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ARTICLE INFO ABSTRACT

Keywords: The novel orange-red-emitting Ca,Yg(SiO4)¢02:Sm>* phosphors (CYSO:Sm>®*) were synthesized via conven-
CayYg(Si04)602 tional a solid state reaction. The crystal structure and atomic coordinates of CYSO:Sm>* was characterized by
Photoluminescence Rietveld refinement. Luminesce properties of as-synthesized CYSO:Sm>®* phosphors are carried out by PL/PLE,
Phosphor

decay life time, thermal quenching as well as reflectance spectrometer and LED fabrications. The results in-
dicates that composition-optimized CYSO:1%Sm>* exhibits orange-red emission peaks located on 564, 601, 608
and 648 nm attributed to the transitions of *Gs,» — ®Hs,, *Gs/> — ®Hy,2, *Gs/» — °Hy,» and *G*? — °H,»,
respectively. The decay lifetime of CYSO:Sm>®* phosphors was in the range of 0.37-1.10 ms. The temperature-
dependent photoluminescence is decreased to 80% from room temperature to 150 °C, which is superior to that of
commercial red phsophpr-Y,03:Eu®*. The results of LED fabrication by combing 405 chips and blue/green
phosphors are demonstrated in this study. Finally, from viewpoint of theoretical calculations, band structure and
density of state for CYSO and CYSO:Sm>* are studied by first principles calculations. All the results indicate that

Solid state reaction

CYS0:Sm** phosphors could be a potential material for white light-emitting diodes.

1. Introduction

In recent years, white light-emitting diodes (W-LEDs) have drawn
much attractions due to their merits of high brightness, en-
vironmentally friendly, long lifetime, well energy efficiency and less
power consumption [1-4]. Thus, it is considered to be the next gen-
eration light source. The traditional W-LEDs are mainly manufactured
by combing the blue-emitting InGaN chips with a yellow-emitting
phosphor, Ce®*-doped yttrium aluminum garnet (YAG:Ce®**) [5-7].
This approach, however, leads to thermal quenching and fails to
achieve higher color rendering index (CRI) because of the lack of red
component in blending of different color phosphors [8]. In order to
overcome these disadvantages, some approaches could be used, such as
adding red-emitting nitride-based phosphors (Sr,SisNg:Eu®* or CaAl-
SiN5:Eu?™), oxides [60] or carbon quantum dots [61]. Even though
these nitride phosphors have excellent thermal stability. Nevertheless,
they have relatively high producing expense because of the patent li-
censing costs and processes of synthesis which require higher sintering
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temperature and high pressure [9]. Hence, for above reasons, it is much
necessary to develop new red-emitting phosphors which are suitable for
n-UV (370-410 nm) or blue chip (~460 nm) to exhibit good thermal
stability and lower manufacturing costs for warm light W-LEDs.

