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ABSTRACT: The orthosilicate phosphors demonstrate great
potential in the field of solid-state lighting, and the
understanding of the structure—property relationships depend-
ing on their versatile polymorphs and chemical compositions is
highly desirable. Here we report the structural phase
transformation of Ca,_,Sr,SiO,:Ce* phosphor by Sr**
substituting for Ca?* within 0 < x < 2. The crystal structures
of Ca,_,Sr,Si0,:Ce®" are divided into two groups, namely, f
phase (0 < x < 0.15) and @' phase (0.18 < x < 2), and the
phase transition (f — @’) mechanism originated from the
controlled chemical compositions is revealed. Our findings
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verified that the phase transition Pnma (a'-phase) <> P2,/n (f-phase) can be ascribed to the second-order type, and Sr** ions in
Ca,_,Sr,Si0, preferentially occupy the seven-coordinated Ca®" sites rather than the eight-coordinated sites with increasing Sr**
content, which was reflected from the Rietveld refinements and further clarified through the difference of the Ca—O bond length
in the two polymorphs of Ca,SiO,. The emission peaks of Ce®* shift from 417 to 433 nm in the composition range of 0 < x <
0.8, and the difference in the decay curves can also verify the phase transformation process. Thermal quenching properties of
selected Ca,_,Sr,Si0,:Ce®" samples were evaluated, and the results show that the integral emission intensities at 200 °C maintain
>90% of that at room temperature suggesting superior properties for the application as white light-emitting diodes (w-LEDs)

phosphors.

. INTRODUCTION

Recently, orthosilicate phosphors with the general composition
of M,SiO, (M = Ca, Sr, and Ba) doped with Eu** or Ce*,
including the end members or intermediate compositions, have
attracted great attention in the field of solid-state white
lighting." ™ Understanding of the phase structures of versatile
M,SiO,, orthosilicate compounds and the structure—property
correlation can accelerate the improvement of phosphors for
white light-emitting diode (w-LEDs) applications.””” However,
structural phase transformation behaviors in some orthosilicates
were not clearly defined until now. Herein, ternary diagram at
ambient conditions focusing on any two end members of
different phases depending on chemical compositions with
general formula Ca,_,Sr,SiO,, Ca,_,Ba,SiO,, and Sr,_.Ba,SiO,,
(0 < x, 9,z <2) is first presented in Figure 1a, which is mainly
obtained from inorganic structural database (ICSD) and
literature. Among them, Sr, ,Ba,SiO, compounds show only
two phases a'y and f, and o'y phase is predominant in a wide
composition range.”'”"" This is in accordance with temper-
ature dependences of Ba,SiO,, which shows only o'y phase
under different ambient temperature (Figure 1b), and Sr,SiO,
compound, which shows phase transition from fB-phase to a'y-
phase under heating. Therefore, small addition of Ba ions in
Sr,Si0, compound increases cell volume and has the same
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effect as heating of compounds, which induces @'y-phase. As a
comparison, Ca, ,Sr,SiO, compounds show diversity of the
phases: a'y-phase; a';-phase; f-phase, and y-phase at ambient
conditions.” > ~'¢

Moreover, it seems to be interesting that @’y and @'} phases
are not separated into different areas on the ternary diagram
but intermixed (Figure 1a). For example, CaSrSiO, can exist in
o'y-phase’” and @';-phase'® at ambient conditions. It seems
that these two phases have crystal structures with similar
energies, and two allotropic modifications exist. Ca,SiO,, also
exists in two modifications at ambient conditions: f-phase and
7-phase. Note that a';- and a'y-phases can be induced from
Ca,Si0, by heating (Figure 1b)." Addition of Sr ion in the
Ca,Si0, compound also enlarges cell volume and has the same
effect as heating. Therefore, as it was observed in the
Sr, ,Ba,SiO, crystal system, o'y-phase can be induced by
addition of Sr. However, at some synthesis conditions a';-
phase also can be induced by addition of Sr, and this diversity
of phases can be associated with two modifications f and y
phases of Ca,SiO, compound at ambient conditions.””*" On
the basis of the above-mentioned facts on the structural phase
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Figure 1. (a) Different phases depending on chemical composition
observed in databases and literature of Ca,_,Sr,SiO, Ca,_Ba,SiO,,
and Sr,_,Ba,SiO, (0 < «, y, z < 2) compounds on the ternary
Ca,Si0,—Sr,S10,—Ba,Si0, phase diagram at ambient conditions. (b)
The reported polymorphs summarization for M,SiO, (M = Ba, Sr, Ca,
and Eu) end members depending on temperature.

