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ABSTRACT: Ce*-, Tb**-, and Mn**-activated Ca;Gd,(PO,)(SiO,)s0, (CGPS) silicate—phosphate oxyapatite phosphors have
been prepared via conventional solid-state reaction processes. The Ce®* emission at different lattice sites has been identified and
discussed. The dual energy transfer of Ce®* — Tb** and Ce** — Mn?" has been investigated. The energy transfer from Ce*" to
Mn*" in CGPS phosphors has been demonstrated to be a resonant type via a dipole—quadrupole mechanism, and the critical
distances (R¢) for Ce*" to Mn®* calculated by the concentration quenching and spectral overlap methods are 9.71 and 9.15 A,
respectively. A color-tunable emission in CGPS phosphors can be realized by Ce** — Tb*" or Ce>* — Mn*" energy transfer.
CGPS:0.05Ce*"/ 0.15Tb*" shows the optimum green emission. Meanwhile, white cathodoluminescence (CL) has been realized
in a single-phased Ca;Gd,(PO,)(SiO,);0, host by codoping with Ce** and Mn*" with CIE (0.322, 0.326). Furthermore, the CL
properties of CGPS:Ce**/Tb*"/Mn** phosphors, including the dependence of the CL intensity on the accelerating voltage and
filament current, the decay behavior of the CL intensity under electron bombardment, and the stability of the CIE chromaticity
coordinates, have been investigated in detail. Because of the good CL properties and good CIE chromaticity coordinates, the as-

prepared phosphors have potential application in field emission display devices.

1. INTRODUCTION

Recently, the development of phosphors arouses a fast-growing
interest because of a wide range of applications: white-light-
emitting diodes, cathode ray tubes (CRTs), vacuum fluorescent
displays, plasma display panels, and X-ray imaging scintillators,
and field emission displays (FEDs).'~® Especially, FEDs have
been considered as one of the most promising next-generation
flat-panel displays because of their potential to provide displays
with thin panels, self-emission, wide viewing, quick response
time, high brightness, high contrast ratio, light weight, and low
power consumption.” For FEDs, phosphors must be operated
at significantly lower excitation voltages (<S5 kV) and higher
current densities (10—100 #A cm™2) than CRTs.”® Thus, one
of the most important factors is to develop highly efficient
phosphors at low voltages, higher resistance to current
saturation, and good chemical durability. Many commercially
sulfide-based phosphors, such as Y,0,S:Fu**, Gd,0,S:Tb**,
SrGa,S,:Eu®, Zn(Cd)S:Cu,Al, ZnS:Ag,Cl, etc, have been
widely used as possible low-voltage phosphors.”~"! Unfortu-
nately, because of the poor stability, sulfide-based phosphors
often degrade under electron bombardment, which contami-
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nates the emission tips and shortens the device lifetime. On the
other hand, sulfide-based phosphors are not friendly to the
environment.'” Thus, it is urgent for us to develop some novel
phosphors with better stability and higher efficiency. During the
past decade, extensive research has been carried out on oxide-
based phosphors because of their superior color richness and
good chemical and thermal stability compared to those of
nonoxide materials, e.g., sulfides, doped with the d or s series
elements.">™'

Because of the abundant emission colors based on their 4f —
4f or 5d — 4f transitions, rare-earth (RE) ions have been
playing an irreplaceable role in modern lighting and display
fields."®"” Especially, energy transfer between RE ions plays an
important role in the development of color-tunable single-
phased phosphors from both theoretical and practical points of
view."®72° As we all know, the Ce* jon with the 4f
configuration may act as a highly efficient emission center
because 4f — Sd transitions of the Ce®" ion are allowed by the
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Laporte parity selection rules.'®*" In addition, the Ce>* ion can

also act as an efficient sensitizer to enhance the emission of
coactivators by transferring gart of its excitation energy to
them, such as Tb* and Mn**.**72* So far, Ce** — Tb>* or Ce?*
— Mn* energy transfer has been investigated; i.e., Ce*" ions
serving as effective sensitizer ions not only help Tb*" and Mn**
ions to emit efficiently but also tune their emission colors from
blue to green and from blue to yellow/red, respectively.”®
Consequently, it is meaningful to develop some single-phased
phosphors with multicolor-tunable emission via energy transfer
for application in FEDs.

