Journal of

Materials Chemistry C

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

2013 | Pages 1-100

Journal of

Materials Chemistry C

d electronic devices

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&CHEMISTRY

ROYAL SOCIETY .
OF CHEMISTRY www.rsc.org/materialsC


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 32 Journal of Materials Chemistry C

Sr;Ce(PO,);:Eu’": A Broadband Yellow-Emitting Phosphor for

Near Ultraviolet-Pumped White Light-Emitting Devices

Pengpeng Dai'*, Szu-Ping Lee', Ting-Shan Chan’, Chien-Hao Huangs, Yun-Wei Chiang4, Teng-Ming
Chen'”

'Phosphors Research Laboratory, Department of Applied Chemistry and Institute of Molecular Science,
National Chiao Tung University, Hsinchu 30010, Taiwan

’National Synchrotron Radiation Research Center, Hsinchu Science Park, Hsinchu 30076, Taiwan.
'Materials and Chemical Research Laboratories, Industrial Technology Research Institute, Hsinchu 30011,
Taiwan

‘Advanced-ESR Lab for Nano-biophysics, Department of Chemistry, National Tsing Hua University,

Hsinchu, 30013, Taiwan

" Corresponding author: tmchen@mail.com.edu.tw.
1 On leave from Center for Advanced Optoelectronic Functional Materials Research, and Key
Laboratory for UV-Emitting Materials and Technology of Ministry of Education, Northeast Normal

University, 5268 Renmin Street, Changchun 130024, China




Journal of Materials Chemistry C

Abstract

We have synthesized and investigated a series of yellow-emitting Sr3Ce(PO4)3:Eu**
phosphors, showing extremely broadband at around 535 nm (with FWHM of ca. 200
nm/6,760 cm™) and large Stoke shift (ca. 8,265 cm™), which is attributed to the 4f-5d
transition of Eu*" without the contribution from Ce** emission under excitation at long
wavelength (> 370 nm). However, such broadband Eu?’ emission is rather surprising,
considering that there is only one cation site for Eu®’ luminescence center. Herein, we
investigate the crystal structure by performing X-ray Rietveld refinement on the synchrotron
X-ray diffraction data, and demonstrate that both cation and anion sites in Sr;Ce(PO,); are
disordered in the host lattice. These unusual structure characters generate a variety of
distinct Eu®" sites, which is verified by the decay lifetime analysis and electron paramagnetic
resonance spectra, and thus result in astonishing broadband yellow-emission. Moreover, a
white LED device with color-rendering index of 86.5, color temperature of 5,996 K, and
chromaticity coordinates of (0.32, 0.38), was obtained by combining a 405 nm near-UV LED
chip and the phosphor blends of yellow-emitting SrgCe(PO4)3:Eu2+ and the commercial
blue-emitting BaMgA10017:Eu2+ phosphor.  These results indicate that the as-prepared
yellow-emitting Sr3Ce(PO4)3:Eu”” phosphor has potential applications in the

dual-color-phosphor-converted WLEDs.

Keywords: Yellow-emitting phosphor, Sr;Ce(PO4);:Eu®’, Broadband emission, White

light-emitting diodes

Page 2 of 32



Page 3 of 32

Journal of Materials Chemistry C

1. Introduction

The use of phosphor-converted white light-emitting diodes (pc-WLEDs) continuously
drives the advance in the field of inorganic luminescent materials. The major WLEDs
presently in the market are fabricated by integrating blue LED and yellow-emitting phosphor
(YAG:Ce’"), which is considered to be one of the easiest and the most efficient way for
white-light generation.l’2 However, this type of white-light suffers from poor color rendition
(Ra < 80) because of the weak luminescence in the red spectral region.* As an
improvement, white-light with multi-emission bands is proposed by the combination of the
tricolor phosphors with near ultraviolet LED (n-UVLED) chips.”’ Unfortunately, such
WLEDs devices can be problematic since this method of packaging often induces some
problems including energy loss due to reabsorption and color balance.”® To circumvent
these drawbacks, one suggestion that has been put forth in this regard is to lower energy loss
due to reabsorption by using binary complementary color phosphors for n-UVLED chips,
since dual-color phosphors can lower reabsorption energy loss to some extents and meanwhile

simplify the fabrication processes of WLEDs.”!

