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Reddish orange SrCaszSi;Og phosphors, prepared by the facile solid state
reaction method, are a luminescent enhancement of Na* and Sm>* co-doping
lumlnescent materlal Na* was de51gned to compensate the charge imbalance
of Sm®* ion substituting for the Sr?* ion of orthorhombic SrCasSisOg crystals.
The results suggest that Na* can effectively enhance the luminescent 1nten-
sity of the reddish orange light peaked at about 562 nm (‘Gse — ©¢Hsp),
600 nm (*Gss — SHgqs) and 645 nm (4 G5/2 — SHg) excited by the near
ultraviolet excited light 404 nm (*L135 — ©Hs). The energy transfer has
been further verified by the florescence lifetime. Additionally, the luminescent
lifetime 1 of as-grown phosphors was separated into two parts, a rapid lifetime
and a slow lifetime. The average lifetime results ranged from 2.098 to
1.329 ms which were influenced by the concentration of Sm>* doping. The
systematic researches of as-grown phosphors have clearly suggested a
potential application for white-light-emitting diodes (w-LEDs).

Key words: White-light- em1tt1ng diodes, rare earths, luminescent spectra,

SrCasSiz0g:Sm?*, Na*

INTRODUCTION

White-light-emitting diodes (w-LEDs) have
attracted considerable interest in recent years due
to their superior features such as high color ren-
dering index (CRI), high luminosity efficiency, and
low energy consumption, which is evidenced to be
the next- %eneration light source for solid-state
lighting.'® Currently, major commercial w-LEDs
contain two prototypes. One was designed by com-
bining yellow- and red-emitting phosphors with
GaN-based blue light-emitting diode (LED) chips.”™
The other prototype w-LEDs device was fabricated
by coating blue-, green- and red-emitting phosphors
onto GaAIN- based ultraviolet (UV) LEDs chips.'%!?
Such a combination offers high luminescence

(Received July 24, 2017; accepted December 12, 2017,
published online January 19, 2018)

2386

efficiency, whereas it causes a poor color rendering
index (< 80) due to the red-emitting phosphors with
relatively low luminescence efficiency.'? In order to
address the limited luminescence efficiency of red-
emitting phosphors researchers have exploited
various rare earth ions doped red phosphors such
as CaS:Eu?",'® SrMoO, (BaMoO,):Eu®*,” BasBi
(PO,)3:Sm™,* (CaTiO3 (SrTiO;, BaTiO:; )Pr3+.15
The reported Eu®'-doping red phosphors with
enhanced color rendering capabilities can effectively
be excited by GaN-based (about 460 nm) chips other
than GaAlN-based near UV chips, whereas the near
UV-based (about 400 nm) w-LEDs are evaluated as
a more effectlve packaging model to im mprove CRI of
w-LEDs.®? Tt is noteworthy that Pr®* and Sm?*
dopin p hosphors can be excited by near UV
light,™®~'® and the Sm®* ion is consistently regarded
as considerable doping ions for the orange- -red
lumlnescent materials due to its intense *Gse —
®H; emission range from 550 nm to 670 nm.'?
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Recently, various tungstate, molybdate, oxybro-
mide, silicate and phosphates phosphors, doped
with Sm>®*, have been reported to be extensively
used in w-LEDs.?"2?2 Besides, silicates have been
hailed as remarkable host crystals owing to their
outstanding thermal, chemical, and mechanical
stability.?*=2% Eu®* and Pr®* doped red silicates
phosphors have been widely reported to date,?>~2¢
while Sm>*-doping silicates phosphors have rarely
been reported previously, because the charge mis-
match and charge defect may occur when Sm?* ions

Fig. 1. XRD patterns of Sr1,XCa3Sizog:Smi+ (x=0.02, 0.04 and
0.06) and Sro_ge,ySmo_MCasSigOB:Na; (y=0.04, 0.08 and 0.12)
phosphors.

are substituted to be adaptable to compensate for
the charge imbalance imposed by different cation
substitution.?”?® Hence, it is necessary to utilize a
co-doping method to boost the luminescence effi-
ciency of red-emitting phosphors.