Apatites contain a large number of inorganic compounds
with the general formula M,,(EO,)sX,, where M is a univalent
to trivalent cation (Ca®*, Sr**, Ba**, Cd**, Eu**, Y*, La**, Na*,
K*, etc.), E is a tetravalent to hexavalent element (P>, V**,
As™, Si**, Ge*, $%, Cr®, etc.), and X represents anions OH™,
F7, CIT, Br, I, and Q226728 Furthermore, silicate—
phosphates resulting from the substitution of (Gd*, SiO,*")
for (Ca*, PO,*") show some interesting properties.””*° Tt is
well-known that the compounds with oxyapatite structure
(space group P6;/m) have been effectively used as host lattices
for luminescent materials because of their applications in the
medical field and solid-state lighting industry.*" The silicate—
phosphates host lattice contains two cationic sites, that is, 9-
fold-coordinated 4f sites with C; point symmetry and 7-fold-
coordinated 6h sites with C; point symmetry. Both sites are
suitable and easily accommodate a great variety of RE** ions.**
To the best of our knowledge, there are no reports about the
detailed photoluminescence (PL) properties of Ce*, Tb**, and
Mn®* and the sensitization effect of Ce** — Tb** or Ce** —
Mn** luminescence in the Ca;Gd,(PO,)(SiO,);0, (CGPS)
host lattice. Moreover, the cathodoluminescence (CL) proper-
ties of Ce*"/Tb**/Mn**-coactivated CGPS phosphors have not
been reported. Accordingly, in this paper, we reported the
synthesis of CGPS:Ce**/Tb*/Mn*" phosphors via the solid-
state reaction process, and a systematic study on the PL and CL
properties of these phosphors has been carried out in detail. It
is found that they have potential application in FEDs.

2. EXPERIMENTAL SECTION

2.1. Materials. The initial rare-earth oxides, including CeO,
(99.999%), Tb,0, (99.999%), and Gd,0; (99.999%), were purchased
from Science and Technology Parent Company of Changchun
Institute of Applied Chemistry, and CaCO; (Aldrich, 99.99%), SiO,
(Aldrich, 99.99%), MnCOj; (Aldrich, 99.99%), and (NH,),HPO, were
purchased from Beijing Chemical Company. All chemicals were used
directly without further purification.

2.2. Preparation. A series of CGPS:xCe®',yTb*" zMn>* (abbre-
viated as CGPS:xCe,yTb,zMn, where x, y, and z are mole percent)
powder samples were prepared by the conventional solid-state reaction
process. The doping concentrations of Ce®, Tb®*, and Mn** were
chosen as 1-10% and 5—25% of Gd** and 1—20 mol % of Ca’" in
CGPS, respectively. Typically, the stoichiometric amounts of CaCOj,
Gd,0;, (NH,),HPO,, SiO,, CeO,, Tb,0,, and MnCO; with purity
higher than 99.99% were mixed in an agate mortar by the addition of
ethanol and then adequately triturated for good mixing. The dried
powders were obtained after baking in an oven at 80 °C for 20 min.
Then the mixtures were calcined at 1400 °C for 3 h in a reducing
atmosphere of H, (10%) and N, (90%).

2.3. Characterization. The X-ray diffraction (XRD) patterns were
performed on a D8 Focus diffractometer at a scanning rate of 10°
min~' in the 20 range from 20° to 70° with graphite-monochrom-
atized Cu Ka radiation (4 = 0.15405 nm). The PL measurements were
recorded with a Hitachi F-7000 spectrophotometer equipped with a
150 W xenon lamp as the excitation source. The CL measurements

were conducted in an ultrahigh-vacuum chamber (<107® Torr), where
the phosphors were excited by an electron beam at a voltage range of
2—6 kV with different filament currents of 80—96 mA, and the spectra
were recorded using an F-7000 spectrophotometer. The luminescence
decay curves were obtained from a Lecroy Wave Runner 6100 digital
osilloscope (1 GHz) using a tunable laser (pulse width = 4 ns; gate =
50 ns) as the excitation source (Contimuum Sunlite OPO). All of the
measurements were performed at room temperature.

3. RESULTS AND DISCUSSION

3.1. Structure. The composition and phase purity of the as-
prepared powder samples were first examined by XRD. The
XRD patterns of CGPS:Ce*/Tb*"/Mn”*, together with the
Joint Committee on Powder Diffraction Standards (JCPDS)
card no. 29-0326, are shown in Figure 1. All of the diffraction

(e) CGPS: 0.05Ce™", 0.20Tb""
— 1L L ok ahaak e
S | (d) CGPS: 0.05Ce™, 0.05Tb”™
< A Al A A AAAAA
| © , CGPS: 0.05Ce™, 0.15Mn™
Z2m o3 CGPS: 0.05Ce™, 0.03M
Q[ N W WS S e pre T T D e e j' -
"E (a) CGPS: 0.05Ce
o TV _ ol -lw.Ll‘_' ik
JCPDS 29-0326
11 [ i | Ill. TR TR BETd AT N AT
. ' . v ' . . t 4
20 30 60 70

40 50
2 Theta (Degree)

Figure 1. XRD patterns of Ce**/Tb*"/Mn**-doped CGPS samples
annealed at 1400 °C for 3 h in H,/N, (10%/90%) and the standard
data of CGPS (JCPDS card no. 29-0326).