Rare earth ions-doped phosphors are considered as the potential
photoluminescence materials. Among these rare earth ions, Samarium ions
(Sm>*) are demonstrated reddish-orange emission nature under excitation
because of the transition of *Gs,, — °H; (J = 5/2, 7/2, 9/2 and 11/2)
[10-12]. Recently, a series of Sm>*-doped phosphors have been reported,
such as BaMoO,4:Sm> " [13], Sr»ZnSi,0,:Sm>" [14], NaCaBO3:Sm>* [15],
KLaSr3(POF:Sm®*  [16], NayCaSnyGe;01:Sm®*  [17],  CagBi
(PO4)3:Sm>* [18] and Ba,Ca(BOs),:Sm>* [19]. In addition, some litera-
ture focusses on Sm®>* and Eu®>* co-doped to enhance luminesce intensity
via energy transfer from Sm®* to Eu®>* and to extend both the excitation
and emission spectra. For example, SrBi,Si,0,:Sm®**, Eu®* [19],
CaGdy(WO,)4Eu®t, sm3* [20], LaMgAl;10,:Sm®*, Eu®* [21] and
Na;YSi,0:Sm>*, Eu* [22] have been reported. Lu et al. report
BisSiz01,:Sm>*, which were prepared via sol-gel method. It revealed
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strongest emission peak located at 608 nm due to the transition of *Gs —
H,,, [23]. The optimum doping concentration was 4 mol.% and the
diameters of particles reached 2 to 4 um. Gokhe et al. displayed Sm>*-
doped LiAlSiO4 phosphors by a solid state reaction [8]. The particle size
and morphology were determined through SEM and the average size was
in the range of 2-10 um. The XDAX were used to realize the presence of
element content for as-prepared samples. The CIE coordinate (x = 0.595,
y = 0.387) indicated that the phosphors could be a potential candidate for
pc-LEDs. Nair et al. discussed the CagMgg(PO4)4:Sm3Jr phosphors, which
were investigated that they emitted orange emission as excited by n-UV
and blue light. They found the energy transfer mechanism of that was
dipole-dipole interaction [24] and showed three emission peaks attributed
to transition of *Gs o — °Hs /24G5 2 — °H, /o and 4Gy o — %H, />. Besides, Kang
et al. reported Na,Y,Tis0;0:Eu®*, Sm®* phosphors, which showed a 3-
fold higher PL intensity than that of commercial red-emitting Y,0,S:Eu®*
phosphors upon 396 nm. The Sm>™ ions acted as a sensitizer, which in-
creased the PL intensity up to 35% as excited under 410 nm. The fabri-
cation of LEDs were combined with 400 nm chips, which showed the Ra
and CCT were 83 and 5556 K, respectively [25].

Phosphors  structure with the formula A,REg(SiO4)60-
(A = divalent alkaline-earth metal cation, RE = trivalent rare earth
ion) are stable and rigid materials various compositional substitutions
of rare earth activators [26-33]. Therefore, we chose this structure to
carry out more study.

To the best of our knowledge, Sm3+-doped CayYg(Si04)60> phos-
phors have not been reported in the literature. As a result, it is a po-
tential material to be developed in LEDs applications. In this paper, we
firstly report the characterization of un-doped and Sm®*-doped
Ca,Yg(Si04)02 phosphors, synthesized via a solid state reaction. To
further investigation, the crystal structure was observed by both
powder X-ray diffraction and Rietveld refinement. The local crystal
structure and bonding of dopant cations would affect the optical
properties, which could be obtained through photoluminescence
spectra. The theoretical calculation was first studied for Ca,Yg(SiO4)s02
phosphors. We also attempted to acquire the properties of color quality
of as-prepared phosphors such as CCT, CIE and CRI which are the
fundamental to design the luminescent materials. All the results were
carefully investigated in detail in this paper.

2. Experimental
2.1. Sample preparation

The Ca,Y5(Si04)602:Sm>* phosphors were prepared by a conven-
tional solid state reaction. CaCO3 (A.R. 99.99%), Y503 (A.R. 99.99%),
Si0, (A.R. 99.99%), Sm,03 (A.A. 99.9%) were used as raw materials to
synthesize phosphors. After all the raw materials were ground thor-
oughly in an agate mortar, the mixtures were placed into alumina
crucible, which was heated at 1450 °C for 8 h in air and then cooled
down to room temperature naturally.

