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ABSTRACT: A series of -Na,Ca,(PO,),(Si0,) (8-NCPS):A (A = Eu**, Dy*,
Ce®*/Tb*") phosphors were prepared via a high-temperature solid-state reaction
route. The X-ray diffraction, Fourier transform infrared, photoluminescence (PL),
cathodoluminescence (CL) properties, fluorescent lifetimes, and absolute quantum
yield were exploited to characterize the samples. Under UV radiation, the fS-
NCPS:Eu*" phosphors present bright green emissions, and the S-NCPS:Ce®"
phosphors show strong blue emissions, which are attributed to their 4f°5d" — 4f’
and 5d—4f allowed transitions, respectively. The S-NCPS:Ce®*, Tb** phosphors
display intense tunable color from blue to green and high absolute quantum yields
(81% for B-NCPS:0.12Ce*" and 83% for f-NCPS:0.12Ce**, 0.08Tb>*) when excited
at 365 nm. Simultaneously, the energy transfer from Ce*" to Tb*" ions is deduced
from the spectral overlap between Ce’* emission and Tb** excitation spectra and
demonstrated by the change of emission spectra and decay lifetimes. Moreover, the
energy-transfer mechanism from Ce** to Tb*' ions is confirmed to be exchange
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interaction according to the discussion of expression from Dexter and Reisfeld. Under a low-voltage electron-beam excitation, the
B-NCPS:A (A = Eu*', Dy’*, Ce®"/Tb*") phosphors exhibit their characteristic emissions, and the emission profiles of /-
NCPS:Ce*", Tb*" phosphors are obviously different from those of the PL spectra; this difference might be ascribed to their
different luminescence mechanisms. These results in PL and CL properties suggest that S-NCPS:A (A = Eu**, Dy*, Ce*"/Tb*")
phosphors are potential candidates for solid-state lighting and field-emission displays.

1. INTRODUCTION

Nowadays, white light-emitting diodes (wLEDs) and field-
emitting displays (FEDs) have shown high potential as
substitutes for traditional incandescent and implemented
fluorescent lamps, as well as liquid-crystal displays (LCDs),
by virtue of their respective special merits. As for wLEDs, they
have the advantages of high efficiency, energy saving,
environmental friendliness, long operation time, etc.'! FEDs
are potentially superior in lighting, viewing, operated-temper-
ature range, power depletion, response time, and so on.” It is
well-known that the phosphors are the key components in the
process of wLED and FED fabrication; therefore, searching for
proper novel phosphors that may potentially be applied to
wLED and FED production has been a focused interest. It is
well-accepted that introducing various rare earth ions into
appropriate inorganic materials has been the most common
route to achieve required phosphors, which are based on 4f—4f
or 4f—5d transitions of rare earth ions.” Generally, the emission
intensity of 4f—5d transitions are frequently strong due to their
allowed characters, and these rare earth ions can act as direct
activators, such as Eu®', Ce*, Sm?, etc. In addition, their
luminescence colors can vary in different hosts due to the
influence on the outermost Sd electronic shell by the crystal
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field.* In contrast, involving 4f—4f spin-forbidden transitions is
usually not favorable for luminescence when excited at their f—f
absorption areas because the 4f electronic shell is regularly
shielded by the 5d electronic shell, and, therefore, these ions are
minorly affected by a round crystal field, such as that in Tb*,
Eu*, Dy**, etc. Accordingly, the emission lines of visible
emission spectra are narrow as well as characteristic, and the
emission intensity is rather weak, which is not beneficial for full-
spectra emitting and applications in phosphors. However, an
effective method is to introduce a sensitizer (Eu®* or Ce**) to
transfer its absorption energy to the activator, which can greatly
enhance the emission intensity of the activator, such as
Y,Si,0,N,:Ce**, Tb**, SrZnP,0,:Dy**,Ce**, (K,_,Na,)-
SrPO:Eu*, Tb¥, or KCaY(PO,),:Ce*", Tb** 6

