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The energy transfer and luminescence properties in the Ce®* and Pr* co-activated CazSc,SisO1, (CSS)
silicate garnet are studied in our work. The addition of Pré* exhibits a red emission around 610 nm in the
green phosphor CSS:Ce®*, but the amount of Pr’* incorporated into the phosphor is very limited due to
the charge mismatch when Pr®* substitutes for Ca®* in CSS. In order to promote Pr** incorporation into
CSS lattices to enhance the red emission component, the addition of Mg?* incorporated into Sc** site is
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performed to compensate the residual positive charge caused by the substitution of Pr®* for Ca®* in CSS.
Finally, a white LED with color rendering index of 80 and correlated color temperature of 8715 K is
obtained by combining the single CSS$:0.05Ce**, 0.01Pr**, 0.3Mg?* phosphor with a blue-emitting InGaN

www.rsc.org/dalton LED chip.

1. Introduction

White light emitting diodes (LEDs) are considered to be a
promising candidate for future lighting systems because of
their higher efficiency, longer lifetime, and lack of requirement
for pollutants compared with conventional light sources such
as incandescent lamps or fluorescent lamps."* Until now, the
most widely used commercial white LEDs were fabricated by
combining high performance blue-emitting InGaN chip with
Y;Al504,:Ce®" (YAG:Ce®") yellow emitting aluminate garnet
phosphor that exhibits an emission band peaking at 530 nm
with a shoulder at 575 nm, originating from 5d—>F,, *Fs,
transitions of Ce®, respectively.>* YAG:Ce®" has a high con-
verting efficiency, but the deficient red emitting component
leads to the color rendering index (CRI) of the white LEDs
below 80.>°

To resolve this problem, the method of blending YAG:Ce*"
with red emitting phosphors has been proposed. Many studies
have therefore been devoted to the development of high per-
formance red phosphors, such as M,SisNg:Eu** (M = Ca, Sr,
Ba),” CaAlSiN;:Eu*",® and Lu,CaMg,Si;0;,:Ce®".° The draw-
back of phosphor blend is fluorescence reabsorption that
results in loss of luminous efficiency. Hence, full color emit-
ting single phase phosphors are expected. The attempt to
enhance red emission components in YAG:Ce®** was performed
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by co-doping Pr** on Y*' site to generate a red emission line
around 610 nm, originating from 'D,—>H, transitions of Pr**
through  Ce*’»Pr’* ET.° A new yellow-emitting
Bay.93EU0,07A,04 phosphor with sufficient red component,
very good thermal stability was also synthesized by Xufan Li
et al. Warm-white emissions with correlated color temperature
(CCT) < 4000 K and CRI > 80 were readily achieved when com-
bining this phosphor with a blue light-emitting diode
(440-470 nm)."*°

Recently, Yasuo Shimomura et al.'' reported a novel green
emitting silicate garnet phosphor Ca;Sc,Si;04,:Ce*" (CSS:Ce*")
suitable for blue LED excitation. In this host lattices, Ce** sub-
stitution for the dodecahedral Ca>" site is suggested based on
the results of extended X-ray absorption fine structure (EXAFS)
analysis. It was also found that the emission band appears to
have a remarkable red shift if codoping Mg>" to replace Sc**,
being able to modify CSS:Ce*" to be a yellow emitting phos-
phor Ca;(Sc,_,Mg})Siz01,:Ce® (0 < b < 1)."* In addition,
vacuum ultraviolet spectroscopy of CSS doped with Pr*" in
Ca”" site has been studied for searching for a novel fast emit-
ting scintillator by Ivanovskikh et al.’® The addition of Mg®" in
Sc** site is also performed to improve the properties of this
novel fast emitting scintillator.*

In this paper, we investigate the energy transfer (ET)
from Ce®* to Pr*" and the effect of addition of Mg** on the
luminescence properties of phosphor CSS:Ce*”, Pr’*. A blue-
based white LED with CRI of 80 and CCT of 8715 K is obtained
by using the single phase CSS:0.05Ce*", 0.01Pr**, 0.3Mg*"*
phosphor, demonstrating its potential application in white
LEDs.
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2. Experimental
2.1. Materials and synthesis