In this way, it is required that the
yellow-emitting phosphor not only shows a broadband emission with enriched red component
but also itself cannot be excited by the blue light.'® Therefore, the effort to develop suitable
yellow-emitting phosphors has been very active.

Recently, a great number of eulytite-type M";Ln"(PO4); compounds (where M" = divalent
cation, Ln" = trivalent cation) acting as host materials for phosphors have drawn increasing

11-15

attention due to their chemical and mechanical stability. Additionally, eulytite-type
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B"sM"(PO,); compounds can incorporate various foreign ions and provide abundant crystal
field environments, which makes it possible to finely tune the physical/chemical properties to

16-18

design new luminescence materials. Recently, several investigations have been reported

on Eu2+-doped B3sM(PO,); compounds (B = Ca, Sr, Ba, M = Bi, Gd, Lu and Y) to exhibit

novel luminescence properties.lé'18

Sr;Ce(POy)3, crystallized in the eulytite-type structure,
has only one cation site 16¢c (C3 symmetry) in the unit cell, and thus one emission band can
generally be expected when Eu®" is doped into host lattice. Herein, we report a
yellow-emitting Sr;Ce(POy)3:Eu”" phosphor, which shows extremely broadband emission at
around 538 nm and large Stokes shift. The detailed crystal structure analysis has been
investigated by the Rietveld refinement of Synchrotron X-ray diffraction profile, electron
paramagnetic resonance (EPR) spectra, and the lifetime decay analysis. We have found that
both cation/anion sites are distorted in the host lattice and the extremely broad
yellow-emission is confirmed to be originated from a large amount of distinct Eu*" ions
induced by the disordered cation/anion sites. Moreover, a WLED with a color-rendering
index (Ra) of 86.5, correlated color temperature (CCT) of 5,996 K, and CIE chromaticity
coordinates of (0.32,0.38), has been fabricated by using the yellow-emitting Sr;Ce(PO4)3:Eu*
(SCPO:xEu2+), commercial blue-emitting BaMgAhoOn:Eu2+ (BAM:Eu2+) and a 405 nm
near-UV LED chip. These results indicate that this broadband yellow-emitting

SCPO:0.07Eu”" phosphor has a great potential to serve as a phosphor for near-UV pumped

WLED:s.
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2. MATERIALS AND METHODS
Materials synthesis
Polycrystalline SCPO:xEu®" was synthesized via solid-state reactions using SrCOs

(99.95%), CeO; (99.99%), (NH4),HPO4 (99.95%), and Eu,03 (99.99%) as starting materials.
Briefly, the powder mixtures in stoichiometric composition were thoroughly mixed using an
agate mortar and pestle and subsequently sintered for 4 h at 1450 °C in the air. The obtained
samples were reground and fired again for 5 h at 1350 °C in a muffle furnace under reducing
atmosphere (10% H»/90% N,). Finally, samples were then ground well for further
characterization.
Characterization methods

The phase purity of all samples was verified by using powder X-ray diffraction (XRD) with
Cu K, radiation by using a Bruker AXS DS diffractometer operated at 40 kV and 20 mA.
Synchrotron X-ray diffraction (SXRD) pattern of Sr3Ce(PO4)3:0.07Eu”" sample was collected
at the BLO1C2 beamline with energy range within 12-33 keV in the National Synchrotron
Radiation Research Center (NSRRC), Taiwan. The structure refinement was carried out
using the General Structure Analysis System (GSAS) program.'’ The diffuse reflection
spectra were measured with a double-beam UV-vis spectrometer (Hitachi 3010, Japan)
equipped with a @60 mm integrating sphere. The photoluminescence (PL) and PL
excitation (PLE) spectra were measured by using a Horiba FL-3 fluorescence