transformation behaviors in Ca,_,Sr,SiO, compounds depend-
ing on chemical compositions or temperature, the study of
photoluminescence tuning depending on their versatile
polymorphs and chemical compositions are highly desirable
and discussed in detail in this paper.

Versatile polymorphism of Ca,SiO, has been known for a
long time, and the polymorphs of Ca,SiO, established thus far
included B, y, o'y, @'y, and «a phases, as also listed in Figure
1b."*?% Therefore, Ca,SiO,-based phosphor can emit multiple
colors depending on different polymorphs and various activator
ions. As we know, f-Ca,SiO, can be formed in the normal
experimental conditions. However, Ca,SiO, has various phases
showin% tunable luminescence after doping with Eu®* or
Ce** > For example, Ca,SiO:Eu** is a green-yellow emitting
phosphor, and the emission colors can be apparently shifted
from green-yellow to deep red with increasing Eu*" content.” It
is also found that the phase transition S(P2,/n space group)—
@' (Pna2, space group) occurred since the amount of dopant
Eu®* was controlled between 0.1 and 0.2 mol."> When AI**
ions, which occupied the Si sites, are doped into Ca,SiO,:Ce**
the switchover from the blue-emitting 3-Ca,SiO,:Ce’* to the
yellow-emitting y-Ca,SiO,:Ce*" can be achieved.””*

Inspired by these facts, we assume, in Ca,SiO,:Ce’*
phosphor, that the substitution by larger Sr** ion for host
cation (Ca®") can facilitate the phase transition and adjust the
luminescent properties, and recently several intermediate
compositions in Ca,_,Sr,SiO, have been extensively studied,
such as CaSrSiO, and Ca,¢Sry35SiO,. Among them,
CaSrSiO,:Eu*" with high Eu®" content has been reported as a
red phosphor,” and CaSrSiO,:Ce*",Li* phosphor, substituting
AP* for Si*', has been reported by our group, and the red-shift
of the Ce®" emission is ascribed to the polyhedra distortion of
the cations.” Eu**- or Ce**-doped Ca, ¢;Sry35Si0, phosphors
have become another hot topic recently, and the phase with 'y,
crystal structure has been regarded as the high-temperature
phase of Ca,SiO, Tunable luminescence with blue, green, and
even red emission can be realized in such a system dependin%
on the different activators and their concentrations.”*™”
Herein, given the special structural features of Ca,SiO,:Ce*,

we select it as a model to study the structural transition through
Sr** cation substitutions. The present research about single
Ce*-doped Ca,_,Sr,SiO, phosphors mainly focuses on the
development of an appropriate host composition to adjust the
switchover from f to a' phase, and the mechanism of the
structural transition and the luminescent properties were
investigated.

. EXPERIMENTAL SECTION

Materials and Preparation. (Ca,gs_,Sr,Ceg;Ligo;)SiO4 phos-
phors were synthesized by solid-state reaction. CaCOj (A.R.), SrCO,
(AR), Li,CO; (AR), SiO, (AR), and CeO, (99.99%) starting
materials were used as received. Stoichiometric amounts of the
required reagents were combined and ground together with a small
amount of ethanol using an agate mortar until the mixtures were
almost dry (25 min). The charge compensation for the substitution of
Ca’* by Ce*" is achieved by adding equimolar concentration of Li*.
Mixtures were then shifted to the crucible and transferred into the
tube furnace to calcine at 1500 °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.