Herein, we present Na* and Sm3* co-doping
reddish orange Srl_x_yCa;;SizOg:Smf+, Nay+ phos-
phors by the simple and effective solid state reac-
tion. The effects of the different Sm>" and Na*
concentrations on the luminescence intensity and
lifetime have been discussed in detail. Our study
also proved that the luminescence properties of
SrCasSis0s:Sm>* with Na* doping can effectively
enhance the luminescent intensity of as-grown
phosphors. It evidently demonstrates a promising
reddish orange phosphor for w-LEDs.

MATERIALS AND METHODS

A series of Sr; , ,Ca3SisOg:Sm?*, Na;r reddish
orange phosphors were successfully prepared by the
conventional solid state reaction method. Appropri-
ate amounts of SrCOs; (99.5%), CaCO3 (99.5%),
Smy03 (99.99%), SiOq (99.9%) and Nay,CO3 (99.5%)
were selected as the starting raw materials and
were mixed homogeneously in an agate mortar. The
molar composition was Sr?*:Ca?":Si**:Sm?*:-
Na* =1 _x_y:3:2:x1y (x = 0 mol.%, 1 mol.%,
2 mol.%, 3 mol.%, 4 mol.%, 5 mol.%, 6 mol.%, y =
0 mol.%, 2 mol.%, 4 mol.%, 6 mol.%, 8 mol.%,
10 mol.%, 12 mol.%). The mixed powders were put
into a corundum crucible and firstly calcined at
600°C for 3 h, and then calcined at 1500°C for 5 h in

Fig. 2. The surface microscopic morphology of SroAgsoag,SigOg:SmgB“ phosphors: (a) SEM, (b) enlarged SEM, and (c, d) EDS images.
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Fig. 3. (a) Emission spectra and intensities of Sry g6CazSizOs: SmaﬁJ4 with the various excitation wavelengths ranging from 400 nm to 410 nm. (b,
c) Excitation (b) and emission (c) spectra of Sry_,CazSi>Og: Sm gx 0.01-0.06) phosphors with emission wavelength 600 nm and excitation

wavelength 404 nm; (d) emission intensities of Sry_,CasSi>Og: Sm

with the various Sm®* doping concentrations.

air. The final phosphors were obtained after
grinding.

The phase composition of Sr;_,_,CazSiyOs: Sm
Na phosphors were identified by the X'Pert Pro

MPD (Holland) x-ray diffraction meter with Cu K,
radiation (1 = 0.154 nm). The morphology and ele-
ment compositions were recorded using scanning
electron microscopy (SEM, S4800) and energy-dis-
persive x-ray spectroscopy (EDS, S4800), respec-
tively. Luminescence spectra and lifetimes were
investigated at room temperature using a FLS980
(Edinburgh Instruments) spectrometer with a
450 W Xenon lamp and a 60 W microsecond pulsed
xenon flash lamp, respectively.

RESULTS AND DISCUSSION

The crystallinity characterizations of Sr;_,CasSiyOxs:
Sm?" (x = 2 mol.%, 4 mol.%, 6 mol.%) and Srogs
Smy04CasSiz0g:Na; (y = 4 mol.%, 8 mol.%, 12 mol.%)
phosphors with arbitrary composition were determined
by x-ray powder diffraction, as shown in Fig. 1. The
diffraction pattern for all samples are similar and no extra
peaks are detected, and the diffraction peaks are assigned
to crysta]hne SrCasSisOg (JCPDS No. 77-1619) with the
tunable Sm®" and Na* contents.?*?° This result reveals
the crystalline structure of Sr03381208 cannot be affected
by co-doping Sm*" and Na* ions, which i Is ascribed to the
perfect incorporation of Na* and Sm>* into the host
lattices. No other impurity phases can be detected,
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Fig. 4. (a, b) Excitation (a) and emission (b) spectra of Sro_ge,ySmo_mCaaSigOs:Na; (y = 0.02-0.12) phosphors; (c, d) excitation (c) and
emission (d) intensities of Sro_gs,ySmO,MCasSizOS:Na; (y = 0.02-0.12) phosphors.

implying that almost pure Sr;_,_,CasSizOg:Sm?", Na;
was obtained.

