Dalton
Transactions

Accepted Manuscript

O P P! P This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
Dalton = accepted for publication.
Transactions

A

ot norgn crms m Accepted Manuscripts are published online shortly after

I 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

g;mm 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 SOCIETY
OF CHEMISTRY www.rsc.org/dalton


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 10 Dalton Transactions

A wide range color-tunable tri-chromatic CagSc(PO,);: Eu®’, Tb*", Mn*"
w-LED phosphor was obtained based on the efficient Eu*" to Tb>" and

Eu”" to Mn®" energy transfer processes.
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high-temperature solid-state reaction. Energy transfer from Eu?*—Tb?* and Eu**—~Mn?* in CasSc(PO.)7

sample is a feasible route to realize color-tunable emission because CasSc(PO.); single-doped

Eu?*/Tb**/Mn?* emit blue, green and red lights, respectively. Most of the white light region in CIE

chromaticity diagram has been realized in CasSc(POa)7: Eu?*, Tb**, Mn?* phosphors. Warm white lights
including the points of (0.337, 0.331), (0.353, 0.355) and (0.358, 0.327) close to day light (0.33, 0.33)
with CCT of 5285 K, 4719 K and 4333 K are obtained, respectively.

1. Introduction

White light emitting diodes (w-LEDSs) are considered to be the
next-generation light source and will replace conventional
incandescent or fluorescence lamps due to their advantages of
being mercury-free, energy saving, high luminescence
efficiency, long life, environmentally friendly features, etc.'?
At present, w-LEDs can be fabricated by using a blue InGaN
LED chip in combination with a yellow phosphor of Ce®'-
doped yttrium aluminum garnet (YAG: Ce). However, this
phosphor exhibits a poor color rendering index (CRI) and a
highly correlated color temperature (CCT) due to the lack of a
red light emission which serious limit the white color quality.*®
To solve this problem, green and red phosphors in combination
with a blue LED or red, green and blue phosphors combined
with a UV LED have been suggested as alternatives.”®
However, different degradation rates of chip and phosphors
result in chromatic aberration and poor color stability for longer
working times. Therefore, it is necessary to develop a single-
phase tri-chromatic (red/green/blue) emission phosphor that can
be efficiently excited by UV or near-UV light for the
fabrication of w-LED.

One of the approaches for generating white light from
single-phase phosphors is by doping multi rare-earth ions, as
co-doping sensitizers and activators, into the same host. It is
well known that there have been several reports about the
photoluminescence (PL) properties of Ce®, Eu?*, Tb* and
Mn?* and the energy transfer mechanisms of sensitizer/activator
pairs, such as Eu®/Mn®, Eu*/Tb%, Eu®/Mn?/Tb*,

This journal is © The Royal Society of Chemistry 2013

ce¥/Mn*,  Ce¥ITb* ce®*/Mn**/Tb*
investigated in many hosts.

As far as we know, the crystal structures and luminescence
properties of CagSc(PO,); (CSPO) have not yet been reported.
In this article, we report a novel single-phase tri-chromatic
white-light-emitting phosphor, Ca,Sc(PO,)7: Eu?*, Tb**, Mn?*,
in which the energy transfer mechanism between blue-emitting
Eu?*, green-emitting Th*" and red-emitting Mn?* in the host and
the luminescence properties are firstly investigated. A wide
range color-tunable tri-chromatic emission was obtained by
adjusting not only the Eu®*, Tb®*, and Mn?" contents, but also
the excitation wavelength because the excitation spectra of
Eu?/Tb*/Mn?" in CagSc(PO,), host are different. In addition,
most of the white light region in CIE chromaticity diagram has
been realized in CSPO: Eu?*, Tb®, Mn?" phosphors. Warm
white lights including the points of (0.337, 0.331), (0.353,
0.355) and (0.358, 0.327) close to day light (0.33, 0.33) with
CCT of 5285 K, 4719 K and 4333 K are obtained, respectively.

and have been

10-22

2. Experimental

2.1 Materials and Synthesis

The CagSc(POy4); host and a series of rare-earth doped
CagSc(PO,); phosphors were prepared by a high-temperature
solid-state reaction technique. The raw materials were CaCO3;
(A. R), Sc,03(A. R.), NH4H,PO,A. R.), Eu,03(99.99%),
Tb,07(99.99%) and MnCOs; (A. R.). Stoichiometric amounts of
the raw materials were mixed and thoroughly ground in an
agate mortar. The powder mixtures were sintered at 500 °C for
10h in an alumina crucible. After cooling down to room
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temperature, the samples were re-ground and finally sintered at
1200°C for 10 h in a reducing atmosphere of H,/N, (5%/95%).

2.2 Materials Characterization

The powder X-ray diffraction (XRD) data were obtained by a
Bruker D8  focus diffractometer  with graphite-
monochromatized Cu Ka radiation (k = 0.15405 nm) operating
at 40 kV and 40 mA, at a scanning rate of 0.8° mint in the 20
range from 10° to 120 °. The photoluminescence (PL) and
photoluminescence excitation (PLE) spectra were measured
with a Hitachi F-7000 spectrophotometer equipped with the
excitation source of a 150W xenon lamp. The luminescence
decay curve was obtained from a Lecroy Wave Runner 6100
digital oscilloscope (1 GHz) using a tunable laser (pulse width
= 4 ns, gate = 50 ns) as the excitation source (Continuum
Sunlite OPO).