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.>

The room-temperature photoluminescence emission (PL), photo-
luminescence excitation (PLE) spectral measurements were performed
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 luminescence decay curves
were obtained using an FLSP9200 fluorescence spectrophotometer
(Edinburgh Instruments Ltd, U.K.), and an nF900 flash lamp was
used as the excitation resource. The temperature dependence
luminescence properties were measured on the same F-4600
spectrophotometer, and it was combined with a self-made heating
attachment and a computer-controlled electric furnace (Tianjin Orient
KOJI Co., Ltd, TAP-02).

. RESULTS AND DISCUSSION

Structural Evolution. The crystal structures of this series of
as-prepared (Ca; g5_,Sr,Cego1Ligo;)Si0, samples were inves-
tigated by using XRD. Considering that the ionic radius of Ce®"
is close to that of Ca?*, Ce®" ions substitute for Ca** sites, and
the cosubstitution of Ce**-Li* for two Ca** can be used to
balance the charge. Since we mainly focus on the phase
transformation in the Ca,_ ,Sr,SiO, host by varying the
concentration of the Sr** dopant, the content of the activator
ion Ce’ is fixed at 0.01 mol. Figure 2a gives the XRD patterns
of (Caygs_,Sr,Cego1Lig01)SiO, in the whole range of 0 < x < 2.
It is clearly found that the crystal structures of Ca,_,Sr,SiO, are
divided into two groups, and the phase for the composition at x
= 0.1 belongs to the f-Ca,SiO, type. However, all the phases
are ascribed to the a’-Ca,SiO, type for x > 0.5, suggesting the
formation of a continuous solid solution, which was confirmed
by the similar diffraction patterns; the shift of the diffraction
peaks to the low 20 direction originates from the substitution of
the bigger ion Sr** compared to Ca’*. Since we focused on the
phase transformation in (Ca; gg_,Sr,Ceqo,Lig01)SiO,, Figure 2b
shows the XRD patterns of selected chemical compositions in
the range of 0 < x < 0.8, and the phase transformation range
can be clearly found to be 0.10 < x < 0.18 on the basis of the
difference in position and relative intensity of the diffraction
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Figure 2. XRD patterns of as-prepared (Cags_,Sr,Cegq Ligq)SiO,
samples for different chemical compositions, (a) x = 0.1, 0.5, 1.0, 1.16,
1.5, and 1.8, (b) x = 0, 0.18, 0.3S, and 0.80. (c) Magnified XRD
patterns in the range of 0.18 < x < 0.8 for a’-Ca,SiO,. (d) Magnified
XRD patterns in the range of 0 < x < 0.18 for $-Ca,SiO, and a'-
Ca,Si0,. The standard data of -Ca,SiO, (PDF card 83—0463) and
a’-Ca,Si0, (PDF card 86—0399) are used as reference.

peaks. Moreover, the magnified XRD patterns (shown in Figure
2¢,d) recorded over the small range of angles (30°—35°) for
(Cayo5_4Sr,Ceg1Lig o1 )SiO, clearly illustrate that there are two
different phases because of obviously different diffraction peaks
in the two phases, namely, § phase (0 < x < 0.15) and &’ phase
(0.18 < x < 2).

To thoroughly understand the detailed changes in the phase
transition, powder XRD pattern Rietveld refinements of
(Caygg_,Sr,CeggiLigo;)SiO, (x = 0 to 0.80) were performed.
All sites of Ca ions were occupied by Sr ions, and occupancies
were refined with assumption that sum occ(Ca) + occ(Sr) = 1
in each site. The results of Rietveld refinement of the powder
X-ray patterns of (Cajgg_,Sr,CegoiLige;)SiO, samples with
different x values are given in Figure 3 for x = 0.1, 0.15, and 0.2
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Figure 3. Rietveld refinement of powder XRD profile of the selected
compositions of (Cags_,Sr,CegoLigg;)SiO, with the S-phase, mixed
phase and «'-phase,(a) x = 0.1, (b) x = 0.15, and (c) x = 0.2 and the
main parameters for the processing and refinement.

