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ABSTRACT: Local structure modification in solid solution is an essential part of
photoluminescence tuning of rare earth doped solid state phosphors. Herein we report a
new solid solution phosphor of Eu**-doped xSr,Ca(PO,),—(1 — x)Ca,,Li(PO,), (0 < x <
1), which share the same f-Ca;(PO,), type structure in the full composition range.
Depending on the x parameter variation in xSr,Ca(PO,),—(1 — x)Ca,(Li(PO,),:Eu**, the
vacancies generated in the M(4) site enable the nonlinear variation of cell parameters and
volume, and this increases the magnitude of M(4)O4 polyhedra distortion. The local
structure modulation around the Eu®" ions causes different luminescent behaviors of the
two-peak emission and induces the photoluminescence tuning. The shift of the emission
peaks in the solid solution phosphors with different compositions has been discussed. It
remains invariable at x < 0.5, but the red-shift is observed at x > 0.5 which is attributed to
combined effect of the crystal field splitting, Stokes shift, and energy transfer between Eu**
ions. The temperature-dependent luminescence measurements are also performed, and it is
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shown that the photoionization process is responsible for the quenching effect.

B INTRODUCTION

Phosphor-converted light emitting diodes (pc-LEDs) are
recognized as the main method for solid-state lighting
applications. To target pc-LEDs with specific photolumines-
cence properties, phosphors with different host systems
corresponding to various emission characters have been
investigated.' > Among them, phosphate phosphors, especially
with 3-Cay(PO,),-type structure, are of considerable interest
because of their versatile structural types and the substitution-
induced different local structures, as well as the tunable
photoluminescence behaviors after rare earth doping.”” Herein,
f-Cay(PO,), can be also written as #-Ca,;(PO,) 4 and through
ion substitution, many new phases with S-Cay(PO,),-type
structure can be constructed.” For example, when two univalent
metal M* ions are substituted for one divalent Ca*" ion, the f3-
CayoM,(PO,), host can be obtained, namely, Ca;,M(PO,)-.
Furthermore, two trivalent metal R** ions can replace three
divalent Ca’* ions with final composition fB-Ca;sR,(PO,) 4
namely, CaR(PO,);. This substitution algorithm yielded a
large number of new phosphors with f-Ca;(PO,),-type
structure, such as Ca,oM(PO,),:Eu** (M = Li, Na, and K),*’
CayR(PO,),:Eu** (R = La, Gd, Ly, and Y),'"”" CagMgLn-
(PO,); (Ln = Y, La),'"™"® and so on. Among these,
Ca;(Na(PO,),:Eu*" phosphor gives a yellow emission centered
at 550 nm,” Ca,Lu(PO,),:Eu*" phosphor exhibits a broad blue-
green emission band with a peak at 480 nm and SrgMgY-

-4 ACS Publications  © 2017 American Chemical Society

1430

(PO,),:Eu** phosphor shows yellow emission (518 nm) upon
the excitation by the near-ultraviolet light in the 250—450 nm
region.'® Clearly, the modification of luminescence properties
of phosphors is essential to fulfill the different applications in
pc-LEDs. The photoluminescence tuning strategies mainly
include ion substitution for the modification of the host
composition and energy transfer among the doped rare earth
ions. For example, Ji et al. revealed the Sr** ion substitution for
Ca* ion in the -Cay(PO,),:Eu** induced the broad-band peak
at 493—532 nm and a red shift of the emission peak located in
the green-yellow region.'” Moreover, the photoluminescence
tuning from blue-greenish to white light and eventually to red
in CagR(PO,); (R = Y and Gd) can be obtained through
energy transfer from Eu** to Mn?* ions.'”"’ The emission
spectra of Ca;)K(PO,),:Eu** phosphor can be also red-shifted
by increasing the Eu®* concentration.”

Herein, as to the modification via substitution, the design of
isostructural solid solutions and the local structure of
substituted cations/anions play an important role in the
photoluminescence tuning of the phosphors. Previously, the
solid solutions between the nearly isostructural compounds
Sr;AlOF and Sr;SiOg have been prepared, which yields the
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Figure 1. (a) XRD patterns and (b) the selected diffraction peaks near 31° of as-prepared xSCP—(1 — x)CLP:0.03Eu** samples (x = 0—1.0). (c)
Lattice parameters a and ¢ and the unit cell volume v of xSCP—(1 — x)CLP:0.03Eu®" samples as a function of x.

new green-yellow-emitting phosphor
Sr3.975Ce025Al 51,04, F1_, with high quantum efficiency
values and high tunability in excitation and emission energy.'®
Except for this, the solid solutions of (KSrPO,),_,
((Ba,Sr),Si0,),:Eu** for 0 < x < 1 have been designed, and
the emission spectra consist of two distinct broad bands: blue
ranging from 430 to 470 nm and green-yellow ranging from
515 to 570 nm."” However, no studies have been conducted on
the photoluminescence tuning through the design of
isostructural f-Ca;(PO,),-type solid solution, and this is
because of the complex local structures and versatile cation
sites in fJ-Cay(PO,),-type structure for the occupation of
activators.