3. Results and discussion

3.1 Crystal Structure

Intensity (a.u.)

20 40 60 80 100 120
20 (degree)

Figure 1 Observed (black crosses), calculated (red solid line), and difference (blue
solid line) XRD profiles for the Rietveld refinement of CagSc(PO,);.

The phase purity of the as-prepared powder samples were first
examined by XRD. Figure 1 shows the observed (black
crosses), calculated (red solid line), and difference (blue solid
line) XRD profiles for the Rietveld refinement of CSPO host
sintered at 1200°C for 10h in Hy/N, (5%/95%) conducted using
the GSAS program. The Rietveld refinement results indicate
that no other phase or impurity can be detected in CSPO host
structure. The CSPO crystallizes as a hexagonal structure with
space group R3c. For CSPO, the lattice parameters were
determined to be a = 10.4165 A, b = 10.4165 A, ¢ = 37.3783 A,
V = 3512.34 A% and the refinement finally converged to Rp (%)
= 8.12, Ry, (%) = 5.48, and ¥° = 5.16, which was shown in
Table 1.

CaySc(PO,); is known to be based on the structure of -
Ca3(PO,),-type compounds (space group R3c) which have six
metal sites, M1-M6, and three P sites, P1-P3. M1, M2, M3, P2
and P3 occupy general positions (18b) while M4, M5, M6 and
P1 are located at (6a) sites on the threefold rotation axis.?®
CagSc(PO,); is isostructural to CagFe(PO4); and an
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investigation of the structure of CagFe(PO,); has shown that
Ca?* ions occupy the M1-M3 sites of the S-Cay(PO,), -type
structure, Fe®* ions are located in the M5 sites, while the M4
and M6 sites are vacant.’® The simulation of the crystal
structure of CagSc(PO,); is shown in Figure 2. The crystal
structure of CagSc(PO,), indicates that each cation has different
coordination environments, for example, Cal, Ca2 and Ca3
atoms located at 18b sites are eight-coordinated by oxygen
atoms, with an average distance of 2.5548 A, 2.5090 A and
2.4658 A respectively, while Sc** located at 6a sites are six-
coordinated by oxygen atoms, with an average distance of
2.2192 A, each ScOg octahedron is linked to two different PO43'
groups. The PO,* tetrahedral in CagSc(PO,); is isolated like
PO, groups in other whitlockite-like phosphates.?® According
to the similar effective ionic radius and valence of cations,**%>
29 we suggest that Eu®" (r = 1.25 A for CN = 8) and Mn?* (r =
0.96 A for CN = 8) prefer to occupy Ca?" (r = 1.12 A for CN =
8) sites while Th® (r = 0.923 A for CN = 6) replaces Sc* (r =
0.745 A for CN = 6) more easily.

Figure 2 Crystal structure of CagSc(PO,);.

Table 1 Rietveld Refinement and Crystal Data of CagSc(PO4)7 host.

CagSC(PO4)7
Crystal hexagonal
symmetry:
Space group: R3c
z 6
Cell parameters: a=10.4165(2) b =10.4165(4) ¢ =37.3783(8)
A A A
a=90° B=90° y=120°
Cell volume: 3512.34(26) A®
¥ =5.16 R, (%) = 8.12 Rup (%) =5.48

3.2 Photoluminescence properties

Figure 3 shows the PL and PLE spectra of CSPO: 0.003Eu?*. It
is observed that under excitation at 292 nm, the PL spectrum of
CSPO: 0.003Eu?" exhibits a broad band emission from 360 to
650 nm, which corresponds to the 4f55d'—4f transition of the
Eu?* ions. The emission spectrum can be decomposed into three
Gaussian profiles with peaks located at 414 nm, 444 nm and
510 nm. These peaks indicate that there are three emission
centers in CSPO: 0.003Eu?" lattice, which could be identified as
the different coordination environments of Ca?" ions being
occupied by Eu?* ions. As shown in Figure 2, three different
Ca®" sites exist in CSPO: 0.003Eu?* crystal structure, Cal, Ca2

This journal is © The Royal Society of Chemistry 2012
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and Ca3 ions located at 18b sites are eight-coordinated by
oxygen atoms, with an average distance of 2.5548 A, 2.5090 A
and 2.4658 A respectively. The splitting of the 5d excited state
of Eu?* strongly depends on the strength of the crystal field,
which is inversely proportional to R® (R: chemical bond length
between a cation with d orbital electrons and the coordinating
anion).*® Thus, the Eu®* ions substituting the Ca?* sites with a
shorter Ca-O bond distance will experience stronger crystal
field strength corresponding to a longer wavelength emission.
Hence, we infer that the band at 414 nm ( assigned to Eu (1) ),
is occupying Cal sites with a weakest crystal field, and the
other bands at 444 nm ( assigned to Eu (2) ), 510 nm ( assigned
to Eu (3) ), are occupying Ca2 and Ca3, respectively.
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Figure 3 PL and PLE spectra of CSPO: 0.003Eu** sample and the deconvoluted
emission spectra of three Gaussian bands. The inset shows the PL intensity as a
function of Eu®* content for CSPO: xEu>* under excitation at 292 nm.

