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a b s t r a c t

The yellow-emitting phosphor [Ca3�(xþ0.06)LuxCe0.06](Sc2�yMgy)Si3O12 obtained from Lu3þ and Mg2þ

co-modified green-emitting silicate garnet Ca3Sc2Si3O12:Ce3þ (CSS:Ce3þ) exhibits promising applica-

tions for white LEDs. In this paper, we discuss the effect of charge balance on the garnet structure

formation. The changes of bond length and covalence caused by the replacement of Lu3þ and Mg2þ for

Ca2þ and Sc3þ are analyzed. The shift of the Ce3þ emission and excitation can be attributed to the

combined results from crystal field splitting effect and centroid shift of Ce3þ 5d levels. Thermal stability

is analyzed according to configurational coordinate diagram.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Phosphor converted white light emitting diode (pcWLED) is
regarded as a new lighting source for the next generation [1,2].
The most current pcWLEDs employ yellow-emitting
Y3Al5O12:Ce3þ (YAG:Ce3þ) garnet phosphors combined with blue
InGaN LEDs [3,4]. The YAG:Ce3þ emits a yellow band peaking at
530 nm with a width of about 100 nm due to 5d-2F7/2, 2F5/2

transition [5]. The deficient red emission leads to the color
rendering index (CRI) of white LEDs being below 80. To enrich
the red emission, significant investigations have been done to
modify YAG:Ce3þ by substitutions for Y3þ and Al3þ sites [6–8].

In addition to Al-based garnets, a new green-emitting silicate
garnet phosphor Ca3Sc2Si3O12:Ce3þ (CSS:Ce3þ) suitable for blue
excitation has attracted much attention for its higher lumines-
cence and higher thermal stability than YAG:Ce3þ [9]. The
position of the Ce3þ 5d configuration is strongly influenced by
the host lattice selection [10–13]. For the garnet structure, it can
be presented by the general formula of C3A2D3O12, where C, A and
D are dodecahedral, octahedral and tetrahedral sites with coordi-
nation numbers (CNs) of 8, 6 and 4, respectively [14]. It is well
known that the garnet is quite flexible and can incorporate
various cations into the C, A and D sites. This affords an
opportunity to control the position of the Ce3þ 4f-5d excitation
ll rights reserved.

75.
and 5d-4f emission bands by careful substitutions on the
dodecahedral, octahedral and tetrahedral sites, because the low-
est 5d excited state is strongly influenced by the site size and type
coordinating Ce3þ [10–13]. In 2008, Shimomura et al. [15]
performed a remarkable red shift by partially incorporating
Mg2þ into the octahedral Sc3þ site to obtain a yellow-emitting
phosphor Ca3ScMgSi3O12:Ce3þ , which contained pronounced by-
products of Ca2MgSi2O7 and CaMgSiO4. In 2011, we provided an
effective means of achieving enhanced quality performance of the
yellow [Ca3�(xþ0.06)LuxCe0.06](Sc2�yMgy)Si3O12 phosphor by
eliminating the by-products through the introduction of Lu3þ at
the Ca2þ site to compensate for the negative charge caused by the
Mg2þ replacement for Sc3þ [16].

In this paper, we discuss the effect of charge balance on the
crystal structure and optical properties of [Ca3�(xþ0.06)LuxCe0.06]
(Sc2�yMgy)Si3O12. After analyzing the change of bond length and
covalency, the factors that determine crystal field splitting and
centroid shift of Ce3þ 5d configurations, we provide an initial
interpretation for the shift of Ce3þ emission and excitation when
Lu3þ and Mg2þ are incorporated into CSS:Ce3þ as well as the
thermal quenching mechanisms, and provide an optimization
method for phosphors used for pcWLEDs.
2. Experimental