Inspired by these reasons, we suggest herein a new solid
solution xSr,Ca(PO,),—(1 — x)Ca;,Li(PO,),:0.03Eu** (ab-
breviated as xSCP—(1 — x)CLP:0.03Eu* hereafter) to target
phosphor materials with controllable photoluminescence
behavior. The local structures around the substituted cations
and cation occupation rates (such as Ca**, Sr**, and Li") in each
site have been investigated in detail. Therefore, depending on
the variations of chemical compositions, the local environment
surrounding Eu®* ions changed obviously, which can lead to
different luminescent properties, and the two-peak emission can
further induce the photoluminescence tuning in a wide range
from 414 to 515 nm. Variations of occupied rates of cations
originated from structural evolution, and the structure-—
uminescent property relationships in xSCP—(1 — «x)-
CLP:0.03Eu** have been also studied. Moreover, temper-
ature-dependent luminescence and two crossed excitation states
in the configurational coordination diagram are performed to
understand the mechanisms responsible for the quenching
behavior.

B EXPERIMENTAL SECTION

Materials and Preparation Method. «xSr,Ca(PO,),—(1 —
x)Ca,Li(PO,),:0.03Eu* (0 < x < 1) solid solutions were synthesized
by a solid-state reaction. CaCO; (A.R.), SrCO; (A.R.), Li,CO; (AR.),
NH,H,PO, (AR.), and Eu,0; (99.99%) were used as raw materials.
Stoichiometric amounts of the required cation sources were combined
and ground together with a small amount of ethanol using an agate
mortar and pestle until the mixtures were almost dry (25 min).
Mixtures were then shifted to the crucible and preheated at 800 °C for
3 h. After being ground, the powder mixtures were sintered again at
1350 °C for 4 h under a reducing atmosphere of N,—H, (5%). After
firing, the samples were cooled to room temperature in the furnace
and were ground again.
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Characterization. Powder X-ray diffraction (XRD) measurements
were performed on a D8 Advance diffractometer (Bruker Corporation,
Germany), operating at 40 kV and 35 mA with Cu Ka radiation (4 =
1.5406 A). The scanning rate for phase identification was fixed at 8°
min~" with a 20 range from 15° to 60°, and the data for the Rietveld
analysis were collected in a step-scanning mode with a step size of
0.02° and S s counting time per step over a 26 range from 5° to 120°.
Rietveld refinement was performed by using TOPAS 4.2.°° High
resolution transmission electron microscopic (HRTEM) images were
characterized by a JEOL JEM-2010 microscope with an accelerated
voltage of 200 kV. The room-temperature photoluminescence (PL)
and photoluminescence excitation (PLE) spectra were carried out by a
fluorescence spectrophotometer (F-4600, HITACHI, Japan) equipped
with a photomultiplier tube operating at 400 V and a 150 W xenon
lamp as the excitation source. The temperature dependence
luminescence properties were measured FLSP9200 fluorescence
spectrophotometer (Edinburgh Instruments Ltd., U.K.). The
luminescence decay curves and the internal quantum efficiency were
measured using the same instrument, and white BaSO, powder was
used as a reference to measure the absorption. Diffuse reflection
spectra of the as-synthesized solid solution were collected at room
temperature on a UV—vis—NIR spectrophotometer (SHIMADZU
UV-3600) attached with an integrating sphere.