2.2. Sample characterization

The powder diffraction data of Ca,Yg(Si04)602:0.01Sm> " for
Rietveld analysis was collected at room temperature with a Bruker D8
ADVANCE powder diffractometer (Cu-Ka radiation) and linear
VANTEC detector. The step size of 26 was 0.016°, and the counting time
was 2 s per step. The 26 range of 9-70° was measured with 0.6 mm
divergence slit, but 26 range of 70-140° was measured with 2 mm di-
vergence slit. Larger slits allow noticeably increase intensity of high-
angle peaks without loss of resolution because the high-angle peaks are
broad enough to be not affected by bigger divergence beam. The esd's
o(I;) of all points on patterns were calculated using intensities I;:
o(I;) = ;' The intensities and obtained esd's were further normalized:
L norm = L X 0.6/(slit width), Oporm(l) = o(L;) X 0.6/(slit width),
taking into account actual value of divergence slit width which was
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used to measure each particular intensity I;, and saved in xye-type file.
So transformed powder pattern has usual view in whole 26 range 9-
140°, but all high-angle points have small esd's. The photoluminescence
(PL) and photoluminescence excitation (PLE) spectra of the samples
were analyzed by using a Spex Fluorolog-3 Spectrofluorometer
equipped with a 450W Xe light source. The Commission International
de I'Eclairage (CIE) chromaticity coordinates for all samples were
measured by a Laiko DT-101 color analyzer equipped with a CCD de-
tector (Laiko Co., Tokyo, Japan). Time-resolved measurements were
performed with a tunable nanosecond optical-parametric-oscillator/Q-
switch-pumped YAG:Nd®* laser system (NT341/1/UV, Ekspla).
Emission transients were collected with a nanochromater (SpectraPro-
300i, ARC), detected with photomultiplier tube (R928HA,
Hamamatsu), connected to a digital oscilloscope (LT372, LeCrop) and
transferred to a computer for kinetics analysis. Thermal quenching
measurements were investigated using a heating apparatus (THMS-
600) in combination with a Jobin-Yvon Spex, Model FluoroMax-3
spectrophotometer.

2.3. Theoretical calculations

All theoretical calculations were based on density functional theory
(DFT) [34,35] and all calculations were done by CASTEP packages [36]
Ultrasoft pseudopotentials [37] and planewaves with cutoff energy
380 eV were implemented. In addition, revised Perdew Burke Ernzerhof
(rPBE) functional [38] was used to treat electron exchange-correlation
energy. The unit cell of Ca,Ys(SiO4)¢O> was obtained by X-ray dif-
fraction measurements. The structure possessed P63/m symmetry with
lattice parameters, a 9.3507 [o\, b = 9.3507 Z\, c 6.7889 Z\,
a = 90°% B = 90°, and vy 120°. Sm®** doped Ca,Yg(SiO4)sOowas
constructed by replacing one of Y>* in Ca,YsSm(Si04)sO- by one Sm**
because their similar atomic radii and charges. We assumed Sm>* was
in low-spin state, and spin polarizations were considered in the theo-
retical calculations of Ca,Y,Sm(Si04)60,. The geometry optimization
was carried out on both systems, Ca,;Yg(Si04)6O» and Ca,Y,Sm
(Si04)604 without any symmetry constraint. The Monkhorst-pack mesh
was set 1 X 1 x 2 for geometry optimizations and 2 X 2 x 2 for density
of state (DOS) and projected density of state (PDOS) calculations. The
optimization criteria for energy, max forces, max stress, and max dis-
placements were 1.0 x 10~ ° eV/atom, 0.03 eV/A, 0.05 GPa, and
0.001 A respectively. The tolerance of self-consistent field calculations
(SCF) was 2.0 x 10~° eV/atom.

3. Results and discussion
3.1. Crystal structure

For the purpose of investigating the phase purity, crystal structure
and crystallinity of as-synthesized powders, X-ray diffraction patterns
were measured. Fig. 1(a) shows the XRD pattern of
Ca,Y5(Si04)604:0.01Sm>* phosphors as well as the standard pattern for
Ca,Ys(Si04)60- (ICSD file n0.252709) as reference. It revealed that all
the diffraction peaks of the as-prepared powders are consistent with the
Standard pattern (ICSD file n0.252709). There are no any impurity and
second phase. Therefore, the results illustrate that the samples are
single phase and the host will not be changed even though which are
doped with Sm®" ions. CayYg(SiO4)60> crystallizes as a hexagonal
system with the space group P63/m, whose lattice parameters are
a = 93057 A, b = 9.3057 A. ¢ = 6.7899 A, a = 90°, B = 90°,
y = 120°, and Z = 1. Fig. 2 presents the Ca,Yg(Si04)¢0- structure and
coordination of Y ion. As shown in Fig. 2, Y ion is coordinated by four
and nine oxygen. The ionic radii of six-coordinated and nine-co-
ordinated Y3* ions are 0.90 A and 1.08 A, respectively. The ionic radii
of six-coordinated and nine-coordinated Sm>* ions are 0.96 A and
1.13 A, respectively. Therefore, the Sm>* ions are expected to sub-
stitute Y>* ions due to the similar ionic radii and charge valences.
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Fig. 1. (a) Powder XRD patterns of Ca,Yg(Si0,4)602:0.01Sm>*. (Ca,Ys(Si04)60; file no.
ICSD: 252709). (b) Difference Rietveld plot of Ca,Yg(Si04)604:0.01Sm>*.