Samples with the general formula of [Ca3�(xþ0.06)LuxCe0.06]
(Sc2�yMgy)Si3O12 with 0rxr0.94 and 0ryr1 were prepared
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by solid-state reactions. The raw materials of high purity CaCO3,
Lu2O3, CeO2, Sc2O3, MgO and SiO2 were homogenized according to
stoichiometric proportions and fired in a tubular furnace under
reducing conditions of 5% H2þ95% N2 at 1200–1400 1C for 4 h. All
samples were doped with 6 mol% Ce3þ . The structures of sintered
samples were identified over the scattering range of 201r2yr
601 by X-ray powder diffractometer (XRD) (Rigaku D/M AX-
2500V). The photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were measured using a Hitachi F4500
fluorescent spectrometer.
3. Results and discussion

3.1. Lu3þ incorporated CSS:Ce3þ

Fig. 1 shows the XRD patterns for samples with the nominal
compositions of [Ca3�(xþ0.06)LuxCe0.06]Sc2Si3O12 (x¼0.14, 0.34,
0.54, 0.74 and 0.94). For the lower Lu3þ content (x¼0.14), one
can see the primary phase is CSS (JCPDF no. 72-1969) with a few
amount of by-products of Sc2O3 (JCPDF no. 74-1210) and SiO2

(JCPDF no. 86-2327) phases. With the increasing Lu3þ contents
(x40.14), however, possible additional by-products of Lu2Si2O7

(JCPDF no. 35-0326), Sc2Si2O7 (JCPDF no. 74-0989) and Ce2Si2O7

(JCPDF no. 48-0058) appear and increase. For the higher Lu3þ

contents (x¼0.74 and 0.94), the amount of the by-products is
significant. This indicates a limited solid solubility of Lu3þ on the
dodecahedral sites. It can also be carefully observed that the XRD
peaks shift to high angle regions with increasing x, reflecting the
substitution of Ca2þ by Lu3þ for the ionic radius (r) of Lu3þ

(r¼0.977 Å for CN¼8) is much smaller than that of Ca2þ

(r¼1.12 Å for CN¼8) so as to shrink the lattice. It should be
noted that the shrinkage of the lattice does not exclude the
possibility of the Lu3þ substitution for Sc3þ . This is because the
difference between the ionic radius of Lu3þ (r¼0.861 Å for
CN¼6) and Sc3þ (r¼0.745 Å for CN¼6) is (0.116 Å) smaller than
that (0.143 Å) between Lu3þ and Ca2þ . A minor substitution of
Sc3þ by the larger Lu3þ cannot result in a macroscopic lattice
Fig. 1. XRD patterns for the samples of [Ca3�(xþ0.06)LuxCe0.06]Sc2Si3O12 (x¼0.14,

0.34, 0.54, 0.74 and 0.94).
expansion in case of a major substitution of Ca2þ by the smaller
Lu3þ . The Lu3þ substitution for Sc3þ can be actually found from
the by-products. The substitution of Sc3þ by Lu3þ leads to the
residue of Sc3þ , consequently resulting in the formation of
Sc2Si2O7. The observation of Lu2Si2O7 and Sc2Si2O7 strongly
indicates the limited solid solubility of Lu3þ in CSS in the case
of charge mismatches between Lu3þ and Ca2þ .