spectrophotometer equipped with a 450 W Xe lamp. The quantum efficiency (QE) was
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measured by using a Horiba F-3018 integrating sphere whose inner face was coated with
spectralon®. Fluorescence decay time was measured on a tunable nanosecond
optical-parametri-oscillator/Q-switch pumped YAG:Nd laser system (Ekspla). EPR spectra
was recorded by a JES-FA200 (JEOL, Japan) EPR spectrometer. The WLEDs were
fabricated using the phosphor blends of the as-prepared yellow-emitting
Sr;Ce(PO4)3:0.07Eu”" and the commercial blue-emitting BAM:Eu®" phosphor with a
near-ultraviolet LED (n-UVLED) chip (~405 nm). The optical properties, including the
electroluminescence (EL) spectra, the Ra values, the CCT, and Commission Internationale de
1"Eclairage (CIE) chromaticity coordinates of the WLED were recorded by a SphereOptics
integrating sphere with LED measurement starter packages (Onset, Inc.).
3. RESULTS AND DISCUSSION

Figure la shows the XRD patterns of polycrystalline Sr3Ce(PO4)3:xEu2+ (0 £ x <0.2)
samples, which all maintain the characteristic patterns of the cubic structure (space group
143d) and are consistent with the standard XRD profile of Sr;La(PO,); (PDF card
N0.29-1298).2” No detectable XRD peaks corresponding to impurity phases were observed.
However, the XRD peak located at 45.4° in 20, corresponding to the (510) crystal plane, shifts
slightly to the higher angle direction with increasing Eu®" content (Fig. 1b). These
observations indicate that Eu”" ions have been successfully incorporated into the crystal
lattice, and substitution of smaller Eu*" (r = 1.17 A, CN = 6) for St (r = 1.18 A, CN = 6)
induces size shrinkage of the host. Moreover, the full width at half maximum (FWHM) of
the XRD peaks was found to broaden gradually with increasing Eu®" content, which may

imply possible distortion of host lattice and random distribution of Eu®" ions. To further
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examine the crystal structure and occupancy probability of cation in this compound, the
Rietveld refinement was performed by using synchrotron powder X-ray diffraction data.
The calculated and experimental results as well as their difference in the XRD refinement of
the SCPO:0.07Eu”" sample are shown in Fig. 2a. The initial structural model is established
by the standard crystallographic data of Sr;La(PO,); (ICSD#69431), which is isostructural to
SCPO compound and belongs to the M";Ln"(POg)s;-family (cubic, space group I43d).
Refined structural parameters of SCPO:0.07Eu’" are summarized in Table 1. We have found
that Sr**, Ce®", and Eu®" ions all occupy the single 16¢ (C3 symmetry) sites in the unit cell.
In the refinement process, we presume that 93% of 16c¢ sites are filled by Sr and Ce, and 7%
by Eu atom without any site-mixing and the temperature factors for Sr, Ce and Eu atoms in
16¢ position are constrained to equality. The final reliability factors for the whole patterns
are Ryp = 8.72% and R, = 5.14%, respectively. The refined lattice parameters for
Sr;Ce(POy4); are a = 10.169(7) A, V = 1051.791(1) A’, which show an apparent lattice
shrinkage in comparison with that of Sr;La(PO,);."””  Figure 2b shows the crystal structure of
SCPO and the coordination of Sr and P in the host lattice. It is clearly seen from the Fig. 2¢c
and Table 1 that oxygen atoms, denoted as O1, O2 and O3, are distributed in three 48e sites
and have the same occupancy probability in this compound. The bond lengths for P-On (n =
1,2,3) are different from each other;" for example, the bond length for P-O1, P-O2, P-O3 was
found to be 1.529, 1.555, and 1.474 A, respectively, indicating SCPO compound possibly
possesses many POy tetrahedra with different orientations. Therefore, one can imagine that
SCPO phase shows not only cation disorder but also disorder in the oxygen sublattice.'"'*%

Unfortunately, it is impossible to distinguish each of the bond lengths of d(Sr-O1), d(Sr-O2),
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and d(Sr-O3) since the X-ray refinement simply reveals an average value of d(St/Eu-On).
Such a structural character may be responsible for the unusual luminescence properties when
Eu”" ions were doped and occupy at the Sr sites in SCPO:xEu’.