The inset of Figure 3 shows the PL intensity of CSPO with
different doping concentration of Eu* ions. It can be observed
that the emission intensity of Eu?* ions first increases with
increasing doping concentration, reaching a maximum at x =
0.3, and then decreases sharply with increasing concentration
due to the concentration quenching effect. The critical distance
Rc between Eu?* ions can be estimated using the relation given
by Blasse.®

3V
4TXCcN

[ )

Rc:Z[

Where V is the volume of the unit cell, N is the number of host
cations in the unit cell, and Xc is the critical concentration of
Eu?* ions. For the CagSc(PO,); host, N = 54 and V = 3512.34
A3, Xc is 0.003. Therefore, the critical distance (Rc) is
calculated to be about 34.6 A.

It is well known that the ground state of the Th3* ion with a
4% electron configuration is on the “Fg level, and its 4f'5d*
excitation levels have high-spin (HS) °D; and the low-spin (LS)
D, states. As a result, the excitation spectrum of Tb®" ion
generally exhibits two groups of f - d transitions.®? Figure 4 (a)
shows the excitation spectrum of CSPO: 5% Tb*" sample. It
shows a strong broad band located at 233 nm with a shoulder at
264 nm which may due to a spin-allowed 4f2—4f'5d* (AS = 0)
transition and a spin-forbidden 48 —4f"5d* (AS = 1) transition,

This journal is © The Royal Society of Chemistry 2012

respectively.?® Moreover, there are several transitions from 278
to 500 nm, which are due to the intra-4f® transitions from the
"Fgto the °Fs, 4, *H7. 4, °D1. 0, *Lio. 7, “Ge. 2, Do 4 levels. Figure 4
(b) shows the emission spectra of CSPO doped with different
Th* ion concentrations. It can be seen that the Tb®*" emission
peaks at 383, 412, 436, 457 and 472 nm attribute to °Dy—'F,.¢
transitions; and peaks at 489, 543, 588 and 623 nm attribute to
°D,—"F4.¢ transitions. It is clear that the emission spectra show
different ratios between the °D and °D, emissions at lower and
higher Th*" concentrations. The emission spectrum for low
Th* concentrations consists of the transitions from both the °Ds
and 5D4 levels. With the increase of Tb® concentration, the
emissions from the °D; to the F; levels are quenched gradually
by the cross-relaxation process between neighboring Th%*
ions.®>** For the Tb®" ion, the energy gap between the °D; and
5D, levels is close to that between the “Fg and ’F, levels. Hence,
if the Tb®* concentrations is high enough , the high energy level
emission can be easily quenched in favor of the lower energy
level emission, i.e. Tb®" (°D,) + Tb** ('Fg) — Tb*" (°D,) + Tb**
('Fo), accompanied by enhancement of the emission from the
°D, level.®
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Figure 4 Photoluminescence excitation spectrum of CSPO: 5% b sample (a)
and photoluminescence emission spectra of CSPO: y% Tb* with different Tb*"
ion concentrations (b).

Figure 5 (a) shows the PL spectrum of CSPO: 0.003 Eu?*
and the PLE spectrum of CSPO: 0.05 Tb*. It is clearly
observed that there is an overlap between the emission
spectrum of Eu?* and the excitation spectrum of Tb**, which
indicates that the energy transfer may occur from Eu?* to Th®"
in CSPO: Eu?*, Th* samples. The excitation spectrum
monitoring with the Tb*" °D, - "Fs transition (543 nm) of
CSPO: Eu?*, Tb* sample, as shown in Figure 5 (b), consists of
not only the Eu?* excitation bands but also the Tb®" excitation
bands. The first band attributed to absorptions of Th®" 4f®—
4f'5d transitions and the latter (250 - 450 nm) is due to the
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transitions of Eu?* 4f’ — 4f°5d. The presence of the Eu®'
absorption band suggests that the energy transfer from Eu®*
Th* can be expected to take place in CSPO host. The PL
spectrum of CSPO: Eu?*, Tb®" excited at 292 nm exhibits a
broad blue emission band and several line emission, attributed
to the 5d—4f transition of Eu?* and °D,—~'F, (J = 3, 4, 5, 6)
transitions of Tb®", respectively.

} CSP0:0.003 Eu™ PL
| ——CSPO: 0.05 Tb™ PLE

*'w.mﬂjﬂi L”JK By

L () CSPO: 0.003Eu”, 0.05Tb™
=4, -543 nm
| |——2_, -420 nm
-A - 292 nm
o
J[\ u_
200 300 400 700 800

Relative Intensity (a.u.) Normalized Intensity (a.u.)