The phosphors Ca;Sc,Si304,:0.05Ce*™, xPr’" (CSS:0.05Ce™,
xPr**) (x = 0-0.06), Caz(Sc,_,Mg,)Si;04,:0.01Pr*" (CSS:0.01Pr*",
yMg>"), Cas(Sc,—,Mg;)Siz04,:0.05Ce*"  (CSS:0.05Ce*", yMg?")
and  Cay(Sc,—,Mg,)Si30,,:0.05Ce>", 0.01Pr*"  (CSS:0.05Ce*",
0.01Pr**, yMg>") (y = 0-0.3) were synthesized by conventional
solid-state reaction. The constituent oxides or carbonates
CaCOs3, Sc,03, Si0,, MgO, CeO,, and Pr(NO;); were employed
as the raw materials. The mixtures of raw materials were sin-
tered in a tubular furnace at 1350 °C for 4 h in reductive
atmosphere (5% H, + 95% Nj).

2.2. Measurements and characterization

The photoluminescence (PL) and photoluminescence exci-
tation (PLE) spectra were measured using a FS920 spectro-
meter (Edinburgh Instruments, UK). The diffuse reflectance
(DR) spectra were measured using HITACHI F-7000 spectro-
meter. The fluorescence decay curves of Ce*" were measured
by a FL920 Fluorescence Lifetime Spectrometer (Edinburgh
Instruments, Livingston, UK) and a hydrogen flash lamp
(nF900, Edinburgh Instruments). In the measurements of fluo-
rescence decay of Pr**, an optical parametric oscillator (OPO)
is used as an excitation source. The signal is detected by a Tek-
tronix digital oscilloscope (TDS 3052). Powder X-ray diffraction
(XRD) data were collected using Cu-Ka radiation (4 =
1.54056 A) on a Bruker D8 Advance diffractometer. The
chromaticity coordinates, CRI and the CCT of white LEDs were
measured using Ocean Optics USB4000 Spectrometer.
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3. Results and discussion

Fig. 1 shows the PLE and PL spectra for CSS:0.05Ce*" (a),
CSS:0.02Pr*" (b) and C€SS:0.05Ce*, 0.02Pr*" (c). €SS:0.05Ce™
exhibits a typical green PL band with a peak at 505 nm and a
shoulder around 540 nm, originating from the transitions
from 5d to ’F5,, and ’F,, of Ce®", respectively."' Meanwhile,
the PLE spectrum for the green emission exhibits an intense
excitation band around 450 nm, well matching the emitting
wavelength of the blue InGaN LEDs. The Pr** singly doped CSS
exhibits a red emission around 610 nm, originating from
'D,—%H, transition of Pr*". The PLE spectrum for the red
emission of Pr*" includes two bands. The band in the range of
430 to 500 nm is attributed to the transitions from the *H,
ground state to the upper triply split *P; (J = 0, 1, 2) levels and
the 'I level, and another band peaked around 285 nm is
ascribed to the electronic transitions from the *H, level to the
4f'5d band.'>'® In CSS:0.05Ce*", 0.02Pr*", the PL spectrum
upon Ce*" excitation at 400 nm exhibits not only the Ce** emis-
sion band around 505 nm but also the Pr’" emission around
610 nm, and the typical PLE band of Ce®" accounts for the
dominant part in the PLE spectrum around 450 nm by moni-
toring at 610 nm. These features prove that there is obvious ET
from Ce®" to Pr’* in Ce** and Pr’* co-doped sample. The occur-
rence of ET can be clearly understood as noticing the spectral
overlap between the Ce®* emission band in CSS:0.05Ce®" and
the Pr*" excitation band in CSS:0.02Pr*".

Fig. 2 shows the normalized PL spectra for CSS:0.05Ce’",
xPr’* by 400 nm excitation. Considering that the excitation
wavelength of 400 nm can only directly excite Ce** rather than
Pr**, the excitation of Pr’* must be performed completely
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Fig. 1 PLE and PL spectra for C55:0.05Ce** (a), CS5:0.02Pr** (b) and CSS:0.05Ce**, 0.02Pr** (c).
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Fig. 2 Normalized PL spectra for C$5:0.05Ce**, xPr** under 400 nm
excitation.