B RESULTS AND DISCUSSION

Structural Evolution and Local Structures. Much
research has described the crystal structure of -Cay(PO,),.”'
There are five independent cation sites (M) in $-Ca;(PO,),,
which are named M(1), M(2), M(3), M(4), and M(S) sites,
respectively. All sites are 100% occupied by Ca ions except for
M(4), and the M(4) site is only 50% occupied by the Ca ions.
The Sr,Ca(PO,), phase is acquired through the substitution of
Sr** — Ca® in the Cay(PO,), host; therefore, the host
Ca,(Li(PO,), and Sr,Ca(PO,), are isotypic and assigned to /-
Ca;(PO,),-type structure. So we design the isostructural solid
solution of xSr,Ca(PO,),—(1 — x)Ca;,Li(PO,),:0.03Eu*" in
order to realize the tunable photoluminescence. The phase
identification of xSCP—(1 — x)CLP:0.03Eu** (0 < x < 1) solid
solutions characterized by X-ray diffraction (XRD) is shown in
Figure la. The results indicate that all peaks of the samples can
be well ascribed to a trigonal (R3c) phase Ca;,Li(PO,),
(JCPDS card No. 45-0550), and no diffraction peaks of any
other phases are detected as shown in Figure la. Moreover,
Rietveld analysis of this series of xSCP—(1 — x)CLP:0.03Eu®*
has been conducted, and the results also verified the phase
formation of the isostructrual S-Cay(PO,),-type structure
(Figure S1 and Table S1 in the Supporting Information).
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The fine structures of the typical solid-solution composition
0.4Sr,Ca(PO,),-0.6Ca,,Li(PO,),:0.03Eu*" sample are further
examined by HRTEM as shown in Figure S2 (Supporting
Information). It can be found that the continuous lattice fringe
measurements with d spacing of 0.335 nm agree with the solved
structure of the compound by refinement and could be assigned
to the corresponding (122) plane.

Given that the ion radius of Sr** is larger than that of Ca®*
and Li*, the diffraction peaks of xSCP—(1 — x)CLP:0.03Eu**
shift toward lower angles with respect to the position of
Ca,Li(PO,), with the increasing of x, indicating a lattice
expansion as shown in Figure 1b. Interestingly, when x < 0.4,
the shifted range of the diffraction peaks is puny, while when x
> 0.5, a bigger shift to lower angles can be observed. To
understand this phenomenon, the detailed structural evolution
and the local structures of Ca,(Li(PO,), and Sr,Ca(PO,), are
studied. Figure 2a gives the structural transformation diagram
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Figure 2. (a) Structural transformation of xSCP—(1 — «x)-
CLP:0.03Eu** (0 < x < 1) solid solution and occupied rates of
atoms (Ca, Sr, and Li) in each site (M(1), M(2), M(3), M(4), and
M(S) sites) depending on the x values: (bl) M(4) site; (b2) M(1)
site; (b3) M(2) site; (b4) M(S) site; and (bS) M(3) site.

from Ca,;Li(PO,); to Sr,Ca(PO,), and the occupation of
different cations has been highlighted. For Ca,,Li(PO,), (x =
0), the M(1), M(2), M(3), and M(S) sites are 100% occupied
by Ca** ions, and the M(4) site is 100% occupied by Li'.
However, for Sr,Ca(PO,), (x = 1), based on the results of
Rietveld refinement (Table S2, Supporting Information), the Sr
ions can occupy all M sites except for M(5). It is found that the
M(S) site is occupied by Sr ions with very small or near-zero
concentration due to very short Ca—O bond length (2.26 A).
Furthermore, the M(4) site is only 50% occupied by Ca** and
Sr** ions, and the other 50% is vacancy ([]). Figure 2b1—b$
clearly presents the occupied rates of different cations (Ca*,
Sr** and Li*) in each site (M(1), M(2), M(3), M(4), and M(5)
sites) depending on the chemical compositions, x. When the
Sr,Ca(PO,), is alloyed with Ca,,Li(PO,),, the Sr atoms will
occupy all M sites of Ca;(Li(PO,),. However, the Ca atoms will
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not occupy the M(4) site, namely, the Li(4) site. Only when
the introduced content of Sr,Ca(PO,), is greater than 0.5 (x >
0.5) can the Ca atoms occupy the M(4) site. Thus, the Li(4)
site is only occupied by Sr atoms if x < 0.5. Considering the
average Li—O bond lengths (2.53 A) in Ca,(Li(PO,)-, although
the ionic radius of the Li ion is small, there is enough space to
accommodate the entrance of bigger Sr atoms in the Li(4) site.
When Sr atoms incorporate the Li(4) site to replace Li atoms, it
enables the formation of vacancies correspondingly. One Sr
atom displaces two Li atoms, and one vacancy can be obtained;
such a model can be expressed as Sr** + [] = 2Li*, as shown in
Figure 3. The partial substitution of Sr** in the Li(4) site does

° - N v//'.. .
acancy )
Y -

x=0 = 0<x<05-b05<x<1

Figure 3. Mechanism of generating vacancies in site Li(4) through
replacing Li* ions with Sr**/Ca* ions in compound Ca,,Li(PO,),.
Different occupied conditions of Sr and Ca ions are shown.