Wavelength (nm)

Figure 5 (a) The PL spectrum of CSPO: 0.003 Eu and the PLE spectrum of CSPO:
0.05 Tb*"; (b) the PL (excited at 292 nm) and PLE (monitored at 543nm and 420
nm) spectra of Eu®, Tb** co-doped CSPO.

——CSPO: 2% Mn™ - PLE
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Figure 6 (a) The PL spectrum of CSPO: 0.003 Eu®* and the PLE spectrum of CSPO:
0.02 Mn*"; (b) the PL (excited at 292 nm) and PLE (monitored at 646nm and 418
nm) spectra of Eu*", Mn®* co-doped CSPO.

The PL spectrum of CSPO: 0.003 Eu?* and the PLE
spectrum of CSPO: 0.02 Mn?" are shown in Figure 6 (a). The
PLE spectrum of Mn?* consists of several broad bands and
peaks in the range of 230 - 600 nm due to the transitions of the
Mn?* ion from ground state °A; (°S) to the crystal field
components of the excited “T; (*P), “E (°D), *T, (*D), *A,, “E
(*G), *T, (*G) and *T; (*G) levels.>® As seen in Figure 6 (a), we
observe a significant spectral overlap between the Eu?* PL and
Mn?* PLE spectra, indicating that the emission of spectrum of
Eu®" ions matches with the excitation spectrum of Mn?* ions.
Hence, an effective energy transfer from Eu?* to Mn?* ion was

4| J. Name., 2012, 00, 1-3
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expected. Figure 6 (b) shows the PL and PLE spectral of CSPO:
0.003Eu?*, 0.02Mn?*. The broad band emissions around 418
(blue band) and 646 nm (red band) excited by 292 nm are due
to the 5d—4f transition of the Eu?* ion and the spin-forbidden
“T, (“G) —°A, (®S) transition of the Mn?" ion, respectively.
Moreover, another evidence for energy transfer in CSPO:
0.003Eu®*, 0.02Mn?" is that the PLE spectral monitoring the
emission of Mn?* and the emission of Eu®" are similar.
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Figure 7 The PL spectra of (a) CSPO: 0.003 Eu”", x Tb®" (Aex = 292 nm) and (b)
CSPO: 0.003 Eu*, y Mn>* (Aex = 292 nm). The insets show the dependence of
Tb**/Mn** PL intensity and energy transfer efficiency on changing Tb* and Mn**
contents.

Figure 7(a) shows the emission spectra of the CSPO:
0.003 Eu®', x Tb®" with different Tb®*" doping concentrations
from 0 to 20% excited by 292 nm. Although the concentration
of Eu?" was fixed at 0.3%, the emission intensity for Eu?'
decreased with increasing Th® concentration, whereas the
emission intensity for Tb®" increases with increases of its
concentration. The above results indicate that there exists
efficient energy transfer from Eu®" to Tb®". Moreover, different
intensity of blue emission from Eu?" or green emission from
Tb* can be obtained by adjusting appropriately the
concentration of the sensitizer Eu?" and the activator Th*". In
addition, we found that Tb®" ions do not show typical
concentration quenching behaviour at high concentration of
20% Tb*. The reason for this phenomenon in CSPO: 0.003
Eu?*, xTbh® phosphor may be that Tb®* ions occupy Sc®* sites in
the CSPO host while the ions distance of Sc®* was obviously
longer than that of Ca®*" as shown in Fig. 2. Hence, a lower
concentration quenching effect can be expected from this
phosphor. The quenching concentration may be very high. The
similar phenomena were also observed in other materials, e.g.,

This journal is © The Royal Society of Chemistry 2012
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Sr35Y6502(PO4)15(Si04)as: Ce®, Tb%, Mn?, KCaGd(PO,),:
Eu?*, Tb%, Mn?, SrIn(PO,)s  Ce*, Tb*, Mn%,
BasLaNa(PO,);F:  Eu?*, Tb* 123738 The  quenching
concentration of Th®* was 40% in Jiao’s reports about
BagLaNa(PO,);F: Eu?*, Th%* 38
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The energy transfer efficiency 5 from a sensitizer (Eu®")

to an activator (Tb®") in CSPO: 0.003 Eu?*, x Tb®" phosphors

can be expressed through the following equation: % 4
Is
Nr=1-7= 2)
So

Where 71 is the energy transfer efficiency and Is and Iy, are the
luminescence intensity of the sensitizer Eu?* ions in the
presence and absence of the activator Tb** ions, respectively.
As a consequence, the #r values from Eu®" to Tb* were
calculated to be 0, 5.25%, 16.5%, 51.88%, 89.36%, 97.04% and
97.55% for CSPO: 0.003 Eu?*, x Tb** phosphors and plotted as
a function of x (x =0, 0.01, 0.02, 0.04, 0.06, 0.1, 0.2), as shown
in inset of Figure 7 (a). In general, there are two main aspects
which are responsible for the resonant ET mechanism: one is
exchange interactions and the other is multipolar interactions.*"
42 We know that if ET results from the exchange interactions,
the critical distance between the sensitizer and activator should
be shorter than 4A.*? The critical distance Rc for ET from the
Eu?* to Th® ions can also be calculated using egn (1). Here, X
is the total concentration of Eu®" and Th®" ions, and the critical
concentration (Xc) is that at which the luminescence intensity
of the sensitizer (Eu?") is half that in the sample in the absence
of the activator (Tb*"), that is to say, Xc occurs when 71 =0.5.
For the CagSc(PO,);: Eu?, Tb* system, the critical
concentration Xc is 4.1%. Hence, the critical distance (Rc) of
ET was calculated to be about 14.47 A. It is observed that the
radiative emission from Eu?* prevails when Rg,.1, > Rc and ET