Figure 3 shows the diffuse reflectance spectra for SCPO:xEu*" (0 < x <0.1) samples,
where the Kubelka-Munk absorption coefficient is calculated from the measured reflectance
(R%) according to equation (1),

F(R) = o2 (1)
The calculation is considered to be necessary to minimize the influence of multiple scattering
in powder samples, especially in the region near the absorption edge.”’ The SCPO host
exhibits a strong absorption at around 320 nm, which is mainly attributed to the 4f-5d
transition of Ce’*, and there is no absorption observed in the visible range and, accordingly, it
is white in color. However, Eu®’ doping causes an immediate change in the optical
properties of SCPO. It is clearly seen that the absorption edge shows a red-shift with
increasing Eu®" dopant content, which indicates the successful incorporation of Eu®" ions into
the host lattice and this observation is in agreement with the XRD results. We have
observed that the sample gradually turns yellow with increasing Eu®" dopant content,
indicating that the energy levels of Eu’" ions are localized within the electronic structure of
the SCPO host, and provide absorption channels for visible light.
Figure 4 shows the PL and PLE spectra of the host SCPO. Under excitation at 325 nm,
the host SCPO shows a asymmetric broadband emission centered at 402 nm, which is
attributed to the transitions of Ce’" from the 5d excited state to the *Fs;, and *Fy, ground

2

states.””  The PL spectrum can be deconvoluted into two Gaussian bands centered at 24,796
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cm’ (~402 nm) and 22,891 cm’ (~435 nm), respectively, with an energy difference of 1,905
cm™ , as shown in supporting information in Figure S1 (See ESIY, Fig. S1), which is close to
the energy separation between 2F5/2 and 2F7/2 levels of Ce**.?2 The corresponding PLE spectra
(monitored at A, = 402 nm) ranging from 250 to 360 nm is attributed to the 5d-4f transition
of Ce’”.  When doped with Eu”" ion at the level of 0.01 mol%, the PL spectrum shows an
extremely broad-band yellow emission from 400 to 800 nm under excitation at 375 nm (Fig.
5a). The FWHM and Stokes shift of the SCP0O:0.01Eu** sample is estimated to be ~200 nm
(8,791 cm™/~0.797 ¢V) and 8,380 cm™ (~1.07 eV), respectively. However, both the FWHM
and the Stokes Shift for this yellow-emitting phosphor are significantly larger than those

reported previously for Eu’'-activated phosphors,®°

and even larger than that of the
commercial yellow-emitting (Ba,Sr),SiO4:Eu®” phosphor (See ESIt, Fig. S2). In order to
investigate the energy transfer from Ce’" to Eu*", the PL and PLE spectra of SCPO, and PLE
spectrum of SCPO:0.07Eu’" are presented in Fig. S3 in ESIt, respectively. It is clearly seen
that the PL spectrum of SCPO overlaps well with the PLE spectrum of SCP0O:0.07Eu*" in the
range of 365-450 nm, indicating the energy transfer from Ce** to Eu®" can occur when the
sample is excited with a shorter wavelength (<360 nm). Therefore, we believe that obtained
broadband yellow emission (Aex =375 nm) totally originates from the 5d—4f transition of
Eu®" without the contribution from the Ce’" ions.

With increasing Eu*" dopant content, continuous red shift from 528 to 549 nm is observed
in PL spectra under excitation at 375 nm (Fig. 5b), which could be rationalized with spectral

reabsorption and increasing crystal fields splitting of Eu®". 1In the case of reabsorption, the