Fig. 2 shows the PL and PLE spectra of [Ca3�(xþ0.06)LuxCe0.06]
Sc2Si3O12 (x¼0, 0.14, 0.34, 0.54, 0.74 and 0.94). For x¼0
(CSS:Ce3þ), the PL spectrum exhibits an intense green emission
band peaked at 505 nm with a shoulder around 540 nm, originat-
ing from the transition from 5d to 2F5/2 and 2F7/2 of Ce3þ ,
respectively [9]. Meanwhile, the PLE spectrum for the green
emission exhibits an intense excitation band around 450 nm
and some weak bands in the UV region. Following the increased
incorporation of Lu3þ into CSS:Ce3þ , the emission intensity
dramatically drops off, which is correlated to the decrease of
the CSS phase and the increase of the by-products phase. On the
other hand, the PL spectra gradually shift to shorter wavelengths
from 505 nm for x¼0 to 499 nm for x¼0.94 as well as the blue
shift of the PLE spectra. To understand this phenomenon, the
luminescences of the secondary silicate phases are analyzed.
Ce3þ-doped silicates, such as Re2Si2O7 (Re¼Lu and Sc) that are
present as the secondary phases in these samples, always have
absorptions in the UV region and give rise to blue emissions [17].
Pauwels et al. have reported that Lu2Si2O7:Ce3þ showed two
excitation bands peaking at 305 and 355 nm and one emission
band peaking at 380 nm [17]. Therefore, under 450 nm excitation,
the emission bands of CSS:Ce3þ should not be influenced by
Lu2Si2O7:Ce3þ . Under UV excitation, the luminescence of these
second phases could be re-absorbed by CSS:Ce3þ , consequently
leading to unresolved excitation bands in the UV region other
than in the blue (450 nm) region.

The position of the excitation and emission bands for Ce3þ in
different hosts can be understood by analyzing two independent
competing factors: the crystal field splitting of the 5d levels and
the centroid shift of the 5d configuration with respect to the free
ion position of the 5d levels [10–13]. Phenomenologically (or
typically), the two factors are inversely dependent upon the
Ce3þ–O2� bond length. With the replacement of Ca2þ by smaller
Lu3þ; however, the blue shift of emission and excitation does not
follow the typical relationship between the bond length and the
position of the lowest 5d excited state of Ce3þ . In this case,
covalency and polarizability of Ce3þ-ligand bonds responsible for
the centroid shift should play an important role in the blue shift
Fig. 2. PL (lex¼450 nm) and PLE (lem¼505 nm) spectra for

[Ca3�(xþ0.06)LuxCe0.06]Sc2Si3O12 (x¼0, 0.14, 0.34, 0.54, 0.74 and 0.94).



Fig. 3. XRD patterns for the samples of [Ca3�(xþ0.06)LuxCe0.06](Sc2�yMgy)Si3O12

(x¼0, 0.34, 0.74, 0.94 and y¼0, 0.4, 0.8, 1.0).

Fig. 4. Lattice parameters against Mg content for [Ca3�(xþ0.06)LuxCe0.06]–

(Sc2�yMgy)Si3O12 with x¼0, 0.14, 0.34, 0.54, 0.74, 0.94 and y¼0, 0.2, 0.4, 0.6,

0.8, 1.0.

Fig. 5. PL (lex¼450 nm) and PLE (monitored at the emission maximum wave-

length) spectra for [Ca3�(xþ0.06)LuxCe0.06](Sc2�yMgy)Si3O12 (x¼0, 0.34, 0.74, 0.94

and y¼0, 0.4, 0.8, 1.0).
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behavior. For Lu3þ the anion polarizability is smaller than that for
Ca2þ because of the larger electronegativity of Lu3þ (w(Lu)¼1.27)
than that of Ca2þ (w(Ca)¼1.00). This means that the bonding of
the valence electron of oxygen to Lu3þ increases. In other words,
the ionicity of the Lu3þ–O2� bond decreases while the covalency
of Lu3þ–O2� bond increases, thereby decreasing the covalency of
Ce3þ–O2� bond and resulting in a smaller centroid shift of the 5d
levels from the free Ce3þ ion levels. The effect of centroid shift is
more pronounced than that of the crystal field splitting. There-
fore, the blue shift of the emission and excitation is observed.
After analyzing the two factors, it is noticed that polarizability (or
electronegativity) plays a more effective role than bond lengths.