This journal is © The Royal Society of Chemistry 2012

from Eu?* to Tb® dominates when Rg,.1, < Rc. This value is
much longer than 4 A, indicating little possibility of ET via the
exchange interaction mechanism. Hence, the electric multipolar
interaction can take place for ET between the Eu?" and Tb**
ions. According to Dexter’s ET expressions of multipolar
interaction and Reisfeld’s approximation, the following relation
can be given; 14143

7)_0 oc Cn/3
n Eu+Ty

(3)
Where 7, and 7 is the luminescence quantum efficiency of Eu®"
ions without and with the activator (Tb*") present; the values of
no/n can be approximately calculated by the ratio of related
luminescence intensities (lo/l); Cgump IS the total dopant
concentration of Eu?* and Th®"; and n = 6, 8, and 10, are dipole-
dipole, dipole-quadrupole, and  quadrupole-quadrupole
interactions, respectively. The 1o/l — Ccerrp”° plots are further
illustrated in Figure 8 (a)—(c), and the relationships are
observed when n =6, 8 and 10. Only when n = 8 does it show a
linear relation. This clearly indicates that the ET from the Eu?"
to Th* ions is the dipole-quadrupole mechanism. Therefore,
the electric dipole-quadrupole interaction predominates in the
ET process from Eu®" to Tb® ions in the CSPO host.
Considering the dipole-quadrupole interaction, the critical
distance from the sensitizer to activator can also be calculated
by the spectral overlap method, as expressed as follows:

RE = 3.024 x 10'22s2f, deE (4)

Where f; is the oscillator strength of the Th®* electric
quadrupole transition, As (in A) is the wavelength position of
the sensitizer’s emission, E is the energy involved in the
transfer (in eV), and [ Fs(E)F,(E)dE /E represents the spectral
overlap between the normalized shapes of the Eu?* emission
Fs(E) and the Th® excitation FA(E), and in our case it is
calculated to be about 0.0882 eV™. It is a pity that the oscillator
strength of the Tb®" quadrupole transition (fg) has not been
obtained up to now. However, it was suggested by Verstegen et
al. that the ratio £, /f, is about 10 t010, where f; = 10° is
the oscillator strength of the Th®" electric dipole transition.*
Using eqn (4), the critical distance R for the dipole-quadrupole
interaction method is 16.14-21.53 A. We assumed the ratio
folfa = 1073, the critical distance Rc was estimated to be
16.14A, which agrees approximately with that obtained by
using the concentration-quenching method (14.47A).

Figure 7(b) depicts the PL of the CSPO: 0.003 Eu?*,
yMn?* samples with varying Mn2* concentrations from 0 to 5%
under excitation at 292 nm. With increasing the Mn?*
concentration, it is found that the emission intensity of Eu?*
ions decreases from y = 0 to 0.05, while the emission intensity
of Mn?* ions increases initially and reaches a maximum at'y =
0.02, beyond which it decreases due to the Mn?*-Mn?" internal
concentration quenching. Hence, the 71 values from Eu®* to
Mn®* were calculated to be 0, 28.33%, 42.96%, 63.22%,
78.39%, 83.63% and 93.09% for CSPO: 0.003 Eu*, y Mn*
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phosphors and plotted as a function of y (y = 0, 0.005, 0.01,
0.02, 0.03, 0.04, 0.05), as shown in inset of Figure 7 (b). The
critical distance (Rc) of ET between the Eu®*" and Mn?" ions
calculated by the quenching concentration method (eqn(1)) and
the spectral overlap method (eqn(4)) are 19.4A and 14.4A,
respectively. According to eqn(4), when n = 8 the Iy/l —
Ccesmn™? plots show a linear relation as shown in Figure 8 (d) —
(). This powerfully indicates that the ET from Eu?* to Mn?
ions also has the dipole-quadrupole mechanism.

The inset of Figure 7 (a) and Figure 7 (b) exhibit the
increasing trend of 5 value of Eu®**—Tb*/Mn?* while the
increasing rate decreases because the fixed Eu?" concentration
restricts the energy transfer from Eu?*.
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4f'sd 1.(e)
3.5x10* o
o ET Er ‘E(‘D)
UX -1 4. Y
T,('D)
- 77, =t =
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Figure 9 The schematic level diagram for energy transfer process in the
CagSc(P0O,)7 host. The PLE (Aem = 416 nm) and PL (Aex = 292 nm) spectra of CSPO:
0.003 Eu* phosphor are also shown as a reference.