and in Figure Sla—f for x = 0, 0.18, 0.35, 0.50, and 0.80 in the
Supporting Information, respectively. The main parameters of
processing and refinement of the Ca, ,Sr,SiO, samples are
listed in Table 1. Almost all peaks of Ca,_,Sr,SiO, with x = 0,
0.1 were indexed by a monoclinic cell (P2,/n) with parameters
close to the ones for -Ca,SiO, reported earlier.”® However, all
peaks of Ca,_,Sr,SiO, with x = 0.20, 0.35, 0.50, and 0.80 could
be easily assigned to the orthorhombic cell (Pnma) with
parameters close to a’-Ca,SiO,.”” Compounds with x = 0.15
and 0.18 showed two-phase system consisting of P2;/n and
Pnma phases. As can be seen from the Rietveld refinement
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Table 1. Main Parameters of Processing and Refinement of the Ca, ,Sr,SiO, Samples

crystallographic parameters

Ca,_,Sr,SiO,  space group  phase weight (%) a (A) b (A)
x=0 P2,/n 100 5.511(7) 6.670(9)
x = 0.10 P2,/n 100 5.519(2) 6.781(2)
x = 0.15 P2, /n 74(4) 5.521(5) 6.788(7)

Pnma 26(4) 6.787(4) 5.546(4)
x=0.18 P2,/n 9(1) 5.514(2) 6.791(2)

Prma 91(1) 6.792(2) 5.547(2)
x =020 Prma 100 6.791(1) 5.546(9)
x =035 Pnma 100 6.824(1) 5.553(9)
x = 0.50 Prma 100 6.854(1) 5.560(1)
x = 0.80 Pnma 100 6.912(1) 5.575(8)

¢ (A) B (deg) v (A%) Z  no. of reflections/parameters
9317(1)  94447(8)  346.08(8) 4 516/62
9329(3)  94264(2)  34826(2) 4 521/66
9338(1)  94.126(4)  349.05(6) 4 523/66
9.307(5) 350.33(4) 4 294/62
9334(2)  94.110(2)  34860(2) 4 523/66
9.309(3) 350.69(2) 4 294/62
9.306(2) 350.49(1) 4 294/62
9.326(1) 353.37(9) 4 294/62
9.345(1) 356.15(1) 4 296/62
9.395(1) 36201(9) 4 304/62

results for the typical samples of $-Ca,SiO, and a’-Ca,SiO,
phases in Figure 3, the refinement was stable and gives low R-
factors, and the above results confirm the successive phase
transition § — @' through changing the Sr/(Sr + Ca) ratio, so
that the concentration of 0.15—0.18 can be considered as
critical for the phase transition.

With increasing x in Ca,_,Sr,SiO,, all the axes (g, b, and c)
expand, and the f angle becomes small with eventual increase
in the unit-cell volume (V, shown in Figure 4). A good
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Figure 4. Linear dependence of (a) cell parameters a,,,, of P2,/n (1)
and by, of Pnma phase (2); (b) cell parameters b,,,,,, of P2,/n (1) and
g, of Pnma phase (2); (c) cell parameters ¢, of P2,/n (1) and ¢,y
of Pnma phase (2); (d) monoclinic angle f of P2,/n (1) and Pnma
phase (2); (e) cell volume per x in series of compounds Ca,_,Sr,SiO,.

correlation exists between these cell dimensions and x. The
volumetric expansion due to the increment in x from 0 to 0.10
is 0.63% (Aa/a = 0.15%, Ab/b = 1.66%, Ac/c = 0.13%, and
ApP/p= —0.19%). These phenomena also exist in the a’'-
Ca,Si0, phase except for the f angle. The f angle of o'-
Ca,Si0, phase is always 90°. The linear dependence of cell
volume on «x (Figure 4e) also agrees well with Vegard’s law and

11372

proves that the suggested chemical formulas are close to real.
Cell parameters clearly show that the phase transition (P2,/n
< Pnma) occurs between x = 0.10 and x = 0.20 (Figure 4a—d).