The morphology and particle size commonly affect
the luminous and heat dissipation efficiency of
phosphors. SEM images (Fig. 2a and b) clearly
present the irregular Sro.940a3Si208:Sm(?;}“)4 crystals
with the diameter of about 2—6 um, the particle size
is conducive to the encapsulation of LEDs. More-
over, the element distribution and the nominal
stoichiometry were explored by using the SEM-EDS
mapping analyses. According to the EDS spectra
(Fig. 2¢), the Sr, Ca, Si, O and Sm elements can
be detected in the phosphors, and the mass ratio
of different elements, Mg Mca:Msi:Mo:Mgy,
(0.68:0.93:0.44:1:0.04), is in close agreement with
the  stoichiometry of  SrggsCasSizOg:Smdh,,
(0.68:1.21:0.46:1:0.04)). Figure 2d also illustrates
Sm>*-doping ions are uniformly distributed in the

Sro,%Ca3Sizog:Sm(3)}’)4 phosphors, these results

suggest that that high quality phosphors with
uniform rare earth ion doping can be anticipated
through the facile solid state reaction.

Figure 3 obviously demonstrates the fluorescent
properties of as-grown Sr1,xCeJL3SiZOg:Sm;3;Jr
(x = 0.01-0.06) phosphors annealed at 1500°C. The
emission spectra and intensities of SrCazSisOg:
Sm>* with the various excitation wavelengths rang-
ing from 400 nm to 410 nm is clearly demonstrated
in Fig. 3a, which indicates that 404 nm is the
optimal excitation wavelength. As shown in Fig. 3b,
the excitation spectra for 600 nm emission has a
series of peaks located at 306 nm, 318 nm, 334 nm,
345 nm, 362 nm, 376 nm, 391 nm, 404 nm, 416 nm,
424 nm, 439 nm, 462 nm, and 474 nm, and these
peaks can be attributed to the 4P5/2 - 6H5/2
(306 nm), *Psjy — °Hyp (318 nm), “Hyzye 6
(334 nm), *K155 — °Hss (345 nm), “Dsyy
(362 nm), “Dyy — °Hsp (376 nm), *Kqy/z
(391 nm), “L132 — °Hsz (404 nm), °Pss

VAN
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Fig. 5. The diagram of the luminescence mechanism of Sm®" and
Na* co-doped SrCa3Si,Og phosphors for white LEDs.

Fig. 6. The chromaticity diagram of SrggsSMo 04CasSi-Og:Nay
phosphors.

(416 nm), 4115/2 - 6H5/2 (424 nm), 4G9/2 —> 6H5/2
(439 nm), *I135 — SHss (462 nm) and Iy —
SHss (474 nm) transitions of Sm?®* ions,

respectively.?°35 The excitation spectra evidently
reveal that SrCasSisOg:Sm>* can be effectively
excited by near-UV and blue light LED chips.
Under 404 nm excitation, the characteristic emis-
sion peaks of SrCasSi;Og:Sm®* were observed at
562 nm, 570 nm, 600 nm, 645 nm, 655 nm, 705 nm,
and 712 nm, as illustrated in Fig. 3c. Among these
peaks, the strongest peak at 600 nm corresponds to
the ‘Gss — SHys transitions of Sm®*. The other
five peaks should be ascribed to the transition of
‘Gsiz — SHypp (562 nm) “Gss — ®Hpp (570 nm),
4(;'5/2 - 6H9/2 (645 nm), 4G5/2 - 6H9/2 (655 nm),
‘Gsp — °Hip (705 nm), and *Gse — °®Hiwe
(712 nm). Figure 3d gives the comparison of the
emission intensity for SrCasSi;Os:Sm3* phosphors
with a series of Sm®" doping concentrations. The
emission intensity gradually increases with increas-
ing Sm®* concentration, and reaches a maximum
value at 4 mol.%. After that, the concentration
quenching occurs when the concentration of Sm?3*
increases continuously. The quenching can be
attributed to the increased odds of non-radiative
energy transfer from one Sm®* to another. The non-
radiativity is associated with the ion-ion interac-
tion, which is provoked by the shorting distance
between the nearest Sm>*, the cross-relaxation
processes: *Ggqo + °Hyzo — 2(5Fg) may be the
major concerns for the non-radiative energy trans-
fer from Sm®* to Sm?3* 3637