Figure 9 illustrates the energy level schemes of
Eu?/Tb*/Mn*" and the possible energy transfer models for
Eu?*—Tb*" and Eu?**—Mn?" in the CaySc(PO,); host. The PLE
(Aem = 416 nm) and PL (A, = 292 nm) spectra of CSPO:
0.003Eu?* is also shown in Figure 9 as a reference. As shown in
Figure 9, the 5d band of Eu?* overlaps partially the excited-state
energy levels of Mn?* (“A,, “E (“G)) and Tb** (°D3), indicating
the energy transfer between Eu?*—Mn?* and Eu*—Tb%* may
occur via nonradiative transitions. When the Eu?* ion is
irradiated by UV light, electron is pumped to higher component
of 5d level and nonradiatively relaxes to the lowest 5d crystal
field splitting state, and then it return to the ground state (4f")
with a 416 nm emission. As the similar values of the energy
levels, an energy transfer is expected to take place from the
excited 5d state of Eu®" to *A, “E (*G) level of Mn®" and (°Dj)
level of Tb*" in the CasSc(PO,4); host. Mn?* ion receives the
energy transferred from excited Eu?*, the electrons in the Mn?*
ion from the ground state are excited into*A;, ‘E (*G) energy
levels. Then, the excited free electron relaxes to the excited
state “T; (*G) through “T, (*G) intermediate energy level in a
nonradiative process, followed by a radiative transition from
excited state of *T; (*G) to the ground state of °A; (°S), with a
typical emission of Mn?" located at 646 nm. At the same time,
the luminescence intensity of Eu?" decreases. With the
increasing of Mn?* concentration, the energy transfer from Eu®*
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to Mn?" increases and the intensity of Eu®" decreases gradually,
as shown in Figure 7 (b). The energy transfer of Eu?*—>Tb*" is
similar to Eu** —Mn?*. The excited Eu®"ions transfer energy to
°Dj; level of Th® ions; subsequently, the °Dj level gives its
characteristic transitions or continues to transfer the energy to
the °D, level via cross relaxation. Then a set of characteristic
transitions of °D, —'F4., located at 489, 543, 588 and 623 nm,
are exhibited.

—Eu” PLE
Mn" PLE
Tb™ PLE

°

|—2%, =292nm

A, =543 nm
F——2_, =646 nm
A, =420 nm

| -
o o

-l
o

lL"ZUCI 250 300 350 400 450 500
Wavelength (nm)
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=

Relative Intensity (a.u.)

L fl L L
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Figure 10 PL and PLE spectra of CSPO: 0.3% Eu’, 5% Tb*>", 1.6 % Mn?*. The inset
shows the excitation spectra of Eu®*/Tb>*/Mn?* of CSPO: 0.3% Eu®, 5% Tb*", 1.6 %
Mn** phosphor.

A white light emission can be obtained through mixing the
tricolor (RGB) lights at a suitable ratio. Based on previous
studies, energy transfer from Eu**—Tb%" and Eu?**—Mn?' in
CSPO sample is a feasible route to realize color-tunable
emission because CSPO single-doped Eu?*/Tb*/Mn?" emit
blue, green and red lights, respectively. Figure 10 shows PL
and PLE spectra of CSPO: 0.3% Eu?", 5% Tb%", 1.6 % Mn?".
The PL spectrum of CSPO: 0.3% Eu?*, 5% Tbh*, 1.6% Mn?'
sample is composed of blue emission of Eu?', green emission of
Tb*, and red emission of Mn?'. Therefore, color-tunable
phosphors can be obtained by adjusting the content of Th** and
Mn?*. Moreover, as shown in the inset of Figure 10, the main
excitation peaks of Eu®"/Tb*/Mn?* in CSPO: 0.3% Eu?*, 5%
Th%, 1.6 % Mn?* phosphor locate at 292 nm, 315 nm, and 331
nm, respectively, which attribute to the transitions of Eu?* 4f'-
4f°5d. Obviously, in comparison with Eu®', there is some red
shift for the main peak of PLE spectra of Th® and Mn?.
Hence, the emission intensity of Eu®*/Tb*/Mn?" is various
when excited at different wavelength.

Figure 11 (a) shows the PL spectra of CSPO: 0.3% Eu?*,
5% Tb%, z % Mn?* (z = 0.1%, 0.5%, 1.6%, 2.3%) excited at
300 nm. With increasing Mn?* concentration, the PL intensity
of the Mn?* emission is found to increase, and that of Eu?* and
Th® are observed to decrease. Figure 11 (b) shows PL spectra
of CSPO: 0.3% Eu?, 5% Tb*", 1.6% Mn?* excited at different
wavelength (Aex = 300 nm, 320 nm, 340 nm, 365 nm).
Obviously, with increasing excitation wavelength, the variety
trend of PL intensity of Eu?*/Tb®*/Mn?* is different. Therefore,
color-tunable phosphors can also be obtained by adjusting the
excitation wavelength.