emission with higher energy generally resonates with the lower energy part of excitation
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spectra, resulting in the more energetic emission that is partially reabsorbed, thus shifting the
emission spectrum to the red region.24 In the present study, it is clearly seen that the
higher-energy emission overlaps with the lower energy part of the PLE spectra (Fig. 6), and
the extent of overlap becomes more prominent with increasing the Eu*" content. In the case
of increasing crystal fields splitting of Eu®’, the average interatomic distances between Eu*"
ions are expected to be reduced with increasing Eu®" content, and thereby the interaction
between two activators becomes much stronger, resulting in an increase of crystal field
spitting of the 5d energy levels of Eu®".?” For the variations of the crystal field strength, one of
the phenomenological characteristics is the change in the wavelength and shape of the PLE
spectrum.  As shown in Fig. 6, with increasing the Eu®" content, different PLE spectra for
emission bands with lower energy confirm the increasing crystal field strength acting on
Eu’"***  The crystal-field splitting of Eu’" increases gradually from 20,414 cm™ for
SCPO:xEu*" sample with x = 0.01 to 21,120 cm™ for SCPO:xEu”" sample with x = 0.2 (Table
2). In addition, Table 2 also reveals that the Stokes shift decreases with increasing Eu*"
dopant content. Therefore, we believe that the observed red-shifting in PL spectra is
attributed to the effects of reabsorption, increasing crystal field spitting of Eu*" and reduced
Stokes shift. For the SCPO:0.07Eu*" sample, the luminous intensity reaches a maximum
value, and then decreases gradually as a result of concentration quenching when x exceeded
0.07. Furthermore, the external quantum yield (QY) of SCPO:0.07Eu”*" was determined to
be 50.6 % under excitation at 375 nm.

Fig. 6 shows the normalized PLE spectra of the SCPO:xEu*" phosphors (0 < x <0.2) by

monitoring the lower-energy emission bands. All the PLE spectra show broad excitation

10
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bands, which are attributed to the 4f-5d transitions of Eu®'/Ce®". With increasing Eu®’
dopant content, the onset of the 4f°5d band shifts gradually to the longer wavelength side
along with profile change, indicating the changes of crystal field strength acting upon the Eu*"
ions. Note that the broad PLE spectra, showing strong absorption at the wavelength range of
380 - 410 nm, match well with the wavelength of the n-UV LED chips, yet show a weak
absorption in the blue spectral region. These spectral properties make it possible to fabricate
a high CRI WLED by using dual-color phosphors and an n-UV LED chip.

According to the work by Dorenbos,” extremely broad Eu*" emission (FWHM of ~200
nm/~6300 cm™) is rather surprising considering that the crystal structure contains a single
cationic lattice site (16¢ sites for Sr and Ce) for the luminescent center. By deconvolution of
the emission peak for the SCPO:0.07Eu”" sample, it was found that the broadband emission
spectrum requires two Gaussian functions centered at ca. 542 nm (~18,102 cm™) and 650 nm
(~ 14,770 cm™), respectively, for data fitting. (See ESIT, Fig. S3) Therefore, we speculate
that the Eu®" ions very likely occupy more than one cation site in this compound. In the case
of multiple Eu®" centers, the lifetime decay profiles for each distinct Eu*" center are different
since distinct Eu*" ions with different coordination environments possibly have different
de-excitation channels.* Consequently, it is expected that once the lifetimes corresponding
to the different emission wavelength are determined, the existence of multiple Eu*" centers
can be confirmed. To validate the hypothesis, we have measured wavelength-dependent
luminescence decays under excitation at 355 nm. A set of luminescence decay curves is
recorded for selected samples with x = 0.01 and 0.07 by monitoring the emission at 480, 535
and 650 nm, respectively. For SCPO:0.01Eu*" sample , it is clearly seen that the profiles for