peaks of these samples can be exactly assigned to the pure
hexagonal phase of CGPS [space group P6;/m (No. 176)]. The
XRD patterns for different Ce®*, Tb*', and Mn** concen-
trations of doped CGPS samples are similar to the above results
in Figure 1. No obvious shifting of the peaks or other impurity
phases can be detected at the current doping level (Figures S1
and S2 in the Supporting Information, SI). The silicate—
phosphate CGPS is isostructural to natural oxyapatite
Ca;o(PO,)¢F,, which has a hexagonal space group P6,/m and
cell parameters of a = 9.408 A, ¢ = 6.891 A, V = 52821 A%, and
Z = 1. The crystal structure of CGPS, shown in Figure S3 in the
SL, also indicates that the surrounding nine O atoms of the
cation located at the 4f site (C;) form a tetrakaidecahedron,
and these tetrakaidecahedra are connected by tetrahedral PO,/
SiO, groups, while the cations located at the 6h site (C,) form
decahedra with the surrounding seven O atoms, and these
decahedra connect each other through the sharing plane, edge,
and vertex. Finally, the tetrakaidecahedron and decahedron are
connected through tetrahedral PO,/SiO, groups and through
the sharing plane, edge, and vertex. As suggested by Blasse,>"3
the most prominent structural characteristics of the CGPS
crystal structure are the two Gd*' sites, which are the 4f (C;)
site with nine-coordination [Gd**(I)] and the 6h (C,) site with
seven-coordination [Gd**(II)], while Ca®* only occupies the 4f
(C;,) site with nine-coordination. Therefore, on the basis of the
effective ionic radii and charge balance, we suggest that Ce*/
Tb>" ions prefer to occupy Gd** sites while Mn*" ions replace
Ca®" ions more easily.””>* In addition, the structure parameters
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and ionic radii for given coordination numbers (CNs) have
been summarized and are shown in Table 1.

Table 1. Structure Parameters of CGPS and Ionic Radii (A)
for Given CNs of Gd*", Ce®", Tb', Ca®*, and Mn®' Ions

ionic radius (A)
symmetry CN =9 CN=7

ion space group sites
Gd*  hexagonal P65/m (No. 4f/6h C,/C, 1.107 1.00
176)
Ce* 1.196 1.07
Tb** 1.095 0.98
Ca* 4f Cy 1.18 1.06
Mn* 0.90

3.2. PL Properties of CGPS:Ce3*/Tb3*. The emission and
excitation spectra of CGPS:0.05SCe*" are presented in Figure 2a.
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Figure 2. (a) Excitation and emission spectra of the CGPS:0.05Ce**
sample. (b) PL intensity of CGPS:xCe®" samples as a function of the
Ce®" doping concentration.

The Ce*" singly doped sample exhibits a broad band that
extends from 300 to 500 nm with a maximum at about 380 nm
when excited by 286 nm UV light. However, the emission
maximum of CGPS:0.05Ce>" is red-shifted to 400 nm when
using 340 nm UV light as the excitation source. It is well-known
that the energy difference between transitions of the Ce*" ions
from the 5d excited state to the *F,/, and °F;,, ground states
should be about 2000 cm™. However, the energy difference
between 380 and 400 nm is about 1316 cm™!, which is far from
2000 cm™'. Thus, we speculated that there exist two types of

Ce®" luminescent centers in CGPS. This is related to the crystal
structure of CGPS, which provides two different sites for the
Gd®" cations in it as discussed earlier, i.e,, Gd**(I) located at the
4f (C,) site and Gd**(II) at the 6h (C,) site. Because of the
large ionic radius (1.196 A for CN = 9) and high charge (3+), it
is easy for Ce*" to occupy both 4f and 6h sites.”*> The major
difference between the two sites is that the 6h site has a free O
ion, which does not belong to any silicate group so that its
binding strength is not saturated with respect to the 4f site.”" In
summary, the higher-energy emission band centered at 380 nm
should involve the Sd — 4f transition of Ce*" occupying the
Gd**(I) site with nine-coordination, and the lower-energy
emission band centered at 400 nm involves the 5d — 4f
transition of Ce® occupying the Gd**(II) site with seven-
coordination. The excitation spectrum can be classified in the
same way, ie., the 286 nm band to Ce®" occupying Gd**(I)
with the 4f (C;) site and the 340 nm band to Ce*" occupying
Gd**(I1) with the 6h (C,) site. Figure 2b shows the PL intensity
of Ce® as a function of its doping concentration (x) in
CGPS:xCe®" samples. First, the PL emission intensity of Ce®"
(Aex = 286 nm) increases with an increase of its concentration
(x), reaching a maximum value at x = 0.0S and then decreasing
with a further increase of its concentration (x) due to the
concentration quenching effect.>**” Thus, the optimum doping
concentration for Ce®* ions is 5 mol % of Gd®" in the CGPS
host. The critical distance Rc between Ce*" ions can be
estimated using the equation given by Blasse:*®

3V 13
R~ 2
47X N (1)

where V is the volume of the unit cell, N is the number of host
cations in the unit cell, and X is the critical concentration of
doped ions. For the CGPS host, N = 10 (N = 7 for Ce** ions),
V = 52821 A% and X is 5% for Ce®*; therefore, the critical
distance (Rc) was calculated to be about 14.23 A.