3.2. Lu3þ–Mg2þ incorporated CSS:Ce3þ

Fig. 3 shows the XRD patterns for the phosphors with nominal
compositions of [Ca3�(xþ0.06)LuxCe0.06](Sc2�yMgy)Si3O12 with
x¼0, 0.34, 0.74, 0.94 and y¼0, 0.4, 0.8, 1.0. All the samples
exhibit a pure CSS phase, which are greatly different from the case
of Lu3þ or Mg2þ single doped CSS:Ce3þ . Meanwhile, it is obvious
that the XRD peaks shift to larger angle regions, indicating a
decrease of the lattice parameter. This phenomenon accords with
the replacements of Ca2þ by Lu3þ and Sc3þ by Mg2þ , because
both the ionic radius of Lu3þ (r¼0.977 Å for CN¼8) and Mg2þ

(r¼0.72 Å for CN¼6) are smaller than that of Ca2þ (r¼1.12 Å for
CN¼8) and Sc3þ (r¼0.745 Å for CN¼6), respectively. Lattice
parameters were calculated according to the XRD data in Fig. 3
using Jade 5. As Fig. 4 presents, the lattice parameters against the
Lu3þ and/or Mg2þ contents follow Vegard’s law, reflecting a
complete solid solution of Lu3þ and Mg2þ in CSS in the case of
charge balance of the total molecular formula.

Shimomura et al. have reported that abundant by-products of
Ca2MgSi2O7 and CaMgSiO4 appeared when Mg2þ was singly
present at the Sc3þ site in CSS:Ce3þ[15]. In Section 3.1, we also
demonstrate that large by-products are formed when Lu3þ is
singly present at the Ca2þ site. Charge mismatches between
Mg2þ and Sc3þ or between Lu3þ and Ca2þ should answer for
the two cases, respectively. Keeping the content of Mg2þ on the
Sc3þ site while enhancing the content of Lu3þ on the Ca2þ site,
the phases of Ca2MgSi2O7 and CaMgSiO4 gradually disappeared
and a pure CSS phase was obtained when the charge of the total
molecular formula reached a balance [16]. Therefore, it is con-
cluded that charge balance of the total molecular formula plays
an important role in the garnet phase formation. In 2006, Setlur
et al. [18] reported a red-emitting silicate garnet Lu2CaMg2Si3O12:
Ce3þ phosphor. A complete solid solution between the two
silicate garnets CSS and Lu2CaMg2Si3O12 was demonstrated by
the same authors in 2010 [19]. In this paper, we achieve a similar
result. However, the effects of Lu3þ and those of Mg2þ on the
luminescence properties are different from each other and speci-
fied in this report.

Fig. 5 shows the PL and PLE spectra for [Ca3�(xþ0.06)LuxCe0.06]
(Sc2�yMgy)Si3O12 with x¼0, 0.34, 0.74, 0.94 and y¼0, 0.4, 0.8, 1.0.
The PL spectra were excited by 450 nm and the PLE spectra were
monitored at the emission peak wavelength. With the increasing
Lu3þ and Mg2þ contents, the emission shifts to longer wave-
lengths from 505 nm (y¼0) to 560 nm (y¼1) following a peak
intensity decrease as well as the excitation. However, the integral
intensity is almost unchanged, reflecting the unchanged quantum
efficiency (QE) at room temperature.

Shimomura et al. [15] have demonstrated that the red shift of
the emission spectra of the Mg2þ single doped CSS:Ce3þ was
caused by the enhanced Ce3þ content for charge compensation
effects. Whereas, differing from the almost unchanged excitation
spectra for the Mg2þ single doped CSS:Ce3þ , the excitation for the



Fig. 6. PL intensity versus temperature for [Ca3�(xþ0.06)LuxCe0.06](Sc2�yMgy)

Si3O12 (x¼0, 0.34, 0.74, 0.94 and y¼0, 0.4, 0.8, 1.0) under 450 nm excitation.

