in
such a system. The S — S’ transition is the absorption (or excitation), the A," —
A transition the emission. Energy transfer (ET) from level S” to the level Ay,
subsequently, the A;" level decays non-radiatively to the slightly lower A," level.

This process prevents back transfer.



EXC EM

HEAT

N /

Fig. 2.1 A luminescent ion A in its host lattice. EXC: excitation; EM: emission

(radiative return to the ground state); HEAT: non-radiative return to the

ground state.

A’ T

A A 4 A 4

Fig. 2.2 Schematic energy level scheme of the luminescent ion A in Fig. 2.1.
The asterisk indicates the excited state, R the radiative return, and NR the

non-radiative return to the ground state.



ET

Fig. 2.3 Energy transfer from S (sensitizer) to A (activator).



2.2 Luminescence of rare earth ions

2.2.1 Electronic configurations

Rare earth ions referred to as the lanthanides, comprise the series of elements
in the sixth row of the periodic table stretching from Lanthanum (Z=57) to
Lutetium (Z=71). These are characterized by [Xe] 41, 5s% 5p°, and 6s? electronic
configuration: all of them have the same outer shell configuration, namely 5s?, 5p°,
and 6s>. The most stable ionization state is the trivalent one, with the 5s* and 5p°
electrons would screen the energy levels of the 4f electrons from the effects of the

surrounding environment.

Table 2.1 gives the electronic configuration of Ln*" ions along with ground state
and valences. As shown in table 2.1, S¢** is equivalent to Ar, Y** to Kr, and La*"
to Xe in electronic configuration. The lanthanides from Ce** to Lu®* have one to
fourteen 4f electrons added to their inner shell configuration, which is equivalent
to Xe. Ions with no 4f electrons, i.e., Sc**, Y%, La*", and Lu**, have no electronic
energy levels that can induce excitation and luminescence processes in or near the
visible region. In contrast, the ions from Ce** to Yb**, which have partially filled
4f orbitals, have energy levels characteristic of each ion, and show a variety of

luminescence properties around the visible region.



Table. 2.1 Electronic configuration of trivalent rare earth with ground states.

ﬁgr)}nbig Tons cfnlggfﬁ?tllfm 4f electron S TL U
21 Sc3* Ar 0 0 0
39 Y3* Kr 0 0 0
57 La’* 0 0 0
58 Ce’ Xe 1 1/2 3 5/2
59 o Xe pt 15 4
60  Nd&* Xe AT 302 6 92
61  Pm* Xe b e et 2 6 4
62  Sm* Xe R % 52 5 52
63  Eu* Xe T N 84 |3 o
64  Gd* Xe L BV Y A o
65  Tb" Xe 1 1 11 1 1 451 3 3 6
66 Dy'  Xe - Tttt 1 os2 05 Y
6 Ho'  xe 1 1 1 t 1 1 1 2 6 8
68 E Xe 1 1 1 1t t 1 o o6
oo ™ xe 11 L 11t o1 s
0 Y xe 1 1 1 1 0 1t 12 3
71 L Xe L A U




2.2.2 Luminescent properties of rare earth ions

The 4f electronic energy levels of rare earth ions are characteristic of each ion.
The rare earth ions are characterized by an incompletely filled 4f shell. The 4f
orbital lies inside the ion and is shielded from the surroundings by the filled 5s?
and 5p° orbitals. Therefore, the influence of the host lattice on the optical
transitions within the 4f" configuration is small.

The energy levels of the trivalent rare earth ions which arise from the 4{"
configuration are given in Fig. 2.4. In a configurational coordinate diagram, these
levels appear as parallel parabolas (AR = 0), because the 4f electrons are well
shielded from the surroundings. Emission transitions yield, therefore, sharp lines
in the spectra. Since the parity does not change in such a transition, the lifetime of
the excited state is long (~ 107s).