Moreover, this structure exhibits one crystallography nonequivalent
site of cation, that is 4f site with nine-coordinated [Ca2*/Y3"]. The
occupancy of Ca®™ and Y3* in the 4f site are 49.9% and 50.1%. In order
to further comprehend the Ca,Yg(SiO4)6O- structure, the structure was
refined by the Rietveld refinement method.

3.2. Rietveld refinement

Rietveld refinement was performed by using TOPAS 4.2 [39] which
accounts esd's of each point by special weight scheme. Almost all peaks
besides small amount of Y,03 impurity peaks indexed by hexagonal cell
(P65/m) with parameters close to Ca,Yg(Si04)s02:Bi®* [40], therefore
this crystal structure was taken as starting model for Rietveld refine-
ment. There are two Ca/Y sites in the asymmetric part of unit cell, and
occupations of Ca%* and Y3* ions in both of them were refined with
linear restriction occ(Ca)+occ(Y) = 1 for each site. The Sm®™ ions
were not accounted in refinement due to small concentration value. All
thermal parameters of ions were refined isotropically. Refinement was
stable and gives low R-factors (Table 1, Fig. 2). Coordinates of atoms
and main bond lengths are in Table 2 and Table 3, respectively. Che-
mical formula after refinement was Caz 94¢6)Y7.06(6)(S104)602, which is
only slightly differ from expected one Ca,;Yg(Si04)05.

3.3. Luminescence properties
Fig. 3(a) shows the PLE spectra of Ca,Yg(Si04)602:Sm> ™ phosphors.

The strongest peak of excitation is located at 405 nm monitored at
601 nm emission, which is ascribed to °Hg o —> ‘F, /o transition of Sm3™*
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Table 1
Main  parameters of processing
Ca,Yg(8104)60,:0.01Sm>* sample.

and refinement of the

Compound Ca,Ys(5i04)604:0.01Sm>*
Sp.Gr. P63/m

a, A 9.3549 (2)
¢ A 6.7879 (1)
v, A3 514.45 (2)
z 1
26-interval, ° 9-140
Rup, % 5.02

Ry, % 4.00

Rexpy % 1.48

1»v 3.39

Rp, % 1.46

(Ca1/Y1/Sm1)0O,

(Ca2/Y2/Sm2)0,

Fig. 2. The crystal structure of Ca;Yg(Si04)602 and coordination sphere of Y ion.

Table 2
Fractional atomic coordinates and
CayYs(S8i04)60,:0.01Sm>*.

isotropic  displacement parameters (A%) of

X y z Biso Occ.

Cal 1/3 2/3 —0.0019 (4) 1.29 (5) 0.479 (7)
Y1 1/3 2/3 —0.0019 (4) 1.29 (5) 0.521 (7)
Ca2 0.2377 (1) 0.0038 (2) 0.25 0.87 (4) 0.171 (9)
Y2 0.2377 (1) 0.0038 (2) 0.25 0.87 (4) 0.829 (9)
Si1 0.3720 (3) 0.3993 (3) 0.25 1.04 (7) 1
01 0.2462 (5) 0.3378 (5) 0.4400 (5) 2.2 (1) 1
02 0.4815 (7) 0.3106 (7) 0.25 2.0 (1) 1
03 0.5276 (8) 0.3979 (8) 0.75 2.4 (2) 1
04 0 0 0.25 3.2(2) 1