through Ce*"—Pr’*" ET. It is observed that the intensity of Pr**
emission obviously increases with increasing the nominal Pr**
content in the raw material, reflecting the enhanced ET
efficiency with increasing the concentration of Pr’*" in CSS. In
contrast to the phenomena that remarkable concentration
quenching takes place for Pr’* concentration at 0.06 in
Y;Al504,,"” the intensity of Pr’* emission continuously
increases with increasing the Pr*" content to 0.06 in the raw
material of CSS, as shown in Fig. 2. Considering the fact that
Ce*" in CSS has a limited solubility around mole 1.1% due to
the charge mismatch when Ce®" substitutes for Ca’*, as
reported by Yasuo Shimomura et al.,"* Pr*" may meet the same
situation. We therefore infer that the real concentration of Pr**
incorporated in CSS lattices is lower than both the nominal
concentration and the quenching concentration. This view-
point is supported by the observation of slightly shortened
Pr’* 'D, lifetimes at higher concentrations, as shown in Fig. 3
(a). The decay curves of Pr*" 'D, state for different Pr**
nominal contents are measured by monitoring 'D,—*H; emis-
sion of Pr’* at 714 nm upon *H,;—'D, pulsed excitation at
610 nm. In addition, the fluorescence decay curves of Ce*

3+
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Fig. 3 Photoluminescence decay curves of Pr* (excited at 610 nm,
monitored at 714 nm) (a) and Ce®* (excited at 450 nm, monitored at
505 nm) (b) in CSS:0.05Ce**, xPr**.
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monitored at 505 nm upon pulsed excitation at 450 nm are
presented in Fig. 3(b). Compared with fluorescence lifetime
(69 ns) of Ce*" in the absence of Pr**, the tiny variation about
that of Ce®" in presence of Pr*" indicates the ET efficiency from
Ce** to Pr’* is very limited due to low Pr’* concentration in
CSS. The longer average distance between Ce** and Pr*” results
in a weak interaction between them, so the ET from Ce*" to
Pr’” is not very efficient.

In order to explore the approach for enhancing the Pr**
concentration in CSS, we have tentatively prepared
CSS:0.05Ce**, 0.01Pr’", yMg>* with a fixed nominal Pr**
content at 0.01 and various nominal Mg”* content y from 0 to
0.3, in which Mg?" is incorporated into CSS by substituting the
Sc** site due to the ionic radius of Mg>* being close to that of
SC3+.12

Fig. 4 shows the XRD patterns for the phosphors with
nominal compositions of Caz.94Sc2_yngSi301Z:O.OSCe“,
0.01Pr*" (y = 0-0.3). The primary phase in all of these samples
is CSS garnets (JCPDF no. 72-1969) with a few by-products of
Sc,0; phase (JCPDF no. 74-1210) and Ca;(SizOo) phase (JCPDF
no. 74-0874). In addition, when the nominal content of Mg>*
reaches to 0.3 in the raw material, a by-product Ca,MgSi,O,
phase (V) (JCPDF no. 35-0592) emerges in the sample due to
the fact that excessive Mg>" in the raw material cannot be
incorporated into the CSS garnet phosphor. Fortunately, the
by-products do not affect the luminescence properties of the
phosphor.*?

Fig. 5 shows the PL spectra for CSS:0.05Ce**, 0.01Pr*",
yMg>" under 400 nm excitation (a) and CSS:0.01Pr**, yMg>*
under 452 nm excitation (b). The PL spectra of Ce*" in the
phosphors containing Mg>* are moved toward longer wave-
length with increasing Mg®" content in the raw material. As
reported by Yasuo Shimomura et al, this phenomenon is
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Fig. 4 XRD patterns for phosphors with nominal compositions of
Cay.945co_yMg,Siz04,:0.05Ce**, 0.01Pr** (y = 0-0.3).
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Fig. 5 PL spectra for CSS:0.05Ce®*, 0.01Pr**, yMg?* under 400 nm
excitation (a), and CS5:0.01Pr**, yMg?* under 452 nm excitation (b).

likely caused by the increase in amount of the activator.'?
Some interaction among the activators probably modified the
luminescence characteristics. This conclusion can be also
demonstrated in the DR spectra for CSS:0.05Ce*, yMg**
(Fig. 6(a)), in which the absorption around 450 nm that is attri-
buted to the typical 4f—5d transition of Ce®" in CSS enhances
with increasing Mg”* content, indicating that Mg** substitution
for Sc®* can promote Ce®" incorporation into CSS lattices by
compensating the charge mismatch between Ce®** and Ca®".
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Fig. 6 DR spectra for CSS:0.05Ce**, yMg®* (a), CSS:0.01Pr**, yMg®* (b)
and PLE spectra for C55:0.01Pr**, yMg?* (c).
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In contrast, the PL spectra of Pr’* in these samples are
located around 610 nm without any red shift with increasing
Mg>" content, due to the Pr’* emission around 610 nm orig-
inating from 'D,—%H, transition which is hardly affected by
the local environment. Nonetheless, the intensity of Pr** emis-
sion around 610 nm is markedly enhanced in the spectra for
not only CSS:0.05Ce*", 0.01Pr**, yMg>" but also CSS:0.01Pr*",
YyMg>" by increasing Mg”* content. In view of the effect of Mg>*
in CSS:0.05Ce”", yMg>*, we infer that the enhancement of Pr**
emission is ascribed to the increasing Pr’** concentration in
CSS, Mg>" substitution for Sc** can compensate the residual
positive charge caused by Pr** substitution for Ca*".