not cause lattice expansion due to its bigger space of the Li(4)
site. However, the Sr atoms will enter into M(1), M(2), and
M(3) sites simultaneously to replace smaller Ca atoms, and it
leads to the lattice expansion owing to the radii mismatch. The
total lattice does not expand obviously, yet it is ascribed to the
fact that when the Sr atoms substitute the Li atoms, the
generating vacancies result in the lattice shrinkage as depicted
in Figure 3. This expansion and shrinkage will offset each other,
which gives rise to the lattice expansion scarcely, when the
occupied content of Sr,Ca(PO,), is not enough (x < 0.4).
Therefore, the diffraction peaks shift toward lower angles
slightly. While x > 0.5, the lattice shrinkage is insufficient to
offset the expansion and a saltation to lower angles can be
observed, as shown in the dotted circles in Figure 1b. Such
variations in local structures can be also verified by the
discontinuous evolution of the cell parameters and volume
(Figure 1c), that is to say, the increasing range of cell
parameters and volume is small at the first range (x < 0.4), and
afterward it becomes bigger (>0.5), which will discussed below.

Generally, the cell parameters and volume of solid solutions
increase or decrease linearly depending on the variation of the
chemical compositions. For example, our group designed the
solid solution of Ca,(Al,_ Mg,)(Al,_,Si,,,)O,:Eu*" through the
chemical unit cosubstitution, and the lattice parameters present
the linear variation.”> However, as shown in Figure Ig, it is
worth mentioning that the cell parameters (a and c) and the
total cell volume (V) of the title solid solution increase
nonlinearly with x. The crystallographic data for xSCP—(1 —
x)CLP:0.03Eu*" are obtained from the Rietveld refinement by
using the TOPAS (Table S1 in Supporting Information). It is
an abnormal situation compared with previous reports. In our
case, the cation substitution occurs in five sites with a
complicated process, and this as-observed nonlinear behavior
can be associated with vacancies. Therefore, the M(4) site has
direct influence on this nonlinear variation of cell parameters,
since the M(4) site is related to vacancies (Figure 3). The cell
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Figure 4. Distortion mechanism that appeared in xXSCP—(1 — x)CLP:0.03Eu** with decreasing .

volume or cell parameters can be considered as a function of
ion radii:

V(x) = k(Ax + (1 — x)B) = C + Dx €))

where A is the ion radius of some ion which is replaced by
another ion with ion radius B and k is a constant. So, C = kB
and D = k(A — B). In our case all Li* ions are replaced by 50%
Sr** and 50% vacancy, so we can rewrite

%)) 2)

where A is the ion radius of Li*, B is the ion radius of Sr**, and
H is the ion radius of the vacancy. However, vacancy is not an
ion, so it may have a variable value; for example, it can linearly
increase or decrease as a function of x. In this case we can get H
= H, + H,x, and we obtain

V(x) = k(Ax +(1 - x)(g +

V(x) = k(Ax +(1 - x)@]

=Ex*+Fx+ G (3)

where E = —kH,/2, F = kA — kB/2 — kHy/2 + kH,/2, and G =
kB/2 + kH,y/2. So, we can see that the appearance of vacancy
under substiting some ions can lead to a quadratic function of
cell volume V(x) = Ex* + Fx + G. The similar dependence can
be evaluated for cell parameters. Therefore, the variation of the
cell parameters and volume is nonlinear.

Furthermore, we introduce the model of polyhedra distortion
in order to understand the local structures of the substituted
cations, especially for the M(4) site in xSCP—(1 —
x)CLP:0.03Eu** solid solution. The calculation of (Ca/Sr/
Li)O, polyhedra distortion for the representative sites M(4)

and M(S) can be realized by using the following eq 4:*>**
L =1
D= l Z i ay
o (4)

. is the distance from the central atom to the ith
coordinating atom and I, is the average bond length. For M(4)
and M(S) sites in SCP (x = 1), polyhedra distortion values
show a narrow range of 0.023—0.055 and a wide range of
0.001—0.097 for CLP (x = 0). In SCP, the polyhedra distortion
value for the M(4) site is minimal (D = 0.023), while the value
becomes maximal (D = 0.097) in CLP. On the contrary, in

where [,
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SCP, the polyhedra distortion value for M(S) site is maximal
(D = 0.055), and it becomes the lowest (D = 0.001) for CLP.
So we can conclude that, in the series of xSCP—(1 —
x)CLP:0.03Eu** solid solution, the octahedron M(5)Qq
becomes more regular, but M(4)O4 becomes more distorted
with decreasing x from 1 to 0. As far as M(4) and M(S) lies in
one line along the c-axis, it seems that such behaviors are
interconnected. Initially, in SCP both polyhedra were slightly
distorted; however, with the penetration of Li in site M(4), this
polyhedron M(4)O4 becomes more distorted and accumulates
all distortions around itself, so M(5)O;4 polyhedron releases
distortion and become more regular as shown in Figure 4.