Table 3

Main bond lengths (A) of Ca,Yg(S8i04)02:0.01Sm>*.
(Cal/Y1)—O1! 2.793 (4) (Ca2/Y2)—03" 2.382 (5)
(Cal/Y1)—02" 2.348 (4) (Ca2/Y2)—04 2.206 (1)
(Cal/Y1)—03' 2.402 (5) Si1—O01 1.644 (3)
(Ca2/Y2)—01Y 2.409 (4) $i1—02 1.609 (4)
(Ca2/Y2)—01" 2.282 (4) si1—o3' 1.643 (7)
(Ca2/Y2)—02 2.626 (6)

Symmetry codes: (i) -x + y, -x+1, 2z+1/2; (i) x+1, -y +1, -z; (iii) -x+1, -y+1, -2+1;
(iv) x +y, x, 2+1/2; V) y, x + y, z+1.

The excitation spectra include a series of peaks, which arise at 361, 377,
405 and 475 nm, which are attributed to ®°Hs 5 — D35, °Hs 2 — *D 2,
SHs/» — *Fy9, ®Hs/2 — *I13,» transition, respectively. Fig. 3(b) shows
the emission spectra of Ca,Yg(SiO4)g02:Sm>* phosphors. Upon 405 nm
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Fig. 3. (a) The PLE spectra of Ca,Yg(Si04)s02:x mol.% Sm>* phosphors (x = 0.5-7)
monitored at 601 nm; (b) The PL spectra of Ca,;Yg(SiO4)602:x mol.% Sm** phosphors
(x 0.5-7) excited at 405 nm; (c) Energy level diagram of Sm®* shows the in
CayYg(Si04)602 phosphors.
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excitation, the PL spectra present several emission peaks located at 564,
601, 608 and 648 nm, which can be ascribed to the transition of “Gs,
2 = ®Hs/2, *Gs/» — ®Hy2, *Gs/2 — ®Hy,» and *Gs,» — ®Ho,s, respec-
tively. The intensity of luminescence increased as the concentration of
Sm>* increased and the optimal doped concentration was found to be
1 mol.%. This situation is due to concentration quenching, which is
resulted from two mechanisms in a compound. One is exchange inter-
action, and the other is multipolar interaction [41]. As increasing the
content of activators, the distances between activators will become
shorter. Therefore, the non-radiative energy transfer between the
nearest-neighbor activators leads to the re-absorption of radiation and
decreases the intensity of emission.

In this study, we calculated the values of the critical distance (R.)
through both concentration quenching method and spectral overlap
method. For the purpose of clarifying which mechanism is responsible
for the concentration quenching effect. Therefore, we calculated the
critical energy transfer distance (Rc) through the following equation
proposed by Blasse [42-45]:

]1/3

where V presents the volume of unit cell, Xc stands for the critical
concentration of Sm®" ions and N is the number of cations in the unit
cell. For Ca,Yg(Si04)60, host, V = 514.14 A3, Xc = 0.01 and N = 1.
Consequently, the critical distance (R,) is calculated to be 46.13 A. For
the electric dipole-dipole interaction, the critical distance (R.) for the
energy transfer can be expressed by:

3V
47X, N

Rex 2 [
(€]

RS = 0.63 x 10282—3 f F, (E)E4(E)dE -
where Q4 = 4.8 x 107 '° f; is the absorption cross section of Sm®*, f;
=~ 0.34 is the electric dipole oscillator strength for Sm®™ ions, and E; in
(eV) is the maximum energy of spectral overlap. f F, (E)F4,(E)dE re-
presents the spectral overlap between the normalized spectra shapes of
emission F; (E) and excitation F,(E). Therefore, the critical distance is
calculated to be 55 A by spectral overlap method, which is approxi-
mately consistent with that obtained by concentration method. Ac-
cording to the presented work, the possibility of exchange interaction
was excluded because it only takes place when the critical distance is
less than 5 A [46].