The circles are experimental data and the lines are the fitting functions.
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Lu3þ and Mg2þ double doped CSS:Ce3þ exhibits a red shift.
Considering the two factors of crystal field splitting and centroid
shift aforementioned, the changes of bond length and covalency
are analyzed. As Fig. 4 depicts, the reduction of the lattice
parameters indicates a shorter Ce3þ–O2� bond for the compres-
sion of the garnet, shifting the lowest excited 5d state energy level
of Ce3þ to an even lower energy position for the stronger crystal
field splitting. This regular result is similar to that from Lu2CaMg2-

Si3O12 to CSS reported by Setlur et al., who demonstrated a
smaller crystal field splitting from the longer Ce3þ–O2� bond
length [19]. Furthermore, the electronegativity of Mg2þ

(w(Mg)¼1.31) is smaller than that of Sc3þ (w(Sc)¼1.36), which
means a higher ionicity of the Mg2þ–O2� bond and a more
covalent Ce3þ–O2� bond. Therefore, a lower energy position of
the lowest 5d excited state is induced for a larger centroid shift
arising from the higher covalent Ce3þ–O2� bond. This is also
demonstrated by the larger Ce3þ centroid shift in Lu2CaMg2Si3O12

(�13,300 cm�1) than that in CSS (�12,300 cm�1) [19]. Taking
the stronger crystal field splitting effect and the larger centroid
shift into account, a lower energy Ce3þ 4f-5d excitation and
5d-4f emission band is observed. After estimating the effect of
Lu3þ and Mg2þ , the red shift of the emission and excitation
should be attributed to Mg2þ other than to Lu3þ inducing a blue
shift as discussed in Section 3.1. However, Lu3þ also plays an
important role in the enhancements of luminescence intensity
and thermal stability [16].

With the incorporation of Lu3þ and Mg2þ into CSS:Ce3þ , the
QE at room temperature is almost unchanged. However, as shown
in Fig. 6, the QE significantly reduces at high temperature. The
energy difference between the excited 5d state and the bottom of
the conduction band is named activation energy (DE). The smaller
the activation energy, the stronger the thermal quenching. Using
the equation of I(T)¼ I(0)/(1þA exp(�DE/kBT)) with constant A

and Boltzmann constant kB, the activation energies were esti-
mated to be 0.128, 0.180, 0.204 and 0.213 eV for y¼0, 0.4, 0.8 and
1.0, respectively. Apparently, the result of the increase DE with
the increasing value of y is opposite to the thermal quenching
behavior. This could be related with the smaller temperature
range that leads to an inexact activation energy. On the other
hand, basing on the configurational coordinate diagram [20],
thermal quenching is described as a nonradiative relaxation
process between the lowest excited 5d state and the 4f ground
state. A larger Stokes shift induces a lower energy barrier for
nonradiative relaxation processes and results in a stronger ther-
mal quenching. Stokes shift can be obtained from the energy
difference between the lowest excitation peak and the higher
emission peak. From the room temperature spectra (Fig. 5) the
Stokes shifts are calculated to be 2470, 2850, 2900 and
2930 cm�1 for y¼0, 0.4, 0.8 and 1.0, respectively. Combining
the discussions above, the increased Stokes shift should respond
to the stronger thermal quenching with increasing Lu3þ and
Mg2þ substitutions.
4. Conclusions

In summary, we demonstrate that charge balance plays an
important role in the CSS garnet structure formation for the Lu3þ

and Mg2þ incorporated [Ca3�(xþ0.06)LuxCe0.06]–(Sc2�yMgy)Si3O12

with 0rxr0.94 and 0ryr1. The changes of bond and cova-
lence are analyzed when Lu3þ and Mg2þ are introduced into CSS.
The shift of Ce3þ emission and excitation can be attributed to the
result from the combined effect of crystal field splitting and
centroid shift of Ce3þ 5d levels. The decrease of the QE at high
temperature is induced by the nonradiative relaxation processes
according to the configurational coordinate diagram. Understand-
ing the factors that influence the position of Ce3þ emission and
excitation as well as the thermal quenching mechanisms provide
an optimization method for phosphors used for pcWLEDs.
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