Optical Properties. As presented in Figure. S3, the optical
band gap is measured by the diffuse reflection spectra and
calculated to be about 3.90 eV for Ca,,Li(PO,),, similar to that
of Sr,Ca(PO,), (3.86 eV). The band gap values indicate that
they would be a suitable host for luminescent materials doped
by rare earth activators. Therefore, Figure Sa gives the emission
spectra of solid solution xSCP—(1 — x)CLP:0.03Eu*" (x = 0—
1.0) monitored at 365 nm UV excitation as a function of x. The
emission band from 380 to 480 nm centered at 414 nm with a
narrow bandwidth corresponds to CLP:0.03Eu** (x = 0).
Nevertheless, another emission band located at 498 nm appears
with the introduction of SCP into CLP:0.03Eu’*. During this
cation’s replacement process, Sr** ions substitute Ca** and Li*
ions as described in the above section. With the increasing of x,
the emission intensity of the shorter-wavelength side at 414 nm
decreases rapidly together with the gradual increase of the
longer-wavelength side at about 498 nm. When x = 1.0, the
emission spectra of SCP:0.03Eu** only exhibit a broad band
from 420 to 680 nm centered at 515 nm. Based on such a
construction of the p-Cay(PO,),-type solid solution, the
photoluminescence tuning has been realized. The correspond-
ing CIE chromaticity diagram calculated from their emission
spectra of xSCP—(1 — x)CLP:0.03Eu** (x = 0—1.0) phosphors
and digital images upon the 365 nm UV lamp are shown in
Figure 6. Furthermore, the internal quantum efficiency (IQE)
of the typical sample was measured under 365 nm excitation,
and the IQE value of xSCP—(1 — x)CLP:0.03Eu** (x = 0.4) is
calculated to be 15.6%, which should be improved through
optimization of the processing conditions.

Moreover, as shown in Figure Sa, the emission band at about
498 nm appears except for the peak at about 414 nm due to the
introduction of CLP, and we proposed that such two distinct
emission bands are attributed to the presence of different
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Figure 5. Emission spectra of x(SCP)—(1 — x) (CLP):0.03Eu** (0 <
x < 1) samples for different ranges: (a) x = 0—1.0, (e) x = 0—0.5, and
(f) x = 0.6—1.0. (b) Normalized excitation spectra of x(SCP)—(1 — x)
(CLP):0.03Eu** (0 < x < 1) samples. The temperature-dependent
excitation spectra of 0.4(SCP)-0.6(CLP):0.03Eu** for different
monitored wavelengths: (c) 414 nm and (d) 498 nm.

0.2

03 04 05 06 07 08

Figure 6. CIE chromaticity diagram and a series of digital photographs
of the selected xSr,Ca(PO,),—(1 — x)Ca,;(Li(PO,),:0.03Eu** (x = 0,
0.1, 0.2, 0.3, 0.4, 0.6, 0.7, and 1.0) samples (4, = 365 nm).

luminescence centers, originated from Eu** occupying different
cation sites. To confirm this hypothesis, the normalized
excitation spectra of ¥SCP—(1 — x)CLP:0.03Eu** (x = 0—
1.0) at room temperature are presented in Figure Sb. It can be
observed that the dominant excitation band of Eu®* in the
CLP:0.03Eu”" is located at about 276 nm in the high energy
side. However, an additional excitation band centered at 363
nm in the low energy side emerges accompanied by increasing
x. The appearance of both excitation bands has verified the
presence of different luminescence centers. Moreover, decay
behaviors of Eu** at various sites are generally different. Figure
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7a presents the decay curves of xSCP—(1 — x)CLP:0.03Eu**
with x = 0, 0.2, 0.4, 0.6, and 0.8 excited at 300 nm and

(2) A, =300 nm
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< .
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2> 1004
= ]
=
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=
1 v
0 2
(b),-. 414 nm

~
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ASr,Ca

Figure 7. (a) Decay curves of Eu** in x(SCP)—(1 — =x)
(CLP):0.03Eu** solid solution: x = 0, 0.2, 0.4, 0.6, and 0.80. (b)
Specific local environment of Eu** ions in different sites and the
relationship between the distribution and luminescent behavior.

monitored at 450 nm. The decay time of Eu®" decreases at x =
0.8 (620 ns) compared to that at x = 0 (760 ns), suggesting an
extra channel for the excited Eu®* to depopulate,"® which
further proves the hypothesis for existing multiple Eu®* centers
in xXSCP—(1 — x)CLP solid solution.