As is well-known, phase transitions can be divided into first-
order and second-order transitions, respectively. The cell
volume changes with a discontinuity at the phase transition
provided that it belongs to first order. On the contrary, second-
order transition has no such jump. In our case, there is no
discontinuity in cell volume between x = 0.1 and 0.20 (Figure
4e). Therefore, we can conclude that in our case the phase
transition Pnma (a'-phase) <P2,/n (f-phase) should be of the
second-order type. Furthermore, the order—disorder mecha-
nism in o'-phase and the structural transformation Prnma (a'-
phase) <P2;/n (B-phase) have been investigated in detail.”
The main interesting results of this investigation are as follows:
(1) the Pnma phase can be derived by averaging two P2,/n
asymmetrical configurations related by the (100) mirror plane;
(2) all ions besides Si ions in the Pnma phase are disordered
between two positions, after the phase transition all ions are
ordered (shown in Figure S); (3) the atomic shifts and rotation

P2./n (B-phase)

Pnma (o'-phase)
mirror ’ |

plane is-
absent

Figure 5. Mechanism of disordering main structural elements in
Ca,_,Sr,SiO, compounds under phase transition P2,/n (f-phase)«>
Prma (a'-phase), which occurs between x = 0.10 and 0.20.

angles of the SiO, group in Pnma phase increase with
increasing x in Ca,_,Sr,SiO,. Meanwhile, the critical irreducible
presentation and order parameters that drive this phase
transition were also studied. The crystal structure of distorted
P2,/n phase was decomposed into symmetry modes of parent
structure Pnma using program ISODISTORT,” and this
revealed two modes: I';*(¢) and I';*(#) with k vectors [0, 0,
0] and [0, 0, 0], respectively. The ¢, 7 are order parameters that
are transformed according to the irreducible representations of
the space group Pnma. ISODISTORT shows that only I';*(7)
is the critical mode that drives the phase transition, which can
be written as Pnma — {I'5*(n)} — P2,/n. Moreover, based on
the group theory, this phase transition is allowed to be second
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order, and this is in agreement with smooth cell volume
changes with x showed in Figure 430

Another thing worthy to be mentioned is that the refined
values of Sr concentration in the two sites Cal/Srl and Ca2/
Sr2 show almost linear behavior on x (Figure 6). Moreover, the

0.8

Srin Ca1/Sr1 site
® Srin Ca2/Sr2 site

Refined value of concentration

Figure 6. Linear dependence on x of the refined values of the Sr
concentration in the two sites Cal/Srl and Ca2/Sr2.

concentration of Sr in Ca2/Sr2 site is almost zero in all
samples. Therefore, it can be concluded that small amounts of
Sr (x < 0.15) in -Ca,SiO, bring out the results that Sr prefers

to occupy Cal/Srl site. After that, the switchover to
orthorhombic phase occurs at the critical value of Sr
concentration (x = 0.15). The replacement mechanism is not
changed by introducing more Sr (x > 0.15). The Sr ions still
substitute for Cal/Srl site (The specific atomic coordinates
and isotropic displacement parameters are shown in Table S1,
Supporting Information). This is interesting and unusual, and is
ascribed to the fact that the coordination number of Cal/Srl
site is seven for $-Ca,SiO, smaller than the one of Ca2/Sr2 site
(that is eight). It is well-known that a bigger coordination
number leads to a bigger hole. The reason for this phenomenon
is that the Ca—O distances are longer for the smaller hole, as
shown in a previous report.'® Therefore, Sr prefers to occupy a
smaller hole rather than a bigger one.