11
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the three decay curves are different from one another (Fig. 7a), and exhibit non-single
exponential decay behavior. The decay processes are characterized by an average lifetime, T,

which can be calculated using the equation (1) as follows,”®

1@ tat

1t 1

where 1(t) is the luminous intensity at time t. Based on equation (1), the average lifetimes
for the three Eu®" emissions are calculated to be 0.87, 1.15 and 1.25 ps, respectively. The
variation of lifetime as a function of the emission wavelength suggests that the local structure
around Eu®" ions is different. Similar phenomena have also been observed in the
SCPO:0.07Eu”" sample (Fig. 7b) and their average lifetimes for the three emissions are
calculated to be 0.87, 1.15 and 1.25 us, respectively. Herein, it is impossible to distinguish
different lifetimes induced by small differences in the local structure. Accordingly, we
tentatively assume that the broadband yellow emission originates from a large amount of Eu®*
ions with different local structures, which may be resulted from the random distribution of Sr
and Ce ions in an identical crystallographic site (site symmetry of C;). It should also be
noted that the higher-energy band decays (Aem = 480 nm) much faster than the lower-energy
band, and the nonlinearity of decay curves becomes more prominent, which indicates
de-excitation processes of electrons in excited states becomes more complex. It is difficult
to give an definite reason why the lifetimes for higher-energy emissions are shorter than those
of lower-energy ones. Therefore, we speculate that the energy transfer may take place
between Eu’" ions, each of which has a distinct coordination environment, and thus the
higher-energy emission may be partially quenched by the so-called “site-to-site” energy
transfer.”®  In addition, the contribution of energy transfer from Ce** to Eu*" cannot be ruled

12
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out completely when the samples are excited at 355 nm.

The EPR technique is an efficient way to probe the local structure of Eu’" ions because
the EPR of Eu*" ion (4f", S = 7/2, L = 0) shows long spin-lattice relaxation times so Eu*" EPR
spectrum could be clearly identified.’’®> To further understand the local environment of
Eu®’, the EPR spectra of the selected SCPO:xEu”" powders (x = 0.01 and 0.07) are shown in
Fig. 8, respectively. As for the SCPO sample, some weak EPR signals can be detected by
enlarging the EPR spectrum (the inset of Fig. 8), which may be attributed to the EPR signals
of Ce®™ or some kinds of paramagnetic defects in the host. However, the weak EPR signals
can be nearly neglected in comparing with that of Eu®" ions. Therefore, we believe that
these EPR signals of SCPO:xEu”" (x= 0.01 and 0.07) are attributed to unpaired electrons of
Eu’". Generally, the EPR signals of Eu®" in the lower symmetry site can present fine
structure consisting of seven sharp lines resulting from the splitting of J = 7/2 state into 2j+1
levels.” The separations between these lines depend on the symmetry around Eu®" ion in
the host. For cubic symmetry, all these lines coincide and only a single line will be found.*?
However, the hyperfine structure of Eu®" cannot be observed in the present study. For
SCPO:0.01Eu*" sample, the EPR spectrum of Eu®" displays very larger linewidth than that of

3155 With increasing Eu’" content, it is found that the

earlier reported Eu2+-doped phosphors.
linewidth of EPR spectra of the selected SCPO:xEu*" (x = 0.01 and 0.09) samples are
broadened (Fig. 8), which presents a solid evidence that the interaction between Eu*" and host
lattice becomes more prominent with increasing Eu*" dopant content, leading to an increase of
5d energy level splitting of Eu*’, thus causing a red-shift of PL spectra,3 % which is agreement

with the results of PL/PLE spectra. Interestingly, we also found that the obtained Eu’" EPR

13
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spectra are similar to those of Eu2+—doped glass/ceramics, such as the glass with composition
of 33NaP03-66Sr(P03)2:Eu2+ (N SP),37 another glass with  composition of
Sr(P03)2-1OMgF2-3OCaF2-1SSer-SSAng:Eu2+ (FP),37 and Eu2+-doped fluorozirconate glass
ceramics (ZBLAN).*® It is well-known that the EPR spectrum of Eu*"-doped glass/ceramic
is a good example of so-called U-spectrum originated from superimposing by an additional

3739 Brobeck and Iton reported that the U-spectrum is a characteristic of (1)

EPR spectrum.
Eu’" sites with a very low symmetry or disordered coordination environment; (2) Eu’" sites
with a broad symmetry distribution.”® Based on our EPR results and previous EPR analysis
of Eu*" ions in glass/ceramic, we believe that the broadband yellow-emission originates from
a large number of distinct Eu®’ sites with a low symmetry.