There are five independent cation sites in xSCP—(1 —
«)CLP solid solution, and then the following questions appear:
(1) which sites accommodate the dopant Eu**, and (2) which
Eu-doped sites are responsible for the two emission bands? For
CLP:Eu*" (x = 0), the average M—O bond length in five sites is
2.50 A (Cal—0), 249 A (Ca2—0), 2.52 A (Ca3-0), 2.53 A
(Li4—0), and 2.26 A (CaS—0) respectively, and very short
Ca—O bond length (2.26 A) in M(S) site implies that it is
unsuitable for doping Eu®*.'® As discussed above, the M(4) site
is exclusively occupied by Li. However, even if the Li—O bond
length is bigger, the Eu®* ions will not prefer to enter the M(4)
site owing to the charge-mismatch and ion radius-mismatch.
Thus, Eu®* ions are potentially distributed over M(1), M(2),
and M(3) sites due to no restrictions for them compared with
M(4) and M(5) sites, and such a model has been demonstrated
in Figure 7b. Then we suppose that the single emission band
around 414 nm is originated from the three sites. With the
introduction of SCP, the Sr ions can occupy all M sites except
for the M(S) site due to very short Ca—O bond length (2.26
A). Four different crystallographic sites for Sr** (and thus Eu*,
a similar ion radius) are present, and two emission bands
(centered at 414 and 498 nm, respectively) are found as shown
in Figure Sa. In line with the above discussion, the latter
emission band around 498 nm is attributed to that the Eu®**
ions enter the M(4) site. The specific distribution of Eu*" ions
in different sites and the relationship between the distribution
and luminescent behavior are described in Figure 7b. To
validate our speculation, the low-temperature excitation spectra
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of 0.4SCP-0.6CLP:0.03Eu*" monitored at 414 and 498 nm,
respectively, are provided, which reflect the intrinsic
luminescence properties of the isolated Eu** ions in xSCP—
(1 — x)CLP. As depicted in Figure Sc, the excitation spectra
monitored at 414 nm recorded at 14 K consist of a group of
compact bands in the range of 250—350 nm, indicating that the
emission band around 414 nm is originated to the Eu*" ions
mainly distributed over M(1), M(2), and M(3) sites because
the average bond length and coordination number of the three
sites are similar, so the local environment surrounding Eu?
ions is similar. However, considering the excitation spectra
monitored at 498 nm (Figure 5d), it contains two obvious
excitation bands; the new peak at long wavelength (above 350
nm) is obviously different with the excitation band observed in
Figure 5S¢, which should be assigned to the Eu®' ions that enter
into the M(4) site. However, the left band in the range of 250—
330 nm may be assigned to the Eu*" ions distributed over the
M(1), M(2), and M(3) sites.

Turning to the influence of SCP content (x) on the emission
spectra, we found that the emission band centered at 414 nm
hardly shifted with the variation of x, as given in Figure Se,f.
The emission band centered at 498 nm, for x up to 0.5, remains
unchanged (no shift). Upon doping the host with higher
amounts x > 0.5, a continuous red shift is observed. There are
three possible causes for this redshift in the emission spectrum:
centroid shift, crystal field splitting, and Stokes shift.

In the case of centroid shift, according to the model
proposed by Morrison” and its modification by Dorenbos,”®
the centroid shift . (the lowering of the average of the five 5d
levels) is related to the spectroscopic polarizability ay, of the
anion. In our previous work,””*® the qualitative relationship
between @, and the average electronegativity of the cations y,,
in Eu*"-doped compounds has been given as follows in eq S:

18.76

2
4 av

a, = 0.87 +
()

The spectroscopic polarizability a, is a negative relation with
average electronegativity y,, that can be calculated by the
following eq 6:°°

<

N
1w
A== 2
N, “ g ©)

where the summation is over all cations N_ in the formula of the
compound and N, is the number of anions in the formula. A
cation of formal charge +z; will bind on average with z;/y anions
of formal charge —y. The Pauling-type™ electronegativity
values y; are from Allred.”® The decreasing of average
electronegativity y,, enables the spectroscopic polarizability
ay, to enhance, which causes the centroid of the Sd excitation
band to stay in a lower energy region. The corresponding red-
shift of the excitation band can be observed. According to eq 6,
the average electronegativity y,, of cations in the x(SCP)—(1 —
x) (CLP) has been calculated as a function of x shown in Table
S4 (Supporting Information). However, the values of the
average electronegativity y,, nearly remain invariability, and this
indicates that the centroid shift can be negligible.

