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Abstract A series of Sr3;Gd(_,)Sm,Na(PO,);F (x =
0.01, 0.03, 0.05, 0.07, 0.09) phosphors were synthesized
through a conventional high-temperature solid-state reac-
tion. The excitation and emission spectra indicate that these
phosphors can be efficiently excited in the range from 350
to 430 nm which matches perfectly with the near-UV light,
and emit orange-red light with CIE coordinates (0.5811,
0.4181). The concentration quenching mechanism of Sm>"
ions was ascribed to the dipole—dipole interaction. The
activation energy E for thermal quenching is calculated
to be 0.242eV. And the lifetime of the Sr;Gd_y,
Sm,Na(POy4)3F (x = 0.03, 0.05, 0.07, 0.09) phosphor was
determined to be 0.8669, 0.8643, 0.8525, 0.8232 ms,
respectively. These orange-red-emitting phosphors might
be promising for use in n-UV white LEDs.

Introduction

The past decade has seen a rapid evolution of solid-state
lighting sources. White light-emitting diodes (w-LEDs)
have many merits such as high efficiency, long lifetime,
significant power-saving capability, and environmental
friendliness compared with both traditional incandescent
and currently implemented fluorescent lamps [1]. There-
fore, White light-emitting diodes (w-LEDs) have become
another trend for general illumination and have attracted
much attention [2, 3]. The most common fabrica-
tion technique is by combing an InGaN-based blue diode
and yellow phosphor materials [4]. At present, the
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commercial yellow phosphor can be generated using a blue
InGaN LED chip in combination with a yellow phosphor of
cerium (III)-doped yttrium aluminum garnet (YAG:Ce*h)
[5]. Unfortunately, it exhibits some deficiencies such as
high correlated color temperature (CCT > 4500 K) and
poor color rendering index (CRI < 80) due to the absence
of the red emission [6, 7]. Therefore, to explore high-
quality red phosphors with high efficiency, high rendering
index, and low CCT is one of the main direction of
research and development of practical white LED. An
approach to work out this problem is combing a near-
ultraviolet (n-UV) emitting LED with a tricolor (blue,
green, and red) emitting phosphors when making LED:s,
which exhibits excellent color rendering index and an
adjustable correlated color temperature [8]. In recent years,
the researches of blue and green phosphors which apply to
w-LED have been relatively mature [9]. Accordingly, it is
an urgent task to explore a high-efficient red-emitting
phosphor which can be efficiently excited by the n-UV
LED (350—420 nm) chips.

It is well known that Sm>" ion is an important emitting
activator because of the stronger absorption of n-UV region
[10, 11]. It exhibits high quantum efficiency and produces
reddish-orange light emitted due to its 4f-f transitions
which has attracted extensive research [12, 13]. Phosphors
based on fluorophosphates have many excellent properties,
for instance strong visible luminescence, low sintering
temperature synthesis, and high chemical stability which
have attracted great attention in recent years [14, 15]. And
it has a general formula, that is R;o[PO4]¢Z, and the
structure, isotypic with Ca;o(PO4)gF> which has been
determined by Naray-Szabo [16]. Recently, You et al.
reported the luminescence properties of SrsGdNa(PO,);F:
Eu?", Tb>" phosphors and in this paper, the structure of
Sr3GdNa(POy)sF was determined [17]. According to this,
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we synthesized a series of Sr3GdNa(PO,);F: Sm>* phos-
phors to act as a novel red-emitting phosphor and the
luminescence properties were investigated in detail.

Experimental

A series of samples of Sr3Gd;_,,Sm,Na(PO,);F (SGNP:
xSm3+, x = 0.01, 0.03, 0.05, 0.07, 0.09) were synthesized
through a conventional high-temperature solid-state reac-
tion. The raw materials, SrCO5; (AR), NaF (AR), Gd,Os3
(AR), Sm,O (99.9 %) (NH4),HPO, (AR) were weighed
stoichiometrically with 15 % excess of NaF and ground
evenly in agate mortar. Then the ground powder was firstly
sintered at 600 °C for 3 h in crucibles, and then at 1000 °C
for 3 h under a reductive atmosphere. After calcining,
finally the sample was ground thoroughly into powder for
subsequent measurement after being cooled down to room
temperature in the furnace.