Photoluminescence Evolution. PLE and PL spectra of
(Caygg-,Sr,CegoiLigo)SiO, were collected systematically at
room temperature. The representative PLE and PL spectra of
phase (x = 0) and @’ phase (x = 0.20) phosphors are shown in
Figure 7a,b, respectively. The PLE spectrum of the # phase
phosphor consists of three broad bands, which is similar to the
previous report.> The three-band structure is ascribed to the
splitting of a lower triplet and a higher doublet of the 5d orbital
of the Ce*" ions.”> The emission band is clearly less complex,
indicating that, as usual for Ce®* phosphors, only the lowest 5d'
state is involved in radiative relaxation. The emission spectrum
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Figure 7. PLE (left) and PL (right) spectra of (a) § phase (x = 0) and (b) @’ phase (x = 0.2) (Caygs_,Sr,Cegg;Ligo;)SiO, phosphors. The
approximate spin—orbit splitting of the emission band is represented by two dotted black curves. The normalized emission spectra of (c) f phase
phosphors, (Ca, ¢5_,Sr,Cego;Lig0)SiO4 (x = 0 to 0.18) and (d) @’ phase phosphors (x = 0.18 to 0.80) under 365 nm excitation. (e) The decay
curves upon 365 nm and lifetime values of Ce** in (Ca; g5_,Sr,Ce o, Ligo;)SiO, with different Sr** content (x), where x = 0, 0.10, 0.2, 0.5, and 0.80.
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shows an obvious broad emission band peaking at 417 nm that
can be deconvoluted into two sub-bands peaking at 407 nm
(24570 cm™) and 435 nm (22988 cm™'), with an energy
difference of 1581 cm™. This energy difference is nearly
consistent with the energy difference between the °F,jand
’F,,, states (1500—2000 cm™') generated from the 4f level
splitting of Ce*" due to spin—orbit coupling, as observed in
other Ce*" doped phosphors.’" The Stokes shift was estimated
to be 4590 cm™ for the 3 phase Ca,SiO,:Ce** from the PLE/
PL spectra in Figure 7a. In light of the XRD results, when the
amount of Sr** substitution is 0.2, a’ phase is obtained.
Comparing the PLE and PL spectra of  phase with ' phase,
some difference in the spectral position and shape can be
found. The PLE spectrum of &’ phase (Ca, g5_,Sr,Ceg o Ligo1)-
SiO4(x = 0.2) phosphor mainly contains two broad bands. The
emission band occupies the blue region peaking at 433 nm and
shifted to longer wavelength. The energy difference is 1585
cm™ by deconvolution of the emission peak, which is
analogous to f phase. The Stokes shift of @’ phase is 4605
cm™’, slightly bigger than for the § phase. These values are
within the range of those estimated for Ce-doped silicate
compounds.®” The comparison of the emission from f and o’
phase (Ca,gg_,Sr,Cego;Ligo)SiO, phosphors can be also
observed from the Commission Internationale de I'Eclairage
(CIE) chromaticity coordinates. The CIE chromaticity
coordinates and the emitting photographs for fp-
(Cay95Ceq.01Lin01)Si04 and a’-(Cay 75Sr0,Ceq g1 Lig01)SiO04
phosphors pumped by 365 nm UV lamp are shown in Figure
S2. We can see that the CIE coordinate slightly varies from
(0.1567, 0.0300) to (0.1493, 0.0568).

The luminescence properties of (Ca, g5_,Sr,Ceg;Lig01)SiO,
phosphors were comparatively investigated by varying the Sr
content between 0 and 0.18 in f# phase and 0.18 and 0.80 in o’
phase, respectively. The as-measured and normalized emission
spectra of (Caygg_,Sr,Ceg;Lig01)SiO, (x = 0, 0.05, 0.10, 0.15,
and 0.18) are illustrated in Figure S3a (see Supporting
Information) and Figure 7c; the emission intensities and peak
positions keep nearly unchanged for f phase
(Cayog-Sr,CegoiLigor)SiO, (x < 0.1), and the observed red-
shift behaviors should be ascribed to the appearance of @’ phase
at x = 0.15. As discussed above, the intermediate sample with x
= 0.15 showed a two-phase system consisting of P2;/n and
Pnma phases. When Ce** ions are doped in -Ca,SiO, and o'~
Ca,Si0, hosts, respectively, the maximum of Ce** emission
spectrum is found to be at 417 and 433 nm, respectively. It is
possible to explain the reason why the emission spectra shift to
longer wavelength. Although the emission intensities also keep
constant for (Ca, gg_,Sr,Ceg;Lige;)SiO, (x = 0.18, 0.20, 0.35,
0.50, and 0.80; Figure S3b), an obvious blue shift can be
observed from the normalized emission spectra for the a’phase
phosphors (Figure 7d), which is ascribed to a crystal field
splitting effect.”” To clarify this fact, the crystal field splitting
(Dq) is expressed as follows:

2
ze r4

Dg =
1= %%

(1) )

where Dgq is the magnitude 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. In our case, as the average
bond length of Sr—O is longer than that of Ca—O in a'-
Ca,Si0,, with the doping more Sr ions, the crystal field splitting

becomes smaller, so a blue shift is observed upon replacing the
smaller Ca*" ion by the larger Sr** ion.

Decay behaviors of the activators in the host can act as a
useful tool to check the phase transition and site occupancy
information.’*** The decay curves upon 365 nm and lifetime
values of Ce**in (Ca, gg_,Sr,Ceg g1 Ligo;)SiO, with different Sr**
content (x): x = 0,0.10, 0.20, 0.50, and 0.80 are demonstrated
in Figure 7e. All the decay curves can be well-fitted using a first-
order exponential decay formula

I(t) =1, + A exp(—t/7) (2)

where I and I; are the luminescence intensity at time ¢ and 0, A
is a constant, and 7 represents the decay time for an exponential
components. The exponential shape of the decay curves is
compatible with all Ce*" ions occupying one type of site, which
is consistent with the PL spectra observed above. On the basis
of the results of single exponential decay fitting, the lifetime
values of Ce** ions in (Ca, gg_,Sr,Ceo;Ligo;)SiO, phosphors
were calculated to be 37.1, 36.0, 43.1, 41.1, and 40.2 ns, for x =
0, 0.10, 0.20, 0.50, and 0.80, respectively. We also clearly found
that there is an obvious difference for the lifetime values for the
compositions between x = 0.10 and 0.20 suggesting the
possible phase transition range. The lifetime of S phase is
shorter than for a’ phase. Furthermore, there are two distinct
types of Ca/Sr sites in the host for the studied Ca,_,Sr,SiO,
compounds, which implies that two sets of Ce®* centers in
(Caygg_,Sr,Cegg1Lig01)SiO, may be present. To further verify
whether two kinds of Ce®* emission centers are existent or not
in the typical (Ca,gg_,Sr,Ceg01Lig0;)SiO, system, the emission
decay curves for representative f3-(Ca,3Cegg;Lig0;)SiO,4 and
a'-(Cay 74St9,Ceg 01 Lig01)SiO, samples monitored at some
selected wavelengths in the corresponding emission spectra
are demonstrated in Figure 8a,b, respectively. Depending on
different monitoring wavelengths for the two typical samples,
the lifetimes of B-(Ca; 93Ceg0;Lig0;)SiO, increase from 36.0 to
42.1 ns, whereas the lifetime values of a’-
(Cay75Srg2Ceo1Ligo;)SiO, change from 38.7 to 453 ns.
Therefore, the minor difference in measured fluorescent
lifetime also indicates one distribution of similar Ce** emission
center exists in (Ca; g5_,Sr,Ce1Lig01)SiO, phosphor, which is
obviously different from a previous report on the presence of
two emission centers in a';-(Ca,Sr),SiO,:Eu** phosphor.”®
Thermal Quenching Properties. Thermal quenching
behavior of phosphors is an important factor in evaluating
the phosphor for practical application in white LEDs.*® The PL
spectra of the representative (Ca,gg_,Sr,CeggiLigo1)SiO, (x =
0, 0.10, 0.20, and 0.80) samples were measured as a function of
temperature from 30 to 300 °C. As given in Figure 9, the
emission intensities of all samples decrease slightly when the
ambient temperature is below 200 °C. It suggests that this
series of (Caj gg_,Sr,Ceg1Lig0;)SiO, phosphors have excellent
thermal stability. As for the selected samples of
(Cay95_,Sr,Cego1Ligo;)SiO,, the emission intensities at 200
°C remains 93%, 91%, 93.3%, and 91% of the original intensity
at 30 °C for x = 0, 0.10, 0.20, and 0.80, respectively, shown in
Figure 9. The values are very high for the reported orthosilicate
phosphors. Additionally, a red shift for the emission peaks with
increasing temperature was observed for all the samples,
especially for $-Ca,oSry;SiO4:Ce* (x = 0.1). The red-shift
behavior is originated from the simultaneous effects of the
varied crystal field and the distorted symmetry of the
luminescence centers, as also observed in Sr,SiO,:Eu*".”” It is
believed that the bond length of Ce—O will be increased with
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Figure 8. Decay curves and lifetime values for (a) f-
(Cay95CegiLig01)SiO, and (b) a’-(Cay75S1g,Ceo;Lige)SiO, phos-
phors monitored at some selected wavelengths in the corresponding
emission spectra.
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Figure 9. Temperature-dependent emission spectra of
(Cayg5-,S1;Ceg01Lig1)SiO, with Sr** content (x). f-phase: (a) x =
0 and (b) x = 0.10; &’ phase: (c) x = 0.20 and (d) x = 0.80 (on the
top). Comparison between the luminescence intensities of the
(Cay95_Sr,Ce o Ligg)SiO, samples at 200 °C, with respect to the
original intensity at 30 °C (at the bottom).