The energy levels presented in Fig. 2.4 are split by the crystal field. The splitting
is very small due to the shielding by the 5s® and 5p° electrons: whereas the crystal
field strength in case of transition metal ions (d") is characteristically a few times

10000 cm™, it amounts in the rare earth ions () a few times 100 cm™.
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Fig. 2.4 Energy levels of the 4f" configurations of the trivalent lanthanide ions
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2.3 Crystal structure of SroLa(PQO4);

Many phosphates with whitlockite crystal structure fabricated with MoR(PO4);
compounds (M= Ca or Sr and R= La, y, Sc, Gd, or Bi) are applicable as host
materials [13]. Specifically, such phosphate compounds have good thermal
stability and have complete charge stabilization permitted by the rigid tetrahedral
matrix of phosphate. Besides, they can be synthesized in an easy and inexpensive
way. Currently, the luminescence of rare earth ion-doped whitlockite-type
phosphates has been intensively studied in many compounds [14, 15].

The SroLa(PO4); crystallize has a rhombohedral structure with space group R3m,
a=Db=5.386, c=19.827, and V = 498.057. The crystal structure of SroL.a(POs);
was given in Fig. 2.5. The Sr** and La®* ions share the same crystalline sites, and
there are two different cation sites of Sr*'/La*" [21]. One ion is six oxygen
coordination, and the other ion is ten oxygen coordination. Atomic coordinates and
equivalent isotropic displacement parameters for compounds SroLa(PO4); are

listed in Table 2.1.

12



Fig. 2.5 Crystal structure of SroL.a(PQ4);.

Table 2.2 Atomic coordinates and equivalent isotropic displacement
parameters for compounds SroL.a(POy)7.

Atom 10).¢ Site X Y V4
Srl 2 3a 0 0 0
Sr2 2 6¢ 0 0 0.205

P 5 6¢ 0 0 0.412
o1 -2 6¢ 0 0 0.333
02 -2 18h 0.491 0.509 0.230

OX: Oxidation states, Site: the assigned occupation site.

13



2.4 Luminescence properties of Tb** and Sm*" in phosphor

Luminescence spectra of Tb*" ion consists of many lines due to °D; — F; (I=
3,4;J=6, 5,4, 3,2, 1) electronic transitions. Tb*" ion has broad absorption bands
in the 200-300 nm by the 4f* — 4f75d' transition and has the narrow absorption
peaks in the 300-400 nm by the 4f* — 4f® transitions. The emission of Tb*" is due
to transitions *Ds - 'Fy, which are mainly in the green. Often there is a considerable
contribution to the emission from the higher-level emission *Ds - Fy, mainly in the
blue. With increasing Tb** concentrations, the cross-relaxation effect occurs in °Ds
—"Fy and *D4 - 'F;. As the amount of Tb** ion was increased, the following cross-
relaxation process occurs [22].

Tb3+(°D3 ) + Tb3*(Fg) = Tb3*(°D, ) +Th3*("F,) (1)

The cross-relaxation reduces the blue transition of °Ds - 'Fy and increases the
green transition of *Ds - 'F). In Fig. 2.6, the schematic diagram for the cross-
relaxation presented. Among the emission lines from the °D; state, the °Ds — 'Fs
emission line at approximately 550 nm is the strongest in nearly all host crystals
when the Tb*" concentration is a few mol% or higher. The reason is that this
transition has the largest probability for both electric-dipole and magnetic —dipole
induced transitions.

Red and orange-red emitting phosphors can be realized by doping lanthanides

with Eu®" or Sm*" ions and exploiting 4f — 4f transitions. However, Eu*" doped
p g p

phosphors display efficient luminescence only under n-UV excitation, which

14



limits their application in w-LEDs. While Sm** doped phosphors can be more
easily stimulated by blue region radiation. Moreover, the emission of Sm*" is
situated in the orange-red spectral region and consists of transitions from the ‘Gs

level to the ground state °Hs)» and higher levels °Hj (J > 5/2).