Fig. 9 shows the CIE chromaticity diagram of SCPO:xEu”" (0.01 < x <0.2) under excitation
at 365 nm. With increasing Eu2+-dopant content, it is clearly seen that the color tone shifts
gradually from yellowish-green to yellow, indicating this phosphor can be serve as a
yellow-emitting component for WLED application. The CIE coordinates of SCPO:xEu*"
(0.01 < x <£0.2) sample are determined to be (0.348, 0.441), (0.351, 0.443), (0.358, 0.446),
(0.368, 0.463), (0.356, 0.437), (0.378, 0.459), and (0.391, 0.470), respectively. Moreover,
their CCT values are estimated to be 5143, 5071, 4904, 4721, 4929, 4488, and 4263 K,
respectively. The corresponding images (Aex = 365 nm) are displayed in the inset of Fig. 9
and Sr3Ce(PO4)3:Eu2+ exhibits a bright yellow emission under excitation at 365 nm. Thus, it
is highly feasible to fabricate a high-CRI WLED by using the two-color phosphors. To
evaluate the potential application of Sr3Ce(PO4)3:O.O7Eu2+ in the WLED, the WLED is

fabricated by using the phosphor blends of as-prepared yellow phosphor and the commercial

14
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blue-emitting BAM:Eu®" with a 405 nm NUV chip. Figure 10 shows the EL spectrum of the
fabricated WLED driven at 350 mA. As expected, a full-color white-lighting can be realized.
It is clearly seen that the near ultraviolet emission band at around 400 nm, blue-emission band
corresponding to the BAM:Eu®" phosphor at around 454 nm, and the yellow-emission band
corresponding to the SCPO:0.07Eu”" phosphor at around 540 nm. The as-prepared WLED
shows a good Ra of 86.5, the CCT of ~ 5,996 K, and the color chromaticity coordinate of
(0.32, 0.38). However, the thermal quenching temperature of BAM:Eu** phosphor is around
550 °C, which is much higher than that (~ 80°C) of as-prepared yellow-emitting SCPO:Eu*"
phosphor.***" The low thermal quenching temperature for SCPO:Eu®" yellow-emitting
phosphor might be attributed to Eu** ions with the weak structure environment induced by the
distorted cation/anion sites. Different thermal quenching temperature for the two phosphors
may induce some problems including color balance and chemical stability of WLEDs. In this
research our results show that Sr3Ce(POy);:Eu*" could be a promising yellow phosphor for

dual-color- pc-WLED.

4. Conclusion

A series of Sr;Ce(POy)3:Eu’ phosphors with eulytite structure were synthesized by
solid-state reactions. Extremely broad-band emission centered at 538 nm and large Stokes
shift are found in these yellow-emitting phosphors under excitation at 375 nm. Based on the
crystal structure analysis and XRD Rietveld refinement, it is found that the eulytite-type
Sr3Ce(POy4);:Eu”" exhibits an unusual structure character, and both cation and anion are
distorted in the crystal lattice, which induces a large amount of Eu®’ jons with different local

15
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environments. The decay lifetime and EPR spectra of Eu’" indicate that the broad-band
yellow-emission is attributed to the distinct Eu’ jons. Moreover, a WLED, fabricated by
integrating a 405-nm UV LED chip with phosphor blends of yellow-emitting
Sr3Ce(PO4)3:O.O7Eu2+ and the blue-emitting BaMgAlloOn:Euy, exhibits bright white-light
with a CCT of 5,996 K, Ra of 86.5, and CIE of (0.32,0.38). These results indicate that the

yellow-emitting phosphors show a great potential for near-UV WLED application.
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Fig. 1 a) XRD patterns of the SCPO:xEu”" phosphor as a function of Eu’" content. ~As a reference, the
standard XRD data for Sr;La(POy4); (PDF Card. No 29-1298) is shown. b) Magnified XRD patterns in the

region 45 and 46 degrees for the SCPO:xEu’" phosphors as a function of Eu*" content.
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Intensity (a.u.) 2