The phase structure of the samples were performed by
X-ray powder diffraction (XRD) in a Bruker-D2 Phase (Cu
Ka radiation, 30 kV, 20 mA), and the recorded range of 20
is from 10° to 80° with a scan rate of 0.08°/s. The photo-
luminescence (PL) spectra and emission (PL) were mea-
sured using a Hitachi F-7000 fluorescence spectrophotometer
with a 150 W xenon lamp used as the excitation source. The
temperature-dependent photoluminescence properties spectra
and luminescent decay curves were recorded on FluoroLog-3
spectrofluorometer (HORIBA, USA), which were combined
with the heating apparatus (TAP-02) and a R928P photo-
multiplier for signal detection, and the Nano LED (N-370)
acts as the excitation source when luminescent decay curves
were measured.

Results and discussion

Figure 1 shows the X-ray diffraction (XRD) patterns of the
prepared phosphors together with the JCPDS card no.
50-1595. According to the recent report by You et al. [17],
the standard data of Srs(La,Ce)Na(PO,);(F,OH) (JCPDS
50-1595) can be indexed to the X-ray diffraction (XRD)
patterns of the prepared phosphors because of all the dif-
fraction peaks of the powder agreeing well with the stan-
dard JCPDS card no. 50-1595 and no impurity phase is
presented. Therefore, the pure samples were carried out
and a few of Sm>* ions were doped into matrix, which do
not cause any significant change on the phase formation.
Figure 2 depicts the photoluminescence performances
of Sr;Gd(_,Sm,Na(PO,);F (x = 0.05) phosphor at
room temperature. Several excitation peaks can be
observed when monitoring at 598 nm which are located at
345 nm (*Hs» — “Hopn), 362 nm (°Hsj, — “Dsp), 374 nm
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Fig. 1 X-ray diffraction patterns of Sr3Gd(;_,)Sm,Na(PO4);F
(x = 0.01, 0.03, 0.05, 0.07, 0.09) phosphors and the standard data
for Srz(La,Ce)Na(PO,4);(F,OH) JCPDS card no. 50-1595 as a
reference
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Fig. 2 Excitation and emission spectra of typical Sr3Gdg_,
Sm,Na(PO,4);F (x = 0.05) phosphor at room temperature

(*Hs2 — “Pyp), 403 nm (*Hspp — *Fyp), 417 nm (*Hsp —
6P5/2), 442 nm (6H5/2 - 4G5,2) from the perspective and
they are attributed to the f — f forbidden transitions of Sm>"
[12, 18]. Among them, the highest intensity of transition was
centered at 403 nm evidently. And as shown in Fig. 3, we
can see the distinct absorption band being centered around
403 nm in the region from 350 to 410 nm of the diffuse
reflectance spectrum of Sr;GdNa(PO,);F and Sr;Gd;_y,
Sm,Na(PO4);F (x = 0.01, 0.03, 0.05, 0.07, 0.09). These
findings indicate that the prepared phosphor can be effec-
tively excited by near-UV LED chips (350420 nm), which
is significant for the fabrication of near-UV chips in
w-LEDs. There are three emission peaks in the emission
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Fig. 3 UV-Vis diffuse reflectance spectra of Sr;GdNa(PO,);F and
Sr3Gd(; —Sm,Na(PO4);F (x = 0.01, 0.03, 0.05, 0.07, 0.09)

spectrum located around 563, 598, and 646 nm, which cor-
respond with 4Gs;, — ®H, (J = 5/2, 7/2, and 9/2) transitions
when excited at 403 nm. And to the best of our knowledge,
the 4G5/2 - 6H5/2 (563 nm) mainly obeys the magnetic-
dipole transition (MD), the 4Gsjp > ®Hypp (598 nm) is a
partly magnetic dipole and partly electric-dipole transition
(ED), the 4G5,2 - 6H9/2 (646 nm) originates from purely
ED transition [12, 19]. It is believed that the intensity of
4Gsp, — ®Hypp (598 nm) is the highest of three transitions.
Furthermore, the CIE 1931 chromaticity of Sr;Gdygs
Smg gsNa(PO,4)sF phosphor under 403 nm excitation is cal-
culated to be (0.5811, 0.4181), as shown in Fig. 4. All of
these results indicate that the prepared phosphor can be
applied to orange—red-emitting phosphor.