A3 A :
A
s
1 \
1 K
I b
¥ N
Az \\\
\\ Cross-relaxation
N
\\
\
\\
Excitation N
\
\
SO
R
I
I
v : A 4
A B,
Ion A Ion B

Fig. 2.6 Schematic diagram of the cross-relaxation.
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. Experiment and characterization

3.1 SroLa(PO4)7: RE* (RE= Sm’", Tb*") phosphors synthesis

method

Fig. 3.1 shows the schematic diagram of the sample preparation procedure. The
samples with the formula of SroLa(POs);: RE* (RE= Sm**, Tb*") were prepared
by the solid-state reaction method. The SroLa(POus);: xSm®*" was prepared with
various Sm’" concentrations from 3 to 18 mol% and the SroLa(PO4);: XTb*" was
prepared with various Tb** concentrations from 20 to 100 mol%.

SrCO3 (99.995%), Lax03 (99.99%), (NH4)2HPO4 (99.9%) and TbsO7 (99.

9%) were thoroughly mixed by grinding. The grounded mixture of starting
materials filled in the crucible was preheated at 600°C for 2h to decomp
ose the starting reagents. After cooling down to room temperature, the pre
heated mixture was ground to improve the homogeneity and heated again
at 1300°C for 4h.

SrCO03(99.995%), Lax03(99.99%), (NH4):HPO4 (99.9%) and SmxO3 (99.9%)
were thoroughly mixed by grinding. The ground mixture of starting materials filled
in the crucible was preheated at 600°C for 2h to decompose the starting reagents.
After cooling down to room temperature, the preheated mixture was ground to

improve the homogeneity and heated again at 1300°C for 4h.

16



[ SrC0; + La,05 + [NH,),HPO, + RE [RE=Tb,05, Sm,05) |

Mix and grinding

[ Calcine at 600 for 2h and maintain for 2n |

Mix and grinding

[ calcine at 1300 for 4h and maintain for 8h |

[ SrglalPO,);: RE3* (RE= Th3*, Sm3*) phosphors |

Fig. 3.1 A schematic diagram of processing steps involved in the synthesis of
SroLa(PO4);: REY (RE=Sm*", Tb*")

17



3.2 characterization and optical measurements

The phase of all samples verified by using powder X-ray diffraction (XRD). The
XRD profiles measured within the range of 10 — 80° in steps of 0.02° using a
Philips X’Pert multipurpose diffractometer (Philips, Netherlands) with Cu K,
radiation as shown in Fig. 3.2. The photoluminescence (PL) and
photoluminescence excitation (PLE) spectra and decay time measured by using a
Photon Technology International Fluorimeter (PTI, USA) with a 60W Xe-arc lamp

as the excitation light source.

Fig. 3.2 X-ray diffractometer (X’Pert MPD, Philips)

18



. Results and Discussions

4.1 Luminescence properties of Sm** doped SroLa(POi);
phosphor

4.1.1 Phase characterization and crystal structure

Fig. 4.1 shows the XRD patterns of prepared SroLa(PO4)7: xSm*" (x=0.01, 0.03,
0.06, 0.09, 0.12). Considering the effective radii of Sm** ions, the Sm’" ions were
expected to occupy the La** ion site in the SrgLa(PO4); crystals. All XRD patterns
can be well fitted with the standard patterns of the Sr3(PO4), (PDF #024-1008)
belonging to the thombohedral crystal system, with a space group of R3m (166).
The doped Sm** ions do not affect the crystal lattice of SroLa(PO4);. This suggests
that all samples are crystallized in the single phase.

To further confirm identify the influence of Sm®" ions on the crystal structure,
Rietveld refinement of the optimal concentration of the sample was performed.
The initial structural model for Rietveld refinement was constructed based on the
Sr3(POs); structure. Fig. 4.2 shows Rietveld refinement results on the optimized
concentration x = 0.03 using the software General Structure Analysis System
(GSAS). The parameters obtained from the refinement data were Ry, = 9.18% and
Ry, = 5.94%. The detailed parameters of the Rietveld refinement of the host and
SroLa(POs)7: 0.03Sm*" sample are listed in Table 4.1. By comparison, it is shown
that the cell volume of SroLa(POx)7: 0.03Sm’" is smaller than that of SroLa(PO4)s.
The replacement of the larger Sr** (CN= 6, R= 1.18) ions by smaller Sm** (CN=

6, R=0.958) resulted in the reduction of the parameters.
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Fig. 4.1 The XRD patterns of SroL.a(PO4)7: xSm>* (x= 0.01, 0.03, 0.06, 0.09,

0.12) and standard reference.
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Fig. 4.2 Rietveld refinement of XRD patterns of SryLa(POy);: 0.03Sm’".