This journal is © The Royal Society of Chemistry 2012
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Figure 11 (a) PL spectra of CSPO: 0.3% Eu®, 5% Tb>, z % Mn*" (z = 0.1%, 0.5%,
1.6%, 2.3%) excited at 300 nm; (b) PL spectra of CSPO: 0.3% Eub, 5% Tb3+, 1.6%
Mn?* excited at different wavelength (Aex = 300 nm, 320 nm, 340 nm, 365 nm).

In order to further validate the Eu?**—Tb* and
Eu?*—Mn?" energy transfer process in the CasSc(PO,); host
lattice, the PL decay curves of Eu®" in CSPO: Eu®*, xTb*,
yMn?* phosphors, together with the calculated lifetimes are
shown in Figure 12. The luminescent decay times can be fitted
well with a second-order exponential decay curve by the
following equation:

I(t) = Ay exp(—t/Tq) + Ay exp(—t/13) (3)

Where | (t) is the luminescence intensity at time t; A; and A,
are constants; z; and 7, are rapid and slow lifetimes for the
exponential components, respectively. Using these parameters,
the average decay time (z) can be determined by the formula as
follows:

T=(A171% + A215%) /(A1 T + ApTy) 4)
Based on the above equation (4), the average decay times ()
are calculated to be 0.7380, 0.6962, 0.6682, 0.4644, 0.3133 and
0.2060 us for CSPO: Eu®*, xTb**, yMn* withx =0,y = 0; x =
2%,y =0;x=5%,y=0; x=5%,y =0.5%; x=5%, y=1.6%,
X = 5%, y = 2.3%, respectively. It can be seen that the decay
lifetime of the Eu® ions decreases monotonically with an
increase in Tb® and Mn?" doping concentrations, which
strongly demonstrates the energy transfer from Eu®" to Th*" and
Mn?* ions.

This journal is © The Royal Society of Chemistry 2012
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Figure 12 PL decay curves of Eu* in CSPO: 0.003Eu”*, xTb*, yan phosphors
displayed on a logarithmic intensity scale.
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Figure 13 CIE chromaticity diagram of CSPO: 0.003Eu®*, 0.05Tb*, yMn
phosphors at different excitation (a) (al-a4: y = 0.005; d1-d4: y = 0.016; gl-g4: y
= 0.026); (b) (b1l-b4: y = 0.01; el-ed: y = 0.02; h1l-h4: y = 0.03); (c) (cl-cd: y =
0.013; f1-f4: y = 0.023; i1-i4: y = 0.035); (d) the combination of (a), (b) and (c). A ex
=300, 320, 340 and 365 nm.

A series of warm white light phosphors can be obtained
via adjusting not only the concentrations of Eu?*/Tb%/Mn?*, but
also the excited wavelength. The Commission International de
L’Eclairage (CIE) chromaticity diagram of CSPO: Eu*,
0.05Tb*, yMn?* phosphors at different excitation wavelength
are measured, and the results are shown in Figure 13 and Table
2. The results show that most of the white light region in CIE
chromaticity diagram has been realized in CSPO: Eu?,
0.05Tb**, yMn?" phosphors with adjusting the Mn?* content and
the excitation wavelength. As we all know, a warm white light
with correlated color temperature (CCT) below 5000K is
popular in solid state lighting. Figure 14 shows the CCT of
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CSPO: Eu?", 0.05Tbh*, yMn*" phosphors excited at different

wavelength. Obviously, The CCT basically exhibits a decrease 1o0o = COPO: CRER" - ERTE™ . 3hr ™
trend with increasing the content of Mn?" (red emission) and s o
the excitation wavelength, respectively. As shown in Figure 13, :::: : 3 ‘:\o z=0.5%
the as-synthesized CSPO: Eu?*, 0.05Th*, yMn?*" phosphors R | Ne_ g -l
include the points of e3 (0.337, 0.331), e4 (0.353, 0.355) and f3 § sia L 3 ) \:\g —o—::;::z:
(0.358, 0.327) close to day liht (0.33, 0.33) with CCT of 5285 O so0l 8- - T o-z=23%
K, 4719 K and 4333 K, respectively. B | .. - 200
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Figure 14 CCT of CSPO: Eu®*, 0.05Tb*, zMn”" (z = 0.5%, 1.0%, 1.3%, 1.6%, 2.0%,
2.3%, 2.6%, 3.0%, 3.5%) phosphors excited at different wavelength.