In the case of crystal field splitting, based on the preceding
analysis, the emission band centered at 498 nm is originated
from Eu®" ions that enter into the M(4) site resulting in the
appearance of a new luminescence center. As shown in Figure
3, the Ca atoms cannot enter the M(4) site to substitute Li
atoms at x < 0.5, and until x > 0.5, the Ca atoms crowd into
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M(4) site eventually. The size-mismatch of Sr and Ca atoms
lead to the crystal field splitting (Dq), and it is expressed as
follows:”'

2 4
zer

6R®

b (7)
where Dq is the measurement of the crystal field strength, R is
the distance between the central ion and its ligands, z is the
charge or valence of the anion, e is the charge of an electron,
and r is the radius of the d wave function. The ion radius of
Ca’" is smaller than that of Sr**, and the crystal field splitting
becomes larger, so a red shift can be observed. These results
further confirm that the emission band located at 498 nm is
attributed to Eu®* ions that enter the M(4) site as shown in
Figure 7b.

In the case of Stokes shift, the simplest method is to
determine the Stokes shift from the energy difference between
the excitation and emission maximum. According to the
calculation of centroid shift and crystal field splitting, the
position of the excitation band (at 363 nm) does not change at
x < 0.5 and does change at x > 0.5. This yields Stokes shifts of
7340 cm™, 7700 cm™!, 8010 cm™!, and 8240 cm™ for x = 0.6,
0.7, 0.9, and 1.0, respectively. An increasing number indicates
the Stokes shift is responsible for the red shift. Besides these,
the energy transfer between luminescent centers also can lead
to the red-shift of emission spectra. Actually, the presence of
four crystallographic sites for Eu*", the energy transfer between
luminescent centers, cannot be excluded. The decreasing of
decay time (Figure 7a) has verified an efficient energy transfer
among Eu®* centers could occur. So, these results indicate that
the red shift in emission spectra (x > 0.5) is mainly caused by
crystal field splitting, Stokes shift together with energy transfer.

Thermal Quenching Properties. Low-temperature (11—
300 K) and high-temperature (300—573 K) dependent
emission spectra of the selected composition of 0.4SCP-
0.6CLP:0.03Eu** (x = 0.4) are monitored as given in Figure 8
and Figure S4. From Figure 8a and Figure S4, it is found that
the emission intensity of two bands decreases significantly with
rising temperature, suggesting a serious thermal quenching of
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Figure 8. Emission spectra of the 0.4SCP-0.6CLP:0.03Eu*" sample for
different temperatures: (a) 11 K—300 K, (c) 11 K, and (d) 300 K. (b)
The relative emission intensity of two bands (414 and 498 nm) as a
function of the temperature.
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the targeted phosphor. Many reports investigated the
luminescent properties of phosphor at low temperature. For
instance, Meijerink et al. studied the emission spectra of
YAG:Ce 0.033% at temperatures from 5 to 295 K, and the
emission intensity was pretty much the same.’” They also
discovered the emission intensity of SrSi,O,N,:Eu** was
increasin% a little from O to 300 K and then decreasing
seriously.” Unfortunately, the emission intensity of solid
solution 0.4SCP-0.6CLP:0.03Eu** dropped sharply even if at
temperatures 11—300 K. It is worth discussing and explaining
this phenomenon.

On the basis of a previous report, the temperature
dependence of the integrated emission intensity of luminescent
materials is usually described through eq 8:>*

Iy
1+¢ exp(—%) (8)

where I is the initial intensity at low temperatures and I(T) is
the intensity at a given temperature T (K). AE is the activation
energy, c is a constant, and k is the Boltzmann constant (8.62 X
107° eV). The integrated emission intensities of two bands
(414 and 498 nm) are plotted respectively as a function of
temperature in Figure 9a,b. The lines through the data points

I(T) ~

—_
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Figure 9. Activation energy (AE) for thermal quenching of (a) peak-
414 nm and (b) peak-498 nm in 0.4SCP-0.6CLP:0.03Eu**. (c)
Configurational coordinated diagram of Eu®* in ¥SCP—(1 — x)CLP
solid solution.

represent a fit according to eq 8. The calculated AE, and AE,
for the 414 and 498 nm bands are 0.0157 eV and 0.0458 eV,
respectively, which is very small. Generally, two possible
reasons, Stokes shift and photoionization process, are
responsible for the thermal quenching behavior of luminescent
materials. As depicted previously, the excitation and emission
spectra of 0.4SCP-0.6CLP:0.03Eu** hardly shift compared to
that of CLP:0.03Eu** shown in Figure Sa,b. Hence, the Stokes
shift should not be a major reason. On the basis of the above
results, this thermal quenching behavior should be associated
with the photoionization process.