The probability of energy transfer between the activator ions can be
calculated by the following equation [47-49]:

I k

X 1+BRPP 3)

where I is the emission intensity, x stands for the concentration of ac-
tivator. k and {3 are constants for the same host under the same ex-
citation condition. The kinds of non-radiative can be explained by the
values of 6. The value of 6is 6, 8, and 10 corresponding to dipole-dipole
(d-d), dipole-quadrupole (d-q), quadrupole-quadrupole interactions (q-
q), respectively. The relationship between log (I/x) and log(x) is shown
in Fig. 4 The slope of the linear fit is (-6/3), which was calculated to be
-1.4. Therefore, the value of 0 is approximately estimated to be 6.
Therefore, the result illustrates that the main type of energy transfer is
dipole-dipole interaction.

The temperature-dependence luminescence intensity is an essential
property for high power LED application. Fig. 5(a) shows the temperature-
dependence luminescence intensity as a function of temperature for
Ca,Yg(Si04)602: 1 mol.% Sm>®* phosphor excited at 405 nm. The PL in-
tensity of the four emission peaks located at 564, 601, 608 and 648 nm
were attributed to the transitions of 4G5/2 — ®Hg ), 4G5/2 — 6H7/2, 4G5/
2 — ®H,,, and *Gs,, — ®Ho,,, respectively. It was investigated that in-
creasing the temperature from 25 °C to 300 °C would lead to the decrease
of these transitions. Fig. 5(a) illustrated that the temperature-dependence
luminescence intensity of CayYg(Si04)602:0.01Sm>* was decreased to
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Fig. 4. The concentration quenching of Ca,Y5(Si04)¢02:5Sm>* under 405 nm excitation.
The inset plot shows the relationship of log (x) vs log (I/x).

94%, 86%, 80%, 72%, 66%, and 58% at 50, 100, 150, 200, 250 and
300 G, respectively. These results indicated that
Ca,Yg(Si04)602:0.01Sm** phosphors exhibit an excellent thermal stabi-
lity. It is believed that the intensity decreases as the temperature increase
due to the thermal quenching effect. To the best of our knowledge,
thermal quenching is due to the nonradiative relaxation process through
the intersection point between the ground state and excited state as de-
picted in Fig. 5(c) [50,51]. Fig. 5(b) demonstrates the activation energy
(Ep) of CayYs(Si04)602:0.01Sm®* phosphor. The activation energy (E,)
can be expressed by Ref. [52]:

ln(b) =InA -
I (€]

where I, and I stand for the luminescence intensity of the
Ca,Yg(5i04)60-:0.01Sm®* phosphor at room temperature and the mea-
suring temperature (25-300 °C), respectively, A is a constant, and kg is the
Boltzmann constant (8.617 x 107> eV/K). The E, was calculated to be
0.16 eV.

The diffuse reflection spectra of undoped and Sm®*-doped
CayYg(Si04)60- host is depicted as Fig. 6 The undoped host presents the
strongest absorption around 400 nm region. As the Sm>* ions are
doped into the host, the DR spectra show the several absorption peaks
from 360 to 500 nm. Those can be ascribed to the absorption of ®Hs,
2 = *Ds/a, ®Hs/2 = *Dyz, ®Hs/z = *Fy/2, ®°Hs/z — *I13,» transition of
Sm®™, which are consistent well with the excitation spectra. The band
gap of the host can be estimated by the following formula [1,53]:

[F(Ro)hv]" = A(hv — Ey)

Eq
kBT

(5)

where hv is the photon energy, A is proportional constant and E, is the
energy of band gap, n = 1/2, 2, 3, 3/2 for direct, indirect allowed
transition and forbidden transition, respectively. F(R,,) is the Kubelka-
Munk function denoted as:

F(Rw) = (1 —R)*/2R =K/S (6)

It is well known that the lifetime plays an important role for the
application of light source and display technology. The PL intensity is
proportional to radiative transition probability and the lifetime is the
reciprocal of the sum of radiative transition, non-radiative transition
and energy transfer probability [54]. To obtain the better comprehen-
sion of energy transfer process, the decay curves are presented in Fig. 7.
It exhibits the typical decay curves of Sm®** °Hs,, — “F,/, emission
centered at 601 nm upon excitation at 403 nm. The decay curves were
well fitted with a second-order exponential decay mode by the

Dyes and Pigments 150 (2018) 121-129

— Fitting line
% Experimental

~_~
]
~—'
b g
& g

I[(I/1,)-1]