As we know, the charge imbalance, ascribed to the
substitution of trivalent Sm3* for divalent Sr?* in
SrCasSisOg phosphors, will result in a dramatic
reduction of the luminescence intensity.?® The effect
is probably related to the increased concentration of
oxygen vacancies that are needed for the charge
compensation in the lattice. The charge generated
by Sm>* substitution for Sr’®*can be neutralized by
incorporating alkali metal ions, such as Na*, Li*,
K*.3839 In this paper, the Na* ion in Nay,CO; was
applied to compensate for this charge imbalance
(2Sr** — Sm?* + Na*). The fluorescence spectra of
Srg 965mg 04CazSipOg with the various Na* doping
concentrations ranging from 2 mol.% to 12 mol.%
are demonstrated in Fig. 4a and b. It is obviously
shown that the spectra of Sry ggSmg 04CasSioOg:Na*
are similar to that of the as-prepared SrCas.
Si505:Sm>* phosphors without a charge compen-
sator. As shown in Fig. 4c and d, the luminescence
properties of SrgggSmg ¢4CaszSisOg are remarkably
modified by the Na* doping. The luminescence
intensity initially increases with increasing the
amount of Na*, and then decreases gradually with
a further increase of Na*'. It reveals that Na* can
effectively enhance the luminescence intensity of
Srg.965mg 04CazSiosOg as a charge compensator, and
the optimal Na* doping concentration should be
about 10 mol.%. The fluorescence emission intensity
of Srg9eSmg 04CasSisOg phosphors increased to 6.3
times after co-doping with 10 mol.% Na*. Thus,
excessive Na™ act as a charge compensator that is a
necessary condition for enhancing the fluorescence
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Fig. 7. (a, b) Photoluminescence decay traces of Sr1,,(CasSi208:Sm?(+ (x = 0.01-0.06) phosphors with excitation wavelength 404 nm and
emission wavelength 600 nm; (c, d) photoluminescence decay traces of Sro,ge,ySmo_MCae,SiZOs:Na; (y = 0.02-0.12) phosphors with excitation

wavelength 404 nm and emission wavelength 600 nm.

intensity. For the more explicit presentation of the
above spectra, these transition spectra were
sketched in detail in Fig. 5.30734

The chromaticity color coordinates are an impor-
tant index to evaluate phosphor performance. Fig-
ure 6 shows the Commission International de
L’Eclairage (CIE) chromaticity diagram of
Sro_%Smo_MCagSizOS:Naaf 1 phosphors upon 404 nm
excitation, and the coordinates are (X, Y) = (0.6142,
0.3752). Thus, Sm?®* and Na* co-doped SrCa3SiyOs
phosphors have potential values applied to w-LEDs.

The luminescence decay curves of SrCasSisOsg:
Sm?®*, Na* were measured at room temperature
with excitation wavelength 404 nm and emission
wavelength 600 nm, as shown in Fig. 7, which can
be expressed as the following equation®’:

I(t) = Are™/™ 4+ Age /™2, (1)
where I(¢) is the luminescence intensity, A; and A,
are constants, ¢ is the time; 7; and 75 are rapid and
slow lifetimes, which can be fitted by the double
exponential function. The average decay times (%)
of the *Gse — SHq transition can be defined by
the equation as follows:

— (Al‘C% +A2‘L’%)/(A1‘E1 —|—A2‘CQ). (2)

The values of Aj, 11, As, 79, t* and x%can be
obtained in Tables I and II.