Fig. 6(b) and 6(c) show the DR spectra and PLE spectra
(Aem = 610 nm) for CSS:0.01Pr**, yMg>*, respectively. The bold
black line in Fig. 6(b) represents the DR spectrum for undoped
CSS. The slender absorptions in the range of 430 to 500 nm
are attributed to the transitions of Pr** from the *H, ground
state to the upper triply split °P; (J = 0, 1, 2) levels and the 'I,
level. The absorption around 285 nm is ascribed to the elec-
tronic transition of Pr’* from the *H, level to the 4f's5d
band.'>'® With increasing Mg>" content in the raw material,
the absorptions, which are correlated to the amount of Pr’* in
CSS, are gradually enhanced, indicating that the Pr** concen-
tration is increased by the incorporation of Mg*" into CSS lat-
tices. This conclusion accords with our previous inference.
The PLE bands (e, = 610 nm) for CSS:0.01Pr**, yMg?" are also
located around 285 nm and in the range of 430 to 500 nm,
well consistent with their DR bands, as shown in Fig. 6(c).

To evaluate the chromaticity characteristics of white light
generated from our present phosphor under blue light exci-
tation, a white LED is fabricated. As shown in Fig. 7, when the
single phosphor with nominal composition of CSS:0.05Ce*",
0.01Pr*", 0.3Mg>" is excited by a blue InGaN LED (450 nm)
chip, a white LED with CRI of 80, CCT of 8715 K and chroma-
ticity coordinates of (0.28, 0.32) is obtained at the forward
current of 20 mA. The results of this work demonstrate the
potential application of the single C€SS:0.05Ce**, 0.01Pr*",

CSS:0.05Ce™, 0.01Pr™, 0.3Mg™

’;‘ CRI =80
é CCT=8715K
= (x,¥)=(0.28,0.32)
‘@
=
2
=
£
Z
]
&
5
-

400 450 500 550 600 650 700 750

Wavelength (nm)

Fig. 7 Emission spectrum for the white LED fabricated using the single
phosphor with nominal composition of C€S$5:0.05Ce®*, 0.01Pr**,
0.3Mg2+ and an InGaN LED (lex = 450 nm) chip. The current is 20 mA.
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0.3Mg”* phosphor in blue-based white LEDs. However, this
white LED needs more red emission components to be excel-
lent lighting source. In order to improve the performance of
this white LED to obtain ideal lighting source with higher CRI
and lower CCT, further exploration to enhance the red emis-
sion of this phosphor is necessary.

4. Conclusions

In summary, we investigated the Ce**—Pr*" ET in the silicate
garnet CSS. The luminescence spectra exhibit a red Pr** emis-
sion around 610 nm through the Ce*'—Pr** ET upon excitation
at 400 nm. The intensity of Pr’" emission continuously
increases with increasing the Pr*" content to 0.06 in the raw
material, due to the limited increasing concentration of Pr’" in
CSS enhancing the ET efficiency from Ce*" to Pr’*. The
addition of Mg>* can not only increase Ce* concentration in
CSS to make PL spectra move toward longer wavelength, but
also promote Pr*" incorporation into CSS lattices to enhance
the Pr*" emission. The luminescence spectra of CSS:0.05Ce™",
0.01Pr*" containing Mg”" were modified to contain enriched
longer wavelength emissive components so as to generate
white light. A white LED with CRI of 80, CCT of 8715 K and
chromaticity coordinates of (0.28, 0.32) was fabricated by com-
bining the single CSS:0.05Ce*", 0.01Pr**, 0.3Mg”" phosphor
with an InGaN LED (450 nm) chip. Our works demonstrate the
promising application of this phosphor in blue-based white
LEDs. In order to improve the performance of this white LED
to obtain ideal lighting source, further exploration is needed
to enrich the red emission of this phosphor.
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