Table 4.1 The refinement parameters of SroLa(PO,)7: 0.03Sm™".

Compound SroLa(POy); SreLa(POy)7: 0.03Sm™
Space group R3m (166) R3m (166)
a(A) 5.386 5.377
b(A) 5.386 5.377
c(A) 19.827 19.812
V(AY 498.057 496.15
a(’) 90 90
BC) 90 90
r(*) 120 120
Rup(%) 6.52 9.18
Ry(%) 4.66 5.94
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Fig. 4.3(a) and (b) show the unit cell crystal structure of SroLa(PO4);: xSm®" (x=
0.03) and the two kinds of different coordination environments of the cation sites,
respectively. In the crystal structure, due to the similar valence and ionic radii, the
Sr*" and La*" ions are located at the same crystalline sites. The Sr**/La*" ions are
distributed between two crystallographic sites. Sri/La; and Sr»/La; are coordinated

with six and ten oxygen atoms, respectively.
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Fig. 4.3 (a) Crystal structure of SroLa(PO4);: 0.03Sm™". (b) Coordination

environment of Sm>" sites.
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4.1.2 Photoluminescence properties

Fig. 4.4 (a) shows the PLE spectra of the SroLa(POs4)7: xXSm* (x= 0.01, 0.03,
0.06, 0.09, 0.12) phosphors monitored at 595 nm. All PLE spectra have narrow
absorption peaks in the wavelength range from 300 to 500 nm, which were
corresponding to the 4f-4f transition of Sm** ions [23—25]. The observed peaks
around 341, 358, 370, 398, 413, 436 and 467 nm, corresponds to the transition
from ground state level °Hs) to the excited state levels *Hop, ‘D32, °P7s, *Hia, *Lisn,
*Goa and *I112 of Sm** ions. Among this transition, the most intense band is located
at 399 nm. Fig. 4.4 (b) shows the PL spectra of the SroLa(POy)7: xXSm** (x= 0.01,
0.03, 0.06, 0.09, 0.12) phosphors monitored at 399 nm. All PL spectra indicate the
four typical emission peaks of Sm**, which associated with ‘Gs, — *H; (J = 5/2,
7/2, 9/2, 11/2) transitions [26, 27]. Among these transitions, the ‘Gsp — °Hyp
transition was the most intense one. And according to the selection rules, this was
a partially magnetic dipole (MD) and partially electric dipole (ED) transition,
while “Gs;» — ®Hop, as well as *Gs, — ®Hiyjz, was purely ED transitions and “Gs)
— °Hs;» was purely MD transition. Generally, the intensity ratio of ED and MD
transitions is a suitable index of the symmetry of the local environment of Sm** in
the host. When the obtained ratio value is below 1, the characteristic of the host
matrix occupies the asymmetric. Meanwhile, when the obtained ratio value is
above 1, the characteristic of the host matrix occupies the symmetric.

Fig. 4.4 (c) shows the emission intensities of Sm*" as a function of the doping
concentrations. With the increase of Sm®" ion concentration from 0.01 to 0.12 mol,

the intensity of the luminescence increased until it reaches 0.03 mol and then
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decreased due to the concentration quenching. This concentration quenching is due
to the non-radiative energy transfer between different Sm** ions.