Fig. 2 a) Experimental (cross), calculated (solid line) and difference (bottom) synchrotron power X-ray
diffraction patterns for the sample SCPO:0.07Eu*" by the Rietveld refinement method. b) Crystal

structure of the sample SCPO and c) the coordination of Sr/P with different oxygen atoms.
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Fig. 3 UV-vis absorption spectra of SCPO:xEu’" powders (0<x<0.1) converted from diffuse reflection

spectra by the Kubelka-Munk function.
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Fig. 4 The normalized PL (A¢, =325 nm) and PLE (A, =402 nm) spectrum of the host SCPO.
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Fig. 5 a) The PL spectra of the SCPO:xEu”" phosphors (0.01<x<0.2) under excitation at 375 nm. b) The

dependence of the Stokes shift (AS) and the A, on Eu”" content.
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Fig. 6 The normalized PLE spectra of the SCPO:xEu”" phosphors (0.01<x<0.2) by monitoring the lower

energy emission. Besides, the PL spectrum of SCPO:0.07Eu”" under excitation at 365 nm is also shown

in Fig. 6 as a reference.
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Fig. 7 The lifetime decay curves of the SCPO:xEu®" phosphors with x = (a) 0.01 and (b) 0.1 under

excitation at 375 nm by monitoring the emission at 480, 540 and 650 nm, respectively.
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Fig. 8 The EPR spectra of the selected samples SCPO:xEu”" (x = 0.01 and 0.09). The inset presents the

EPR spectra of the host SCPO and SCPO:0.01Eu’" as references.
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Fig. 9 The CIE chromaticity coordinates of the SCPO:xEu*" (x=10.01, 0.03, 0.05, 0.07, 0.09, 0.12, 0.2) and
the commercial blue-emitting phosphor (BAM:Eu”") under excitation at 365 nm. The insets show the
digital photos and the corresponding the CIE chromaticity coordinates of yellow-emitting SCPO:0.07Eu”"

phosphor and commercial blue-emitting phosphor.
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Fig. 10 The EL spectrum of WLED fabricated by using a 405 nm NUVLED chip and the phosphor blends
of blue-emitting phosphor (BAM:EuH) and the yellow-emitting phosphor (SCPO:EuH) under the
forward-bias current of 350 mA. The insets show the photographs of as-prepared WLED driven by 350

mA current.

29



Table Lists:

Table 1 Refined structural parameters for SCPO:0.07Eu’".

Journal of Materials Chemistry C

Atom Wyckoff symbol X Y Z Occupancy
Sr 16¢ 0.06245(15)  0.06245(15)  0.06245(15) 0.68
Ce 16¢ 0.06245(15)  0.06245(15)  0.06245(15) 0.25
Eu 16¢ 0.06245(15)  0.06245(15)  0.06245(15) 0.07
P 12a 0.375000 0.000000 0.250000 1
01 48e 0.0439(61) 0.1326(35) 0.2925(47) 0.3333
02 48e 0.9637(25) 0.1300(28) 0.3023(37) 0.3333
03 48e 0.0926(33) 0.3304(206) 0.4469(29) 0.3333
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Table 2 The PL and PLE bands, Stokes Shift, and crystal field splitting of SCPO:xEu”" (x = 0.01, 0.03,

0.05, 0.07, 0.09, 0.12, 0.2).

Aem FWHM of Aex Crystal field Stokes Normalized
Content
(nm) Aem (M) (nm) splitting (cm™)  shift (cm™) PL Intensity (100%)
Eug o1 528 212 346 20,414 11,256 37.5
Eug o3 530 196 350 20,414 8,377 72.5
Eug o5 533 195 351 20,428 8,265 84
Eug 07 535 195 363 20,700 8,295 100
Eug 09 535 207 375 20,888 7,354 76
Eug 12 540 207 398 20,969 7,354 66

Eug, 544 210 413 21,120 7,354 46
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Graphical Abstract

White lighting-emitting diodes (WLEDs) using binary complementary color
phosphors for n-UVLED chips are highly expected to realize a lighting source with

high color rendering index and high luminous efficiency.
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