0t E=0.16 eV
18 20 22 24 26 28 30 32 34 36 38

/KT (eV*)

r 25°C

Intensity (cps)

600 650 700 750
Wavelength (nm)

800

- Ca,Y4(Si0,)40,:0.1Sm**
—@- Commercial Y,0;:Eu**

-
=]
T

(b)
>
'
-
g 0.8 L
=
L]
|
= 0.6 L
=
5]
S o04)
<
E
e 02}
Z
0.0 | i 1 ; ) i | i )
0 50 100 150 200 250 300

Temperature (°C)

~
()
N’

‘G

Excited state

> | 6
g |°H /...
5 v /[AEa
: A occ.‘f.‘moa
= = & .
=] B i
s ‘g ‘Non-radiative
ol = ,
4 o
= 3*
4°° Ground state

R

Fig. 5. (a)The Temperature dependence of the PL intensity Ca,Yg(Si0O4)02:1 mol.%
Sm** phosphor. (Inset: The relationship between activation energy (Ea) and inverse
temperature (1/T); (b) Comparison of thermal stability for commercial red-emitting
phosphor-Y,04:Eu®* and as-synthesized Ca,Yg(Si04)602:1 mol.% Sm** phosphor; (c)
Configurational coordinate diagram that shows the thermal quenching process of
Ca,Yg(Si04)602:Sm> ™.



C.-T. Chen et al.

&0 Host
Ca,Y,(8i0,),0,:0.05Sm™
? 50 | —(2,Y(8i0,),0,:0.01Sm™
2
o 40
<
Z
~d 30 «Q |
9 B
< :
T 2 £
m [ Band gap=3.7 eV
10
125 1:0 2:5 3:0 3:5 410 4:5 5.0
0 Ph?ton energy (feV) .
300 400 500 600 700 800

Wavelength (nm)

Fig. 6. The diffuse reflection spectra of undoped and Sm>*-doped Ca,Y5(Si04)c0-. Inset:
linear extrapolation of the energy of band gap for Ca,Ys(SiO4)sO2 host.

— Ca,YSi0,)0,: 0.07Sm**
— Ca,Y(Si0,)0,: 0.05Sm**
— Ca,Y(Si0,),0,: 0.03Sm**
— Ca,Y(Si0,);0,: 0.01Sm**
x=0.01,t*=1.10 ms
x=0.03,7* =0.56 ms

x=0.05,7*=0.40 ms
x=0.07,7*=0.37 ms

Excitation: 405 nm

Emission: 648 nm

Intensity (a.u.)

6

8 10
Time (ms)

12 14 16

Fig. 7. Decay curves of Sm®>* emission monitored at 601 nm for Ca,Yg(SiO4)g02:xSm>*
phosphors (x = 0.01-0.07) under excitation at 405 nm.

following equation [55]:

t t
I= A exp| —— | + A, exp| ——
' p( rl) ’ p( rz) @)

where I is the luminescence intensity; A; and A, are constants; t is the
time, and 7; and 7, are short- and long-lifetimes for exponential com-
ponents, respectively. Using these parameters, the average decay times
7* can be determined by the formula as follows [56,57]:

T = (AT + A)/(Ain + An) ®

The average decay times z* were determined to be 1.10, 0.56, 0.4,
and 0.37 ms for CayYg(SiO4)602: xSm>* phosphors with x 0.01,
0.03, 0.05, and 0.07, which was in fairly good agreement to those va-
lues reported in the literature.

For the purpose of determining the quantum efficiency (®) of the
Ca,Y5(Si04)602: xSm>* phosphors, it was calculated by the absorption
efficiency (A) and quantum efficiency (®). The measurement was per-
formed by using the barium sulfate coated integrating sphere which
was attached to the spectrophotometer. The absorption efficiency (A)
and quantum efficiency (@) can be expressed by Refs. [58,59]:
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where A stands for the emission spectrum of the samples, Es and Ex
presents the spectra of the excitation light with and without the samples
in the integrating sphere. In this case, the quantum efficiency (®) of
Ca,Y5(Si04)602: xSm®* phosphor was estimated to be 54%.