Energy transfer can be divided into two, one is exchanging interaction, and the
other is multipole-multipole interaction. It is known that if the critical distance is
shorter than 5 , the energy transfer occurs due to the exchange interaction.
Meanwhile, if the critical distance is much larger than 5 , the energy transfer can
be ascribed to the multipole-multipole interaction. The critical distance R, for

between Sm®" ions are estimated by using the equation proposed by Blasse [28]:

3V ]1/3

R, =2
¢ ATTX.N

)

in which V' stands for the volume of the unit cell, X, is the critical concentration
of activator ion (Sm*") beyond concentration quenching, and N represents the
number of host cations in on unit cell. In this case, N =3, V was estimated to be
496.15 , and X, is 0.03 according to the above discussions. According to the
equation, R, was turned to 21.917 . Therefore, the energy transfer mechanism
of concentration quenching of Sm** in SreLa(POs); phosphor is the multipole-
multipole interaction because the critical distance the calculated of Sm*" doped

phosphor is much larger than 5
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Based on the analysis above, we know that electric multipole-multipole
interaction plays a leading role in this quenching process. On the basis of Van
Uitert equation, the mechanism of interaction between Sm*" follows the formula
below [29]:

2o K[1+ )3 3)

X
where x refers to the concentration of Sm**, K and 8(x) are constant for the same
excitation conditions for a given host crystal. 8 =6, 8 and 10 are dipole—dipole,
dipole—quadrupole and quadrupole—quadrupole interactions, respectively. As we
know the electric multipolar character can be determined by the slope (8/3) which
calculated by equation (3). Fig. 4.5 exhibits the dependence of log (I/x)/log x
which can fit as a line with the slope (6/3)=—1.16. Therefore, the value of 0 is
calculated 3.48, which is close to 6 approximately, indicating that the dominant

interaction for the cross relaxation of the *Gs, is dipole-dipole interaction.
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To further investigate luminescence properties, Fig. 4.6 shows the fluorescence
decay curves of SreLa(POy)7: xSm*" phosphors (x= 0.01, 0.03, 0.06, 0.09, 0.12)
under 399 nm excitation and monitored at 595 nm. Each curve exhibited a double

exponential decay and could be calculated by the following equation [30]:

I(t) = A exp (;—f) + A exp <;_2t) 4)

Where I(1) is the luminescence intensities at time 7; and T7,, respectively, and A,
and A, are a constants 7; and 7, are the decay times for the exponential
components. The detailed fitting parameters of different decay curves are shown
in Table 4.2. The lifetimes of Sm®" monitored at 595 nm resulting from the
equation, were 4.16, 6.45, 8.30,9.51, and 13.22 ps. There is an increasing trend in
the lifetime with an increasing Sm*" concentration. Indeed, this difference is

interesting and worth further investigation.
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Fig. 4.12 Decay curves of SroLa(PO4);: xSm’™* (x= 0.01, 0.03, 0.06, 0.09, 0.12).

Table 4.2 Fitting parameters of different decay curves for SryLa(PO.);: xSm’".

Samples A T1(ps) A T2(ps) T(us)
x=0.01 1.43 3.82 -0.52 1.24 4.16
x=0.03 0.71 1.65 0.30 8.66 6.45
x=0.06 0.31 8.30 0.70 8.30 8.30
x=0.09 0.93 4.30 0.11 19.58 9.51
x=0.12 0.36 13.22 0.68 13.22 13.22
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For a better understanding of the luminescence behaviors of Sm*" in
SroLa(POs)s, the energy level diagram of Sm*" was shown in Fig. 4.7. The Sm**
ions are excited from the ®Hs» to the “F72 when the sample is irradiated by 398 nm
light. The states were relaxed to the *Gs;» by non-radiative (NR) transitions due to
smaller energy differences between excited state levels. As a result, four emission
peaks can be observed corresponding to the ‘Gs; to °Hy (J= 5/2, 7/2, 9/2, 11/2)

emission of Sm>".
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Fig. 4.13 Sm** energy level diagram.
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4.2 Luminescence properties of Tb** doped SroLa(PO4); phosphor

4.2.1 Phase characterization and crystal structure

The XRD patterns of Srol.a;«(PO4)7: xTb*" (x=0,0.2,0.4, 0.6, 0.8, 1) phosphors
are shown in Fig. 4.8(a). The diffraction peaks of the synthesized samples
corresponding to the host and Tb** doped phosphors were consistent with those of
JCPDS No. 024-1008 and 054-1185, respectively. However, for all the Tb*" doped
samples, one additional weak diffraction peak at 27.9° denoted due to the impurity.
The magnified XRD patterns in the region of 32.8-34° are shown in Fig. 4.8(b).
It is observed that the second main peak decreases and shifts as the concentration
of Tb** increases from 0.4 mol to 0.6 mol. These results imply that the host lattice
structure changes by the doping Tb*" ion.