Owing to the high degeneracy of the Tb*" levels involved in
several transitions, it is difficult to derive information from the
Tb*" spectra on the nature of the Tb*" center.”* Generally, the
Tb> ion is used as an activator in green phosphors, whose
emission is mainly due to transitions of Dy — 7F] in the blue
region and D, — 7F] in the green region (J = 6, S, 4, 3, 2)
depending on its doping concentration.'® Figure 3a shows
excitation and emission spectra of the CGPS:0.02Tb** sample.
The excitation spectrum shows a strong broad band (4,,,, = 230
nm) with a shoulder at 276 nm, which are due to a spin-allowed
48 — 4f5d (AS = 0) transition of Tb*" and the 35 — °I
transitions of Gd** ions, respectively, indicating that there is an
energy transfer from Gd** to Tb>*.**** Under 230 nm UV
excitation, the emission spectra of the as-prepared
CGPS:0.02Tb* consists of the *D;, — 7F] transitions of
Tb**, as shown in Figure 3a (green line). In addition, under 276
nm UV excitation, there is a sharp peak at 313 nm from the
P,, — *S,,, transition of Gd** besides the *D,, — ’F,
transitions of Tb** (350—700 nm) in the emission spectra,
which is more strong evidence for energy transfer from Gd** to
Tb* in the CGPS host.

The Ce*" ion is a well-known sensitizer for trivalent RE ion
and transitional-metal ion luminescence, and the sensitizing
effects depend strongly on the host lattices into which these
ions are introduced. Energy transfer was expected to occur from
Ce** to Tb*" based on the significant spectral overlap between
the emission band of Ce*" and the Tb*" excitation transitions in
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Figure 3. (a) Excitation and emission spectra of the CGPS:0.02Tb*" sample. (b) Spectral overlap between the PL spectrum of CGPS:0.05Ce**
(black line) and the PLE spectrum of CGPS:0.02Tb** (green line). Variation of (c) the PL spectra and (d) the emission intensity of Ce** and Tb**
in the CGPS:Ce*, Tb*" system with changing Tb*" and fixed Ce*" doping concentrations.

the range 350—450 nm, as shown in Figure 3b. The excitation
spectrum monitored with the Tb***D, — "F; transition (545
nm) of the CGPS:0.05Ce*",0.15Tb** sample (Figure S4 in the
SI) consists of excitation bands of the Ce>* and Tb>* ions. The
first band (200—250 nm) is due to absorption of the Tb*" 4f®
— 4175d transition, and the latter (250—350 nm) is caused by
the Ce’" 4f — 5d transition. The presence of the Ce®"
absorption band suggests that the energy transfer process
from Ce® to Tb*" exists. Parts ¢ and d of Figure 3 show
variation of the PL spectra and emission intensity of Ce®" and
Tb* in the CGPS:0.05Ce* yTb** system with changing Tb**
doping concentration, respectively. Although the concentration
of Ce® was fixed at 5%, the emission intensity of Ce*
decreased with increasing Tb®* concentration. The energy-
transfer efficiency (1) from the Ce** to Tb** ions in
CGPS:0.05Ce*",yTb>* was calculated using the formula*'

’/IT=1__
ISO

@)

where 71 is the energy-transfer efficiency and I, and Ig are the
luminescence intensity of a sensitizer (Ce®") in the absence and
presence of an activator (Tb**), respectively. The 7y value of
CGPS:0.05Ce*" yTb** could be obtained as a function of y and
is presented in Figure 4, in which the maximum energy-transfer
efficiency can reach 81% when using 286 nm UV as the
monitoring wavelength. All of these results indicate the efficient
energy transfer from Ce®* to Tb*". In view of the Ce®" — Tb**
transition in the CGPS host, Ce*" ions can strongly absorb UV
light from the ground state (*F;,) to the excited state and then
efficiently transfer the energy to the “D; level of Tb* ions;
subsequently, the *Dj level gives its characteristic transitions or

11658
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Figure 4. Energy-transfer efficiency from Ce* to Tb*' in
CGPS:0.05Ce* ,yTb** (0—0.25) samples (4., = 286 nm).