3.4. Band structure and density of states

The optimized cell parameters a, b, and ¢ were 5% lager than ex-
perimental data, and the doping of Sm made the cell parameters a and b
0.5% larger than the undoped Ca,Yg(Si04)sO-. The minute change in
cell parameters indicated that the Sm doping did not change the crystal
structure much. Figs. 8 and 9 showed the bandgaps, DOS, and PDOS of
CayYg(Si04)02 and CapY,Sm  (SiO4)¢0,. The band gap of
Ca,Yg(Si04)602 was 4.1 eV at the gamma point of the Brillouin zone.
The differences between the calculated and experimentally measured
band gaps may have various reasons. As the computational models had
some constrains, which made it deviate from the actual situation. The
possible reasons are: i) the amount of Sm®* ions, which were sig-
nificantly higher in the computational model. ii) XRD measurements
shown that there were statistic distributions of Ca and Y in the Y1 and
Y2 sites. The small simulation cell used in this study was not able to
capture this geometrical feature. In addition, the Sm®* ions could oc-
cupy Y1 or Y2 sites, and simulation studies cannot test all possible
structures by the limited cell size. The VBM and CBM were mainly
composed of 2p bands of oxygen atoms and 4d bands of yttrium atoms
respectively. After doping samarium, localized states appeared between
VBM and CBM. These localized states were 1.3-2.3 eV lower than CBM
and there was also a localized state very close to Fermi level. These
localized states were composed of 4f states of doped samarium atoms.
Under ultraviolet radiation, the electrons excited either from VBM to
CBM or these localized states. Therefore, the charge excitation occurred
from 2p bands of oxygen atoms to 4f states of samarium atoms forming
charge transfer bands (CTB). Because the localized states were in the
forbidden band, the Sm 4f-4f transition took place easily leading to a
series of excitation bands from 350 to 500 nm.

3.5. Fabrication

The EL spectra of fabricated LEDs driven by various currents from
40 mA to 150 mA were shown in Fig. 10. The white-light LED was
fabricated with commercial phosphors: BaMgAl,4O;7:Eu®** (BAM),
(Ba,Sr),S8i04:Eu®* and as-synthesized CYS0:0.01Sm>* phosphors. The
CIE coordinates of W-LEDs illuminated under 40, 60, 80, 150 mA were
(0.265, 0.280), (0.260, 0.287), (0.261, 0.288), and (0.267, 0.289) as
shown in inset of Fig. 10. Furthermore, the CRI and CCT of the fabri-
cated w-LED driven by 150 mA currents was determined to be 75 and
11357 K. It could be suggested that the samples are very stable under
various currents due to of the slight moving on CIE coordinate system.

4. Conclusions

In summary, we report novel red-emitting CayYg(SiO4)602:Sm>*
phosphors by a solid-state method and investigate their crystal struc-
ture, luminescence properties, decay curves as well as thermal
quenching and LED fabrications. The phosphor shows excitation spec-
trum with a broad band and several sharp bands in 350-500 nm region.
The emission spectra show an intense and high color purity red emis-
sion at 601 nm with CIE chromaticity coordinates of (0.569, 0.363).
The luminescence decay lifetime of Ca;Yg(Si04)¢02:xSm>* phosphors
were measured to be 1.10-0.37 ms. The thermal stability test indicated
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Fig. 10. The electroluminescence of the w-LED driven by the current from 40 to 150 mA.
Inset: photos CYSO:Sm>* phosphor excited in UV box, fabricated w-LED and the CIE
coordinates of various current of the fabricated W-LED.

that the luminescence decay of 16% at 150 °C and the activation energy
E, was calculated to be 0.16 eV by thermal quenching. The band
structure and density of state for both CayYg(Si04)¢0, and Ca,Y,Sm
(Si04)605 calculated by first principles calculations are in well con-
sistent with our experimental data. We believe CYSO:Sm>®* could be a
potential blue-excitable and red-emitting phosphor for light emitting
diodes.
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