To further confirm the variation of crystal structure, the software General
Structure Analysis System (GSAS) was used for Rietveld refinement on the basis
of XRD patterns. Fig. 4.9 (a) and (b) shows the Rietveld refinement results for the
SroLa(PO4)7 (host) and SreTb(PO4)7 (x= 1). The results indicate that the phosphors
of a whitlockite-type structure have been made, and the crystal structure has
changed by doping Tb** ions. The refinement parameters of SroLa;<(PO4)7: xTb**
(x= 0, 1) are listed in Table. 4.3. The crystal structure of the host is rhombohedral
with a space group of R3m and cell parameters of a =b = 5.3887, ¢ = 19.795, and
V =497.797. The crystal structure of Tb**-doped phosphors is monoclinic with a
space group of 12/a and cell parameters of a = 18.038, b=10.640, c = 18.474, V=
2590.81, and Z = 4.

Fig. 4.10 shows the crystal structure of the compound of the Rietveld refinement
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results. Fig. 4.10 (a) shows the crystal structure of the host lattice viewed along
the a* direction in the parallel projection. The Sr** and La®" ions share the same
crystalline sites, and there are two different cation sites of Sr**/La*". Fig. 4.10 (b)
shows the crystal structure of SroTb(POs); viewed along the b direction in the
parallel projection. There are five different cation sites of Sr**. The La®" ion site
has only one cation site. Also, the doped Tb** ions are replaced by La** ions due
to their similar valence and ionic radii. Fig. 4.10 (c) shows the cation site occupied
by Tb*". The terbium ions are surrounded by [PO.]* tetrahedrons. Also, the
shortest Tb-Tb distances in Sr¢Tb(PO4); is about 9.019 , which is the long

distance that the energy migration of the doped rare earth ions is difficult.
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Fig. 4.8 (a) The XRD patterns of SryLa;(POx4)7: XTb** phosphor and standard
references. and (b) the magnified XRD patterns in the region of 32.8-34°.

35



(3) SrgLa(PO4)7 pr=6.520/0 Rp=4.660/0

— Refined
% Observed
I Reflections
— Difference

Intensity (a. u.)

. o B WS ¥ N, WS & S SV N R
R SN

10 15 20 25 30 35 40 45 50

20(Degree)

(b) Sr,Th(PO,). Rwp=10.68% Rp=6.25%

— Refined
% Observed
I Reflections
i —— Difference

Intensity (a. u.)

I A t my
S S /\v‘/\/——»—a\,{/w"‘},ﬂjd M | et /x..,\—m»»’*\,'v“f (SN

10 15 20 25 30 35 40 45 50

20(Degree)

Fig. 4.9 (a) Rietveld refinement of XRD patterns of Host. (b) SroTb(PO4)7.
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Table 4.3 The refinement parameters of SroLa(PO4)7 and SroTb(PO4);.

Compound SroLLa(POy4)7 SroTb(PO4)7
Space group R3m (166) 12/a (15)
a() 5.386 10.038
b() 5.386 10.640
c() 19.827 18.474
V(Y 498.057 2590.811
a(’) 90 90

B() 90 133.054
14Q0) 120 90
Rwp(%) 6.52 10.68
Rp(%0) 4.66 6.25
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Fig. 4.10 (a) Crystal structure of SroLa(PQ4);. (b) Crystal structure of

SreTb(PO4). (c) Coordination environment of Tbh*" site.
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The fine local structure of SroLa(PO4)7: XTb** (x=0.2, 1) were further examined
by high resolution transmission electronic microscope (HRTEM). The HRTEM
image in Fig. 4.11 shows well defined lattice fringes in various regions with
agglomerated particles. The samples were chosen with x= 0.2, 1 to facilitate
observation of the crystal structure. The measured lattice spacing is about 2.50
corresponding to the (015) plane, as shown in Fig. 4.11(a). This indicates that the
SroLa(PO4)7: XTb* (x= 0.2) crystal preferred orientation growth along the (015)
direction, which is consistent with the XRD results of R3m. On the other hand, the
lattice spacing of SroLa(POy)7: xTb?* (x= 1) crystal is about 3.80  corresponding
to the (222) plane, which is consistent with the XRD results of 12/a, as shown in