Figure 5 shows the emission intensities of Sr3Gd_y,
Sm,Na(POy);F at different doping concentrations of Sm>*
ions (x = 0.01, 0.03, 0.05, 0.07, 0.09) at room tempera-
ture (Aex = 403 nm). It can be seen that the emission
intensity of Sr3Gd(;_,,Sm,Na(PO4);F increases initially
with the rising concentration of Sm>" ions then decreases
and achieves the maximum when x = 0.05 due to the
occurrence of the concentration quenching, as shown in
the inset.. Consequently, the optimum concentration of
Sm** is determined to be about 0.05. The behavior of
concentration quenching is mainly generated by the pro-
cess of nonradiative energy migration among the Sm’"
ions at the high concentration. And the concentration
quenching mechanism is ascribed to two main aspects:
one is multipolar interaction and the other is exchange
interaction [20]. The critical transfer distance between
donor and acceptor should be shorter than 0.5 nm if the
energy transfer due to the exchange interaction. Accord-
ingly, in order to confirm the concentration quenching
mechanism of phosphor, the calculation of the critical
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Fig. 4 CIE chromaticity diagram for Sr3GdgosSmg osNa(POy)sF
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Fig. 5 Emission spectra of Sr3Gd(_,Sm,Na(PO4);F (x = 0.01,
0.03, 0.05, 0.07, 0.09) at room temperature (1ex = 403 nm)

distance (R.) is essential. According to Blasse’s theory,
the critical distance (R.) between the Sm>" ions can be
calculated using the following equation [21]
3y 113
2 ; (1)
dnx. N
where V is the volume of the unit cell, N represents the

number of Sm>* ions in the Sr;GdNa(PO,);F unit cell, x, is
the critical concentration. For Sr;GdNa(PO,4)s;F host,

Rc:
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Fig. 6 Curve of 1g (I/x) versus Igx in Sr3Gd(_,,Sm,Na(POy);F
(x = 0.05, 0.07, 0.09) phosphors

N =2, V=564795 nm>, x. = 0.05, therefore, the value
of the critical transfer distance R, for Sm>" is calculated to
be 5.1287 nm. Obviously, the value calculated is much
larger than 0.5 nm. Therefore, the concentration quenching
among the Sm>" ions in the phosphor is ascribed to the
multipolar interaction. On the basis of Dexter’s theory, the
energy transfer expressions of multipolar interaction can be
divided into dipole—dipole, dipole—quadrupole, and quad-
rupole—quadrupole interactions. Furthermore, according to
Van Uiter’s report, the emission intensity (/) per activator
ion follows the equation [22]:

§:KP+ﬁQW1 : 2)

where x is the activator concentration, I/x is the emission
intensity per activator concentration, k and f are constants
for a given host crystal in the same excitation condition,
0 = 6, 8, and 10 represent dipole—dipole, dipole—quadru-
pole, and quadrupole—quadrupole interactions, respec-
tively. The Eq. (3) can be obtained by means of taking the
Eq. (2) to the form of logarithm.

gG)cggx (3)

In order to acquire the value of 6, choosing x = 0.05,
0.07, 0.09 and its corresponding emission intensity,
respectively. The dependence of 1g (I/x) on 1g x plotted
is shown in Fig. 6. Therefore, the value of 0 was calculated
to be 4.08, which is approximate to 6, namely, the pattern of
energy transfer is dipole—dipole. For more clarity, the con-
centration quenching of Sm’'ions was ascribed to the
dipole—dipole interaction.

Figure 7 shows the emission spectra of Sr3GdgosSmg o5
Na(POy,)sF phosphor for various temperatures excited at
403 nm; the inset shows temperature-dependent relative
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Fig. 7 Emission spectra of Sr3Gdg.95Smg osNa(PO,4);F phosphor for
various temperatures excited at 403 nm; the inset shows temperature-
dependent relative emission intensity of Sr3GdggsSmggsNa(POy)sF
phosphor

emission intensity of SrzGdgosSmg osNa(PO4)sF phos-
phor. The integrated emission intensity of Sr3Gdgos
Smg osNa(POy4);F phosphor sustainably decreases with
increasing temperature between from 25 to 250 °C with
excitation at 403 nm, which is partly due to the thermal
quenching in the configurational coordinate diagram [5].
Firstly, the luminescence center of excited state is ther-
mally activated by the means of phonon interaction and
then releases through the crossing point between the
excited state and the ground state in the configurational
coordinate diagram, finally bringing about the lumines-
cence quenching [7]. The clarification of thermal
quenching behavior and the value of activation energy can
be achieved through the Arrhenius equation [23] :