To better understand the thermal quenching behavior of the
targeted phosphors, the configurational coordinated diagram of
Eu”" in the 0.4SCP-0.6CLP solid solution is adopted. AE is the
activation energy connected with this process (the energy gap
between the lowest energy Eu®* 4f°5d'-excited level and the
bottom of the conduction band).* According to the calculated
activation energy AE;-414 nm and AE,-498 nm, the lowest
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energy Eu®* 4f°Sd'-excited level is extremely close to the
conduction band (CB), which will result in a photoionization
process, even at low temperatures (11—300 K).*> The
configurational coordinated diagram of Eu** in xSCP—(1 —
«)CLP solid solution is depicted at Figure 9c, and following the
365 nm excitation, the electrons first relax to the equilibrium
configuration of the Sd excited states (lines A;B and A,B)
through vibrational relaxation, then return to the 4f ground
state through radiative transition (lines EF and CD), and emit
414 nm (blue line) and 498 nm (yellow line). Nevertheless, the
energy difference between 5d levels and the conduction band is
small, and the electrons will be thermally activated to the
conduction band (through process EI and CJ) rather than
returning to the grand state; this is the photoionization process.
The nonradiative transition (process EG and CH) from the
excited state to the ground state can also take place through the
crossing point at high temperatures, but the influence of
nonradiative transition is negligible compared with the
photoionization process. Furthermore, with regard to two
emission bands, the decay rates of emission intensity are not
consistent as shown in Figure 8b. The emission intensity of the
low-energy side is stronger than that of high-energy side at 11
K, while with the temperature raised to 300 K, the emission
intensity of the high-energy side is relatively higher even if the
emission intensities of both peaks are decreasing as shown in
Figure 8c,d. To explain this observation, it should be
considered that thermally active phonon-assisted tunneling,
from the excited states of the low-energy emission side to the
excited states of the high-energy emission side, can occur in the
configuration coordinate diagram.’® At lower temperature, the
barrier E1 can be overcome, and the excited electrons of the
high-energy side will transfer to the excited state of the low-
energy side through crossing point O; thus, the low-energy
emission is dominant. As the temperature subsequently rises,
thermal activation causes the electrons to cross the point of
intersection of the yellow and blue curves, the electronic back-
transfer over the barrier E2 is possible, and the higher energy
emission is dominant correspondingly.”” This model success-
fully explains why the thermal stability of the solid solution
0.4SCP-0.6CLP:0.03Eu** is not good, why the intensity of 498
nm declines as the temperature increases from 11 to 300 K, and
why the intensity of the 414 nm line increases.

B CONCLUSIONS

In summary, we designed and prepared the new f-Ca;(PO,),-
type solid solution phosphors of xSr,Ca(PO,),—(1 — x)-
CayoLi(PO,),:0.03Eu** with controllable photoluminescence
properties. Depending on the variations of the chemical
compositions x up to 1, the vacancies from the M(4) site
appear and enable a nonlinear variation of cell parameters and
volume, and the polyhedron M(4)O; also becomes more
distorted, while M(5)O¢ polyhedron releases distortion and
becomes more regular. Therefore, a different local environment
surrounding Eu’* ions leads to the two-peak emission behavior,
and the emission band around 414 nm is ascribed to Eu* ions
that are distributed over M(1), M(2), and M(3) sites, while the
emission band around 498 nm is attributed to the Eu®" ions
that enter the M(4) site. The emission peaks at about 498 nm
of xSCP—(1 — x)CLP:Eu*" keep invariable at x < 0.5, and it
shows a red shift at x > 0.5 with increasing x values; such red
shift behavior can be assigned to the combined effect of the
crystal field splitting, Stokes shift, and energy transfer among
Eu®" ions. Temperature-dependent luminescence measurement
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is also performed to understand the mechanism responsible for
the quenching behavior, which is that the Eu** 4f°5d-excited
level is extremely close to the conduction band resulting in the
photoionization process, and the two crossed excitation states
in the configurational coordination diagram are proposed to
explain the intensity of the emission band (414 nm) that
increased with temperature (11—300 K). It is shown that local
structures allow predictive control of photoluminescence tuning
and therefore provide a new method of phosphor development.
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