Fig. 4.11(b).
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4.2.2 Photoluminescence properties

Fig. 4.12 (a) shows the PL excitation (PLE) spectrum of the SrolLai«(POs)7:
xTb*" (x= 0, 0.2, 0.4, 0.6, 0.8, 1) phosphors monitored at 542 nm. The PLE
spectrum of SrolLai(PO4)7: xTb*" (x =0, 0.2, 0.4, 0.6, 0.8, 1) have a broad band
of 200-300 nm with a maximum band at about 279 nm and the bands are attributed
to the 4f*~4f75d" transition of Tb*". The wavelength region peaks of 300—500 nm
are the f—f transitions of the Tb*" [31-33]. The peaks at 301, 316, 350, 376, and
481 nm are assigned to the Tb* transition of 'Fs — *He, "F¢ — Hy, "Fs — °D», 'Fs
— °Gg, and 'F¢ — Dy, respectively.

Fig. 4. 12 (b) and (c) show the emission spectra of the SrolLa;«(PO4)7 (x=10, 0.2,
0.4, 0.6, 0.8, 1) phosphors monitored at 376 nm and 279 nm. The peaks observed
at 500, 542, 583, and 621 nm are attributed to the *Ds — 'Fy (J= 3, 4, 5, 6)
transitions [34—36]. Generally, it is well known that the emission spectra of Tb*"
divide into two groups due to the 4£-4f transitions. One belongs to the °Ds—'F;
transition in the blue emission and the other is belong to the *Ds—"F; (J=6, 5, 4, 3)
transition in the green emission. In particular, among these peaks, the intensity of
the Dy — 'Fs transition is a characteristic transition of Tb*". As the Tb*
concentration increases, the blue emissions from the *D;—'F; transitions decrease
progressively, while the green emissions from the °Ds—'F; transitions increase
continuously. Hence, if the Tb** concentration is sufficiently high, the emission
from the D5 level of Tb*" is much weaker than the emission from the *D4 level
due to the cross-relaxation through the resonant energy transfer process [37]. It is

believed that these findings are consistent with the results of the emission spectrum.
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The emission intensities of Tb** as a function of the doping concentrations are
shown in Fig. 4.12 (d). The emission intensity of 542 nm (°Ds — 'Fs) increases
until the Tb** concentration reaches from x = 0.2 to x = 1.0 consistently. These
results confirm that complete quenching does not occur at x = 1.0, where the La*"
site is completely replaced by Tb*". This is due to the structural characteristics of
the SryTb(PO,); crystal structure. As can be seen in Fig. 4.10(c), Tb*" ions occupy
the polyhedral and they are separated from each other by a large spatial distance
by the [PO4]* tetrahedrons. The large spatial distance between the Tb*" ion and the
shielding of the [PO4]* tetrahedrons interferes with the energy transfer between
the Tb*" ions. As a result, it prevents the occurrence of concentration quenching.
Therefore, high concentration quenching was observed in SroLa;x(PO4)7: xTb*"

phosphors.
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Fig. 4.12 (a) PL excitation spectra monitored at 542 nm. (b) PL spectra
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To further investigate luminescence properties, the luminescence decay curves
for the green emission (542 nm) of SroLa;«(PO4)7: xTb*" phosphors at 376 nm
excitation are shown in Fig. 4.13. Decay curves were fitted by a double exponential

equation defined as follows [30]:

I(t) = A exp (;—f) + A exp (;—;) 4)

Where I(t) is the luminescence intensities at time t; and T,, respectively, and
A, and A, are a constants t; and T, are the decay times for the exponential
components. The detailed fitting parameters are shown in Table 4.4. It is well
known that the lifetime decreases with an increasing concentration of active ions
due to the energy transfer between active ions, leading to concentration quenching.
However, there is an increasing trend in the lifetime with an increasing Tb**
concentration. Decay lifetimes for the SroLa;(POs);: xTb** phosphors are
estimated to be 2204, 2890, 3211, 3522, and 4062 s, with x= 0.2, 0.4, 0.6, 0.8,
and 1.0, respectively. Indeed, this difference is interesting and worth further

investigation.
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Fig. 4.13 Decay curves of SroL.a;«(PO4)7: xTh*>" (x=0.2, 0.4, 0.6, 0.8, 1).