Iy

11~ l+cexp(—£&)’ “)
where [, is the first luminescence intensity and /(T) is the
luminescence intensity of Sm>" in the presence of tem-
perature, k is Boltzmann’s constant (8.617 x 107° eV/K),
and c is a constant, E is the activation energy for thermal
quenching. The value of E can be estimated through the
Eq. (5) which is rearranged by the Eq. (4) as follows:

1n{<11—0)—1] :—%an (s)

Figure 8 shows the plots of In [(//])—1] versus 1/kT for
Sr3Gdg 95Smg gsNa(PO,4);F  phosphor. Accordingly, the
activation energy E for thermal quenching is calculated to
be 0.242 eV. Thus the thermal quenching of prepared
phosphors was small, which was required when used in
w-LEDs. Additionally, the CIE chromaticity coordinate
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Fig. 8 The plots of In [(Io//)—1] versus
Smy osNa(PO,4);F phosphor

1/kT for Sr3Gdgos

(x, ) of Sr3Gdg.95Smg osNa(PO,);F phosphor at different
temperatures respectively are given in Table 1. It is clear
that the CIE chromaticity coordinate has a slighter motion
with the increscent of temperature so as to keep good color
quality. Therefore, the prepared phosphor has a good
thermal stability and chemical stability which is significant
when it is applied to in w-LEDs.

The PL decay curves of SrzGd(;_,Sm,Na(PO,);F at
different doping concentrations of Sm>" jons (x = 0.03,
0.05, 0.07, 0.09) were measured so as to investigate the
luminescence dynamics. Figure 8 shows the decay curve of
Sr3Gd(;—)Sm,Na(PO,);F (x = 0.03, 0.05, 0.07, 0.09)
phosphor. And the lifetime can be defined as follows:

I = Ajexp(—1t/t1) + Azexp(—1/12), (6)

where [ is the luminescence intensity at a time 7, 7; and 1,
are exponential components of the decay time, A; and A,
are constants. On the basis of Eq. (7) which is rearranged
by the Eq. (6), the lifetime of the Sr3Gd, _,Sm,Na(PO,);F
(x = 0.03, 0.05, 0.07, 0.09) phosphor were determined to

be 0.8669, 0.8643, 0.8525, 0.8232 ms, respectively.
. :Alr% +A213 7)
Alt+A2 1,

It is clear that the lifetime decreases with increased
concentration. According to a spin selection rule, the

Time (ms)

Fig. 9 The decay curve of Sr3Gd(;_,)Sm,Na(PO4);F (x = 0.03, 0.05,
0.07, 0.09) phosphor

activator Sm>" ions have a long decay time induced by a
forbidden transition of Sm>* which has a very low prob-
ability and decay time in the level of ms [6]. Obviously, the
lifetime of prepared phosphors are short enough for
potential applications in w-LED Fig. 9.

Conclusions

In summary, samples of Sr3Gd(;_,,Sm,Na(PO4);F (SGNP:
xSm”, x = 0.01, 0.03, 0.05, 0.07, 0.09) were synthesized
through a conventional high-temperature solid-state reac-
tion. The photoluminescence properties, temperature-
dependent luminescence, and decay times were investi-
gated in detail. The obtained phosphors have a distinct
excitation band centered at 403 nm ranging from 350 to
430 nm which can match perfectly with the n-UV LED
chips. The CIE 1931 chromaticity of the prepared phosphor
under 403 nm excitation was calculated to be (0.5811,
0.4181). And phosphors can emit intense orange-red light
with an optimal concentration of 0.05 under the excitation
of 403 nm. The concentration quenching is ascribed to
dipole—dipole interaction. The prepared phosphor has a
good thermal stability and chemical stability. All of these
results indicate that the prepared phosphor can be applied
to orange-red-emitting n-UV white LEDs.

Table 1 The CIE chromaticity coordinate (x, y) of Sr3Gdgo5Smg osNa(PO,4)sF phosphor from 25 to 250 °C

25 °C 50 °C 75 °C 100 °C 150 °C 200 °C 250 °C
CIE (x) 0.5811 0.5810 0.5810 0.5807 0.5800 0.5789 0.5774
CIE (y) 0.4181 0.4182 0.4181 0.4184 0.4192 0.4202 0.4218
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