increasing temperature, resulting in the decreased crystal field.
However, the symmetry of luminescent center (Ce**) will be
also distorted at high temperature. In such a case as reported in
Sr,Si0,:Eu?*, the induced John—Teller effect is dominant. That
is to say, the two effects lead to the splitting of the new excited
state or ground state at high temperature ® Therefore, the
transition energy between them will decrease, and the emission
peak is observed to be red-shifted with increasing temperature.

Additionally, the internal quantum efficiencies (IQE) of
typical samples, f-(Ca;q5Ceq1Lig01)SiO, and a'-

(Cay75Sr92Ce01Lig01)SiO, phosphors, were investigated, and
the IQE values were measured upon 365 nm excitation. On the
basis of the previous report, the IQE values can be calculated by
the following Eq 3.*

/ L
n
@ T, — [ 3)

where L, represents the luminescence emission spectrum of the
sample, Eg is the spectrum of the light used for exciting the
sample, and Ey is the spectrum of the excitation light without
the sample in the sphere. The corresponding values of f-
(Cay95Ce0o1Ligo1)SiO, and @'-(Cay75Srg,CeoiLigor)SiO, are
63.9% and 51.4%, respectively.

. CONCLUSIONS

In summary, the structural phase transformation and the
luminescence properties of a series of Ca,_,Sr,Si0,:Ce®*
phosphors have been discussed. The crystal structures of
Ca,_,Sr,Si0,:Ce** are divided into two phases, namely, 3 phase
(0 < x < 0.15) and o’ phase (0.18 < x < 2), and the critical
concentration of phase transition is x = 0.15, as obtained via a
combination of optical and structural characterization techni-
ques. The detected phase transition Pnma (a'-phase) <P2,/n
(B-phase) in Ca,_,Sr,SiO, can be ascribed to the second-order
type with smooth and linear cell volume variation depending on
x, and Sr** ions in Ca, ,Sr,SiO, preferentially occupy the
seven-coordinated Ca®* sites rather than the eight-coordinated
sites. The emission peaks of Ce*'shift from 417 nm to 433 in
the range of 0 < x < 0.8, and the difference in the decay curves
for the two different phases also verified the phase trans-
formation process. Excellent thermal quenching properties of
the selected Ca,_,Sr,Si0,:Ce®" samples suggest superior
properties for the application as w-LEDs phosphors. This
result demonstrated an important understanding on structurally
related families of orthosilicate hosts, which also provides an
impetus for the exploration of the structure—property relation-
ships of Ce**- or Eu**-activated phosphors.
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