The decay curves of “Gss — ®Hy transition with
the various Sm®* doping concentrations are clearly
displayed in Fig. 7a. As shown in Fig. 7b, the
calculated rapid lifetimes and slow lifetimes are
decreasing with the elevation of Sm®* doping con-
centration. The average lifetime of the *Gypq is
significantly reduced from 2.098 ms to 1.329 ms
with the increase of Sm®* jon concentration, it can
be explained by a concentration quenching effect as
mentioned above. As the Sm3* doping concentration
increases, the increased interaction or energy trans-
fer migration among Sm?®* ions will result in the
enhanced provability of non-radiative rate and the
reduced lifetimes. Furthermore, the luminescence
decay curves of SryggSmg o4CazSisOg with the var-
ious Na* doping concentrations are demonstrated in
Fig. 7c.

As illustrated in Fig. 7d, it is interesting that
there was no significant change of the luminescent
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Table I. Decay lifetime of Srl_xCa3Si208:Sm§+ (x = 0.01-0.06) phosphors excited at 404 nm with the emission
monitored at 600 nm

Sample T1 Ay Ty A, T+ (us) X

x =0.01 578.52 185.36 2204.63 691.56 2097.78 1.62
x = 0.02 437.49 246.83 1974.48 613.69 1848.71 1.69
x =0.03 433.62 301.72 1842.72 532.92 1677.06 1.72
x = 0.04 401.48 325.59 1758.19 475.13 1574.62 1.66
x =0.05 274.01 327.67 1543.52 427.75 1391.54 1.68
x =0.06 279.93 392.32 1522.33 392.34 1329.37 1.71

Table II. Decay lifetime of SrggSmg ¢4CazSizOsg: Na (y = 0.02-0.12) phosphors excited at 404 nm with the
emission monitored at 600 nm

Sample T1 A, To A, 7+ (uSs) ol

y =0.02 296.34 302.56 1665.19 489.33 1529.50 1.62
y =0.04 528.75 322.91 1855.74 500.18 1649.57 1.66
y =0.06 376.49 313.56 1762.52 541.06 1609.84 1.60
y =0.08 326.65 270.64 1690.84 576.14 1577.34 1.61
y=0.10 489.02 296.29 1799.57 528.87 1626.42 1.69
y=0.12 466.24 308.93 1777.75 582.24 1617.54 1.58

lifetimes with the changing Na* concentration. This
Na® ion, as a charge compensator, is very difficult to
change radiative transition mode during the energy
transfer process, and it has no obvious impact on the
transfer speed between ground state and excitation
state.*® In addition, there is a competition between
the offset of charge 1mbalance and the generation of
crystal lattice distortion. On the one hand, Na* ions
as a charge compensator were employed to neutral-
ize the charge and decrease the non-radiative
transition chance. The decreased non-radiative
transition chance is beneficial to the increase of
lifetimes. On the other hand, ascribing to the ionic
radii difference between Sr2+ (0.118 A) and Na*
(0.102 A), the crystal lattlce distortion and effects
will be generated When Sm?* and Na* ions substi-
tute for Sr?* ions.*! This crystal lattice distortion
may lead to some non-radiative transition and
decrease the lifetimes.*>*® Therefore, it is reason-
able that the Na® doping can improve the fluores-
cence intensity but have a no significant influence
on fluorescence lifetimes.

CONCLUSIONS

In summary, a reddish orange Na* and Sm>* co-
doping SrCasSisOg phosphor was successfully syn-
thesized by the conventional solid state reaction
method. The as-prepared phosphors can be effec-
tively excited with a near UV light (404 nm) and

ﬂuorescence quenchlng occurs when the concentra-
tion of Sm®* is above 4 mol.%, as ascrlblng to a non-
radiative energy transfer between Sm?*. Further-
more, the emission intensity of SrCa381208 phos-
phors can be dramatically enhanced to 6.3 times
when the optimum concentration of the Na* charge
compensator was determined to be about 10 mol.%.
This evidently reveals that Na* and Sm?* co-doping
SrCasSi,Og phosphors will facilitate the fabrication
of w-LEDs as red phosphors and this co-doping
method would be applicable to various rare earth
elements doped phosphors.
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