continues to transfer the energy to the D, level via cross-
relaxation, as shown in Figure S. In addition, we could tune the
emission color from blue to green through energy transfer, as
shown in Table 2. There are two main aspects responsible for
the resonant energy-transfer mechanism: one is exchange
interaction, and the other is multipolar interaction.* It is
known that if energy transfer results from exchange interaction,
the critical distance between the sensitizer and activator should
be shorter than 4 A. The critical distance R for energy transfer
from the Ce®" to Tb*" ions could be calculated using eq 1.
Here, X is the total concentration of Ce** and Tb*" ions, and
the critical concentration (X.) is that at which the

dx.doi.org/10.1021/ic3015578 | Inorg. Chem. 2012, 51, 11655—11664
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luminescence intensity of the sensitizer (Ce>*) is half that in the
sample in the absence of an activator (Tb*"); ie, X occurs
when 7y = 0.5. Therefore, the critical distance (R:) between
Ce** and Tb** ions calculated by the concentration quenching
method (eq 1) is 9.66 A. The radiative emission from Ce®*
prevails when Rg,_, > R and energy transfer from Ce®" to
Tb** dominates when Re,_y, < R¢. This value is much longer
than 4 A, indicating little possibility of energy transfer via the
exchange interaction mechanism. Thus, energy transfer
between the Ce** and Tb** ions mainly takes place via electric
multipolar interactions. According to Dexter’s energy-transfer
expressions of multipolar interaction and Reisfeld’s approx-
imation, the following relation can be given:36’42

My
n (3)

where 7, and # are the luminescence quantum efficiency of
Ce®" in the absence and presence of Tb*, Cis the total content
of Ce’* and Tb*, n = 6, 8, and 10 corresponding to dipole—
dipole, dipole—quadrupole, and quadrupole—quadrupole inter-
actions, respectively. The value 7,/57 can be approximately

estimated by the ratio of related luminescence intensities
2204344

« Cn/3

1.
-so « Cn/3

4)
where I, is the intrinsic luminescence intensity of Ce®* and Ig
is the luminescence intensity of Ce®" in the presence of Tb*".
The Igp/Is—Ceesy> plots are further illustrated in Figure 6a—
¢, and the relationships are observed when n = 6, 8, and 10.
Only when n = 8, it shows a linear relation, implying that the
dipole—quadrupole interaction should be mainly responsible
for energy transfer from the Ce®" to Tb®" ions, which is
consistent with a previous report.40

I
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S 10 15 20 25 0 20 40 60 80 1000
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Figure 6. Dependence of Ig/I5 of Ce** on (a) Cceyry®>, (b) Ceorm’’>
and (c) CCe+Tb10/3-

T
1]

3.3. PL Properties of CGPS:Ce3*/Mn?*. The Mn*" ion
with 3d° electronic configuration generally shows a broad
emission band (500—700 nm) because of the *T, — °A,
transition within the 3d shell, in which the electrons are
strongly coupled to lattice vibration and affected by the crystal-
field strength and site symmetry. If Mn®" ions lie in the weak
crystal-field condition, the splitting of the excited-state d energy
levels will be small, resulting in Mn?** emission with higher
energy as a green emission; if it is in strong crystal-field
condition, a yellow/red emission is usually obtained.> Figure
7a shows the excitation and emission spectra of the
CGPS:0.09Mn** sample. The broad emission band centered
at 575 nm is attributed to the spin-forbidden *T;(4G) —
%A, (6S) transition of Mn** occupying the Ca’* site with nine-
coordination. The excitation spectrum consists of several weak
bands centered at 293, 341, and 376 nm corresponding to the
transitions from °A,(6S) to *T,(*P), “E(*D), and *“T,(*D) of
Mn?*', respectively, while the strong band centered at 276 nm is
assigned to the S — °I transition of Gd**.'**** Because these
transitions of Mn?* are spin- and parity-forbidden, it is difficult
to pump and the emission intensity is very weak, as shown in
Figure 7a (red line) monitored at 376 nm. As is shown in
Figure 5, Gd®" ions can strongly absorb UV light from the
ground state (%S,/,) to the excited state and then efficiently
transfer the energy to Mn’" ions. Because of the energy
migration process Gd** — (Gd**), — Mn”" in CGPS, the
emission intensity monitoring at 276 nm is much higher than
that at 376 nm with the same maximum emission at 575 nm,
which is consistent with the previous report.*> Similarly, energy
transfer was expected to occur from Ce®" to Mn*" based on the

Table 2. Chromaticity Coordinates (x, y) of CGPS:Ce**/Mn**/Tb** Samples under UV Excitation (4, = 286 nm)

CIE coordinates (x, y)

(0.166, 0.093)
(0.179, 0.144)
(0.186, 0.172)
(0.186, 0.200)
(0.209, 0.318)
(0.212, 0.329)
(0222, 0.382)
(0.231, 0.431)

sample
CGPS:0.05Ce**
CGPS:0.05Ce*",0.05Tb**
CGPS:0.05Ce>*,0.08Tb**
CGPS:0.05Ce*",0.10Tb**
CGPS:0.05Ce*",0.12Tb**
CGPS:0.05Ce*",0.15Tb**
CGPS:0.05Ce*",0.20Tb**
CGPS:0.05Ce*,0.25Tb**

11659

CIE coordinates (x, y)