Table 4.4 Fitting parameters of different decay curves for SroLa(PO4);: xTb*".

Samples Ay T1(ps) A; T2(ps) T(ps)
x=0.2 9.316 <822 0.180 3304 2204
x= 0.4 0.569 78.76 0.352 3009 2890
x= 0.6 0.919 63.04 0.377 3355 3211
x=0.8 6.038 31.00 0.367 3970 3522
x=1.0 0.103 1697 0.277 4401 4062
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The energy transfer scheme of Tb*" in the SroLa(POx); host is shown in Fig.
4.14. Tb*" ions absorb the energy from 376 nm irradiation and are excited from the
ground state of "Fs to the excited state of *D;. The Tb*" concentration is high
enough, and the emission from the “Ds level of Tb*" is much weaker than the
emission from the °Dy level due to cross-relaxation. Therefore, the blue emission
is not seen, the excited Tb>" relaxes to the low excited state Dy through non-
radiative transition, the radiative decay the ground state with a strong green

emission.
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Fig. 4.14 Tb** energy level diagram.
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. Conclusions

A series of SroLa(PO4)7: xSm** (x=0.01, 0.03, 0.06, 0.09, 0.12) phosphors were
successfully fabricated via a conventional solid-state reaction. The
crystallographic analysis indicated that the doped SroLa(POx);: Sm** compounds
crystallized in the rhombohedral crystal structure (space group: R3m (166)). The
PL spectra of SroLa(PO4)7: xSm*" samples were made up of four emission bands
around 556, 595, 640, and 709 nm, corresponding to the *Gsn — SHy (J=5/2, 7/2,
9/2, 11/2) transitions of Sm** ions, respectively. Among them, the "Hs», was the
most populated level. The optimal Sm** doping content turned out to be x= 0.03,
and the critical transfer distance R. of Sm*" in SryLa(PO,); was determined to be
21.917 . The results pointed out that the SroLa;(PO4)7: xXSm®* phosphors have a
potential as orange-red phosphors for developing w-LEDs excited by n-UV

radiation.

A series of novel SroLa;(PO4)7: xTb*" (x=0.2, 0.4, 0.6, 0.8, 1) phosphors have
been synthesized using the solid-state reaction method. From the XRD pattern
analysis, it was confirmed that the crystal structure of the samples changed from
rhombohedral (space group R3m) to monoclinic (space group 12/a) with increase
of the x value. The HRTEM image confirmed that some Tb*" ion are substituted
at the La’" site in the space group R3m and the other are in the space group 12/a
formed as SroTb(PO4);. In other word, the phosphors except x=1 have mixed
crystals with R3m and 12/a. The phosphors have a wide excitation band at the near-
UV region due to the spin-allowed 4f*—4f’5d"' transitions of Tb*" ions.

Furthermore, the PL under the 376 nm excitation shows sharp high-intensity peaks

49



at approximately 542nm that have been ascribed to the transition between the
excited state ('Fs) and the ground state (*Ds) of the Tb**. The PL intensity of SroLa;.
«(PO4)7: XTb*" increased with an increasing Tb** concentration until a maximum
intensity of about x= 1.0 was reached. It means that the concentration quenching
of Tb*" did not occur in the SroLa(POs); host due to the [PO4]* tetrahedron
surrounds the luminescent center and acts as an obstacle between Tb*" ions. The
lifetimes monitored at 614 nm abnormally increased from 2204 to 4062 ps due to
the crystal transformation with increasing of the concentration of Tb*". The results
indicate that SrgLa(PO4)7: Tb*" could be an excellent candidate as a green-emitting

phosphor.
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