Phosphate and silicate are often appropriate hosts for rare
earth ions,k"’%'éb_d and the luminescence properties of their
phosphors are good; therefore, it is proposed that the
performance of silicophosphate would be similar to those
phosphors. The photoluminescence (PL) properties of
Ce*, Tb* ,Mn*" doped Cas(PO,),(SiO,) and Ce* doped
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Srs(PO,),(Si0,)” phosphors have been reported recently.
However, there is no research on luminescence properties of
rare earth ion doped f-Na,Ca,(PO,),(SiO,). In this work, we
prepare a series of novel luminescent materials with the
chemical composition of -Na,Ca,(PO,),(SiO,) (abbreviated
as f-NCPS):A (A = Eu**, Dy*', Ce**/Tb*). The PL and
cathodoluminescence (CL) properties of these phosphors were
investigated in detail, under, respectively, UV radiation and a
low-voltage electron-beam excitation. The energy transfer from
Ce® to Tb** ions greatly enhances the emission intensity of
Tb**, and the energy-transfer mechanism from Ce*" to Tb*"
ions is also discussed. On the basis of energy transfer, the
emission color can be tuned from blue to green under UV
excitation by adjusting the relative ratio of Ce* and Tb**
concentrations in Ce*",Tb**-codoped f-NCPS phosphors.

2. EXPERIMENT SECTION

2.1. Materials and Preparation. A series of f-NCPS:A (A =
Eu’*, Dy**, Ce**/Tb*") powder samples were synthesized by a high-
temperature solid-state reaction process. The doping ions Eu*, Ce¥,
Tb*, and Dy*", all considered to substitute for Ca®* in a #-NCPS host,
were selected in concentrations of 1—32 mol %, 0.4—40 mol %, 1—60
mol %, and 0.3—16 mol %, respectively. Typically, stoichiometric
amounts of Na,CO; (analytical reagent (A.R.)), CaCO; (A.R.), SiO,
(AR.), NHH,PO, (AR.), and Eu,0; CeO,, Tb,0; Dy,0; (all
>99.99%) were thoroughly mixed in an agate mortar for 35 min with
an appropriate amount of ethanol and then dried at 80 °C for 1 h.
After they were ground for S min once again, the powder mixtures
were preheated at 800 °C for 4 h in a box furnace under air condition
and then transferred to the tube furnace at 1200 °C for S h in a
reducing atmosphere of H, (%) and N, (95%) to produce the final
samples, after they were reground for 3 min.

2.2. Measurement Characterization. The X-ray diffraction
(XRD) patterns were performed on a D8 Focus diffractometer at a
scanning rate of 10° min~' in the 26 range from 10° to 120° with
graphite-monochromatized Cu Ka radiation (4 = 0.1540S nm).
Infrared spectra were collected on a VERTEX 70 Fourier transform
infrared (FT-IR) spectrometer (Bruker). The PL and CL emission
spectra were recorded with a Hitachi F-7000 spectrophotometer with
different excitation sources (a 150 W xenon lamp and electron beam,
respectively). The CL measurements were carried out in an ultrahigh
vacuum chamber (<107® Torr) where the phosphors were excited by
an electron beam in the voltage range of 2—6 kV and different filament
currents (82—88 mA). The luminescence decay lifetimes were
measured using a Lecroy Wave Runner 6100 Digital Osilloscope (1
GHz) with a tunable laser (pulse width = 4 ns, gate = S0 ns) as the
excitation source (Contimuum Sunlite OPO). PL quantum vyields
(QYs) were obtained directly by the absolute PL quantum yield
(internal quantum efficiency) measurement system (C9920—02,
Hamamatsu Photonics K. K, Japan), including an excitation light
source of a Xe lamp, a monochromator, an integrating sphere capable
of nitrogen gas flow, and a CCD spectrometer for detecting the whole
spectral range simultaneously. All the measurements were conducted
at room temperature (RT).

3. RESULTS AND DISCUSSION

3.1. Phase Identification and Purity. The phase
composition and purity of the as-prepared powder samples
were detected by XRD first. Figure 1 shows the representative
XRD patterns of f-NCPS host and Eu** or Ln** (Ln** = Ce*,
Tb**, Dy**) doped f-NCPS samples. It is evident that the peaks
in the patterns can be well-indexed to the pure f-Na,Ca,-
(PO,),(Si0,) with JCPDS Card No. 32—1053; no other
impurities were found, indicating the prepared samples were
single phase. The Bragg diffraction 20 at 22.96, 23.21, 32.44,
33.29, and 40.97° are represented to correspond to the indices
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Figure 