(0.519, 0.438)
(0312, 0.261)
(0.366, 0.308)
(0.393, 0.321)
(0.404, 0.350)
(0.437, 0.369)
(0.466, 0.399)
(0.481, 0.420)

sample
CGPS:0.09Mn?*
CGPS:0.05Ce*",0.01Mn**
CGPS:0.05Ce**,0.03Mn**
CGPS:0.05Ce*,0.05Mn**
CGPS:0.05Ce*",0.07Mn**
CGPS:0.05Ce>*,0.09Mn>*
CGPS:0.05Ce*",0.15Mn**
CGPS:0.05Ce>*,0.20Mn>*

dx.doi.org/10.1021/ic3015578 | Inorg. Chem. 2012, 51, 11655—11664
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Figure 7. (a) Excitation and emission spectra of the CGPS:0.09Mn** sample. (b) Spectral overlap between the PL spectrum of CGPS:0.05Ce**
(black or green solid lines) and the PLE spectrum of CGPS:0.09Mn** (red line). Variation of (c) the PL spectra and (d) the emission intensity of
Ce* and Mn*" in the CGPS:Ce*",Mn?* system with changing Mn”* and fixed Ce** doping concentration.

significant spectral overlap observed from Figure 7b. This type
of energy transfer is common and has been reported in other
Ce®'- and Mn?*-coactivated phosphors such as
Ca,5¢,8i;0,,:Ce**/Mn** and CayY(PO,),:Ce®"/Mn?*>**
The excitation spectrum monitoring with the Mn*"*T; — °A,
transition (575 nm) of the CGPS:0.05Ce**,0.09Mn>* sample
(Figure SS in the SI) consists of excitation bands of the Ce*
ion. The broad band (250—350 nm) is caused by a Ce** 4f —
Sd transition. The presence of the Ce® absorption band
suggests that the energy transfer process from Ce* to Mn**
exists. In order to validate the occurrence of Ce** to Mn**
energy transfer and determine the optimal Mn*" doping
concentration in CGPS:0.05Ce>",zMn?**, concentration-de-
pendent luminescence measurements were performed. As
revealed in Figure 7¢,d, the emission intensity of Ce’* decreases
with increasing Mn?* concentration, while the emission
intensity of Mn®" first increases with an increase of its
concentration (z), reaching a maximum value at z = 0.15,
and then decreases with a further increase (z) due to the
concentration quenching effect. All of these results can validate
the efficient energy transfer from Ce*" to Mn*".

To further elucidate the energy-transfer process, we
measured the Ce® decay curves and then calculated the
lifetimes as well as energy-transfer efficiencies. As described by
Blasse,™ the decay behavior of Ce®* can be expressed as

I=1,exp(—t/7) (%)
where I and I, are the luminescence intensities at time ¢t and 0
and 7 is the luminescence lifetime. Figure 8a shows the decay
curves of Ce> emission in CGPS:0.05Ce>" zMn*" (z = 0.01,
0.03, and 0.05) under excitation at 286 nm, monitored at 380
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nm. The average decay times were calculated as 24.57, 22.48,
and 17.76 ns for CGPS:0.05Ce**,zMn*" with z = 0.01, 0.03, and
0.05, respectively. It can be seen that the decay lifetime of Ce®"
ions decreases with increasing Mn?* concentration, which
strongly supports energy transfer from the Ce®* to Mn*" ions,
as reported by Zhang et al,, Liu et al, and Huang et al 44346
Nr, the energy-transfer efficiency from Ce®* to Mn’' in
CGPS:0.05Ce*" zMn*", calculated by using eq 2 as a function
of z under 286 and 340 nm UV excitation, is shown in Figure
8b. The energy-transfer efficiency was found to increase
gradually from z = 0 to 0.20 with an increase of the Mn?'
concentration. The maximum energy-transfer efficiency can
reach 67% and 70% when using 286 and 340 nm UV as the
monitoring wavelength, respectively. All of the above results
can elucidate that the energy-transfer efficiency from Ce** to
Mn®" is efficient. Figure S illustrates the energy-transfer
mechanism for Ce** — Mn** in the CGPS host: Ce*" ions
can strongly absorb UV light from the ground state (*Fs,) to
the excited state and then efficiently transfer the energy to the
*T, level of Mn?" ions; subsequently, the *T, level gives its
characteristic transitions.

The critical distance (Rc) of energy transfer between the
Ce®" and Mn*" ions calculated by the concentration quenching
method (eq 1) is 9.71 A. According to eq 4, when n = 8, the
Iso/Is=Ceiesn™” plots show a linear relationship, which
strongly indicates that energy transfer from Ce®* to Mn?'
ions also has the dipole—quadrupole mechanism, as shown in
Figure S6 in the SI. Considering dipole—quadrupole
interaction, the critical distance from the sensitizer to the
acceptor can also be calculated by the spectral overlap method,
as expressed as follows:***
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Figure 8. (a) Decay curves of Ce®* emission in CGPS:0.05Ce*" zMn**
(z = 0.01, 0.03, and 0.05) under excitation at 286 nm, monitored at
380 nm. (b) Relationship of 7y versus Mn*" ion concentration (A
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Fy(E) Fy(E) dE

R = 3.024 x 1012,1szfcl f =

(6)

where f; (=107'°) is the oscillator strength of the involved
absorption transition of the acceptor (Mn**), Ag (in A) is the
wavelength position of the sensitizer’s emission, E is the energy
involved in the transfer (in eV), and f [Fs(E) E\(E) dE]/E*
represents the spectral overlap between the normalized shapes
of the Ce®" emission Fg(E) and the Mn** excitation F,(E), and
in our case, it is calculated to be about 0.01153 eV~*. Using eq
6, the critical distance R was estimated to be 9.15 A. This
result is in good agreement with that obtained from the
concentration quenching method, which further reveals that the
mechanism of energy transfer from the Ce®* to Mn*" ions is
mainly due to dipole—quadrupole interaction.

Energy transfer makes it possible to obtain both the blue
emission of the Ce®" ions and the yellow emission of the Mn**
ions in a single host, which is a feasible route to realizing color-
tunable emission under excitation of UV light.* This result is
also confirmed by their CIE chromaticity coordinates shown in
Table 2. We can find that the color tone of the phosphors shifts
gradually from blue to white and eventually to yellow with an
increase of the doping content of Mn*', confirming that the
CIE chromaticity coordinates are tunable. Especially, a wide-
ranged white emission can be obtained by precise control of the
content of the Mn** ions between 0.01 and 0.03. Hence, this
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material could meet the needs of different illumination
applications.

3.4. CL Properties of CGPS:Ce**/Tb3**/Mn?*. In order to
explore the potential application of the as-prepared
CGPS:Ce**/Tb* /Mn** phosphors in FEDs, their CL proper-
ties are investigated in detail. Under low-voltage electron-beam
excitation (accelerating voltage = 4 kV; filament current = 86
mA), when Ce®" and Tb*" are codoped into the CGPS host,
maintaining the Ce*" concentration at 0.05 and changing the
Tb*" concentration from 0 to 0.20, the CL intensity of Ce®"
gradually decreases and the CL intensity of Tb** gradually
increases with an increase of the Tb* concentration.
CGPS:0.05Ce**,0.15Tb* could show green emission, as
shown in the inset of Figure 9, which could also be confirmed

3+ 3+
CGPS: 0.05Ce”", yTb
4500 4 ¥ Tb3+

. — 005
= — 0.08
o 0.10
S
=, == g;; CGPS: 0.05Ce™,
'g) 0.15Tb**
¥
—
E 1500+
3
&)

['_I -

300 400 500 600 700 S0

Wavelength (nm)

Figure 9. CL spectra of CGPS:0.05Ce**,yTb*". The insets show the
digital cathodoluminescence photographs of the
CGPS:0.05Ce**,0.15Tb*" samples (accelerating voltage 4.0 kv;
filament current = 86 mA).

by their CIE coordinates (0.261, 0.543). Besides, the CIE
chromaticity coordinate information of the rest of the samples
is shown in Figure 10. As shown in Figure 11, the CL spectra of
CGPS:Ce**/Mn*" samples are similar to their PL spectra,

05, 0.08, 0.10, 0.15, 0.20)
008, 0.01, 0.05, 0.07, 0.09, 0.12)

Figure 10. CIE chromaticity coordinates (x, y) of CGPS:Ce**/Tb**/
Mn?* samples under low-voltage electron-beam excitation (accelerat-
ing voltage = 4.0 kV; filament current = 86 mA).
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Figure 11. CL spectra of CGPS:xCe*,zMn*". The insets show the
digital cathodoluminescence photographs of CGPS:xCe**,zMn**
samples (1) x = 0.05, z = 0, (2) x = 0.05, z = 0.008, (3) x = 0.05,
2=0.01, (4) x =005, z = 005, (5) x = 0.05, z = 0.07, (6) x = 0.05, z =
0.09, (7) x = 0.05, z = 0.12, and (8) x = 0, z = 0.09 (accelerating
voltage = 4.0 kV; filament current = 86 mA).

which give the characteristic transitions of Ce** and Mn?*,
respectively. The insets 1—8 show digital CL photographs of
the CGPS:xCe’*,zMn”** samples. The CGPS:0.05Ce®* and
CGPS:0.09Mn** samples emit blue and yellow light under low-
voltage electron-beam excitation, respectively, which can also
be determined by their CIE coordinates (0.192, 0.150) or
(0.511, 0.450) for pure Ce’*- or Mn*"-activated phosphors,
respectively. It is possible to obtain white light in the CGPS
host by codoping with Ce* and Mn>* and appropriately
adjusting their concentrations. In our experiments, we fixed the
Ce® concentration at 0.05 and changed the Mn’' ion
concentration from 0.008 to 0.12. As is shown in Figure 11,
the CL intensity of Ce®" gradually decreases and the CL
emission intensity of Mn®* gradually increases with an increase
of the Mn>" concentration. According to our experiment, when
z = 0.01, the blue and yellow emissions have comparable
intensity, which results in a bright-white emission, as shown in
the inset 3 (Figure 11). The CIE coordinates of
CGPS:0.05Ce*,0.01Mn** (0.322, 0.326) are close to those of
the standard white light (0.33, 0.33).

CGPS:0.05Ce*", CGPS:0.05Ce*",0.10Tb3*,
CGPS:0.05Ce**,0.01Mn*", and CGPS:0.05Ce*,0.05Mn**
phosphors have been investigated as a function of the
accelerating voltage and filament current. When the accelerat-
ing voltage is fixed at S kV, the CL intensity increases upon an
increase in the filament current from 82 to 90 mA (Figure 12a).
Similarly, under a 92 mA filament current, the CL intensity also
increases upon an increase in the the accelerating voltage from
2 to 6 kV (Figure 12b). The increases in the CL brightness with
increases in the electron energy and filament current are
attributed to the deeper penetration of the electrons into the
phosphor body and the larger electron-beam current density.
According to the empirical formula

e RYERY 12
L[A]_zso(;)(ﬁ), "T 1091z ()

where A is the atomic or molecular weight of the material, p is
the bulk density, Z is the atomic number or the number of
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Figure 12. CL intensities of CGPS:0.05Ce3",
CGPS:0.05Ce3*,0.10Tb3**, CGPS:0.05Ce3*,0.01Mn**, and
CGPS:0.05Ce**,0.05Mn?* samples as a function of (a) the filament
current and (b) accelerating voltage.

electrons per molecule in the compounds, and E is the
accelerating voltage (kV).2>*” For CGPS:0.05Ce>*,0.01Mn*", Z
=801,A=18084,and p=531¢g cm™>; the estimated electron
penetration depths at 4, 5, and 6 kV are about 3, 16, and 64 nm,
respectively. For CL, the Ce®", Tb**, and Mn?" ions are excited
by the plasma produced by the incident electrons. The deeper
the electron penetration depth, the more plasma will be
produced, which results in more Ce**, Tb**, and Mn** ions
being excited, and thus the CL intensity increases.*’ The
stability for the phosphor is very important for FED
application. Thus, we also investigated the degradation behavior
of CGPS:Ce*",Mn** samples under low-voltage electron-beam
excitation. Figure 13 (green line) shows the decay behavior of
the CL intensity of a representative CGPS:0.05Ce**,0.01Mn**
sample under continuous electron bombardment when
accelerating voltage = 5.0 kV and filament current = 90 mA.
The CL peak positions are almost the same as those before
electron bombardment. However, the CL intensity of the
studied sample monotonously decreases with a prolonging of
the electron bombardment time. After continuous electron
radiation for 2 h, the CL intensities of the
CGPS:0.05Ce*",0.01Mn*" sample fall to 82% of the initial
value. The accretion of graphitic carbon during electron-beam
exposure at high current densities is a well-known effect, and
this carbon contamination will prevent low-energy electrons
from reaching the phosphor grains and also exacerbate surface
charging and thus lower the CL efficiency.”*® In addition, after
stopping bombardment for a while the CL intensity could not
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the radiation time under electron-beam excitation (accelerating voltage
= 5.0 kV; filament current = 90 mA).

restore to the initial value, indicating permanent damage to the
phosphor occurs, which is another reason for the decrease of
the CL intensity. On the other hand, the CIE chromaticity
coordinates of the CGPS:0.05Ce*",0.01Mn*" sample are nearly
invariable under continuous electron radiation for 2 h, as
presented in Figure 13. In summary, the short-time experiment
(2 h) indicates that the stability of the CL intensity and CIE
color coordinates of the as-prepared CGPS:0.05Ce**,0.01Mn**
samples are good, which shows potential application in the
FEDs.

4. CONCLUSION

A single-phased, color-tunable-emitting phosphor CGPS has
been prepared by a conventional solid-state reaction. The
energy transfer from Ce** to Tb**/Mn** in the CGPS host has
been studied in detail. The energy transfer from Ce** to Mn**
in CGPS phosphors has been demonstrated to be a resonant
type via a dipole—quadrupole mechanism, and the critical
distance (R¢) for Ce** to Mn** calculated by the concentration
quenching and spectral overlap methods are 9.71 and 9.15 A,
respectively. A color-tunable emission in CGPS:Ce**/Tb*>*/
Mn?** phosphors can be realized by the Ce** — Tb*" or Ce** —
Mn*" energy transfer. White CL has been realized in a single-
phased CGPS host by codoping with Ce*" and Mn** for the
first time. It is worth noting that the CGPS:Ce*"/Tb*"/Mn**
phosphors have superior stability under electron bombardment.
Because of their strong CL intensity, good CIE chromaticity,
stability, and low raw material cost, these phosphors have
potential applications in FEDs.
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