Table 2 The CIE chromaticity diagram of CSPO: Eu2+, 0.05Th3+, yMn2+ phosphors at different excitation wavelength

No. of the point in the CIE diagram Sample compositions Excitation (hnm)  QE (%) CIE (x, y) CCT (K)
al CSP0:0.003Eu*", 0.05Th*, 0.005Mn* 300 549  (0.254,0.354) 9644
a2 CSP0:0.003Eu*", 0.05Th*, 0.005Mn* 320 379  (0.266,0.395) 8158
a3 CSP0:0.003Eu?*, 0.05Th*, 0.005Mn?* 340 341  (0.275, 0.420) 7494
a4 CSPO:0.003Eu?*, 0.05Th*, 0.005Mn?* 365 325  (0.284,0.441) 7023
b1l CSP0:0.003Eu*", 0.05Tb*, 0.010Mn* 300 520  (0.269,0.307) 10260
b2 CSP0:0.003Eu*", 0.05Th*, 0.010Mn* 320 383  (0.284,0.349) 7939
b3 CSP0:0.003Eu?*, 0.05Th*, 0.010Mn?* 340 39.3  (0.294,0.379) 7046
b4 CSP0:0.003Eu*", 0.05Tb*, 0.010Mn* 365 287  (0.308,0.406) 6340
cl CSP0:0.003Eu*", 0.05Th*, 0.013Mn* 300 523  (0.285,0.322) 8386
c2 CSP0:0.003Eu*", 0.05Th*, 0.013Mn* 320 372 (0.298,0.358) 7032
c3 CSP0:0.003Eu*", 0.05Tb*, 0.013Mn* 340 330 (0.310,0.383) 6378
c4 CSP0:0.003Eu?*, 0.05Tb*, 0.013Mn** 365 306  (0.322,0.403) 5874
d1 CSP0:0.003Eu*", 0.05Tb*, 0.016Mn* 300 40.6  (0.296,0.300) 8078
d2 CSP0:0.003Eu*", 0.05Tb*, 0.016Mn* 320 304  (0.305,0.320) 7061
d3 CSPO:0.003Eu?*, 0.05Tb*, 0.016Mn?* 340 26.8  (0.318,0.349) 6124
d4 CSP0:0.003Eu?*, 0.05Tb*, 0.016Mn?* 365 26.9  (0.336,0.376) 5400
el CSP0:0.003Eu?, 0.05Th*", 0.020Mn** 300 52.2  (0.302,0.267) 8452
e2 CSP0:0.003Eu*", 0.05Tb*, 0.020Mn* 320 339  (0.321,0.302) 6165
e3 CSP0:0.003Eu?*, 0.05Tb*, 0.020Mn?** 340 272 (0.337,0.331) 5285
ed CSP0:0.003Eu*", 0.05Tb*, 0.020Mn* 365 222 (0.353,0.355) 4719
f1 CSP0:0.003Eu*", 0.05Tb*, 0.023Mn* 300 39.8  (0.324,0.270) 6077
f2 CSP0:0.003Eu*", 0.05Th*, 0.023Mn* 320 308  (0.342,0.302) 4916
f3 CSP0:0.003Eu*", 0.05Tb*, 0.023Mn* 340 255  (0.358,0.327) 4333
fa CSP0:0.003Eu*", 0.05Tb*, 0.023Mn* 365 230  (0.376,0.349) 3893
gl CSPO:0.003Eu?*, 0.05Th*, 0.026Mn?** 300 416  (0.328,0.253) 5781
g2 CSP0:0.003Eu?*, 0.05Tb*", 0.026Mn?* 320 37.1  (0.346,0.284) 4528
g3 CSP0:0.003Eu*", 0.05Th*, 0.026Mn* 340 31.8  (0.362,0.310) 3997
g4 CSPO:0.003Eu?*, 0.05Th*", 0.026Mn?* 365 243  (0.384,0.333) 3496
h1 CSP0:0.003Eu*", 0.05Th*, 0.030Mn* 300 39.6  (0.369,0.268) 3009
h2 CSP0:0.003Eu*", 0.05Th*, 0.030Mn* 320 31.6  (0.390,0.296) 2759
h3 CSPO:0.003Eu?*, 0.05Th*", 0.030Mn** 340 36.7  (0.406, 0.315) 2642
h 4 CSP0:0.003Eu?", 0.05Th*", 0.030Mn** 365 25.0  (0.424,0.331) 2497
i1 CSP0:0.003Eu?", 0.05Th*", 0.035Mn** 300 31.8  (0.404,0.284) 2273
i2 CSP0:0.003Eu?", 0.05Th*, 0.035Mn* 320 264  (0.422,0.302) 2212
i3 CSP0:0.003Eu*", 0.05Th*, 0.035Mn* 340 26.8  (0.436,0.314) 2183
i 4 CSP0:0.003Eu*", 0.05Th*, 0.035Mn* 365 22.0  (0.453,0.326) 2151

4. Conclusions

In summary, we have synthesized a novel single-phase tri-
chromatic white-light-emitting phosphor CagSc(PO,);: Eu®",
Tb%, Mn?*. A wide range color-tunable tri-chromatic emission
was obtained by adjusting not only the Eu®*, Tb%*, and Mn?*
contents, but also the excitation wavelength, which is due to the
efficient Eu**—Tb% and Eu**—Mn®" energy transfer
processes. Most of the white light region in CIE chromaticity
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diagram has been realized in CSPO: 0.003Eu?*, 0.05Tb%",
yMn?" phosphors with adjusting the Mn?" content and the
excitation wavelength. Warm white lights including the points
of (0.337, 0.331), (0.353, 0.355) and (0.358, 0.327) close to day
light (0.33, 0.33) with CCT of 5285 K, 4719 K and 4333 K are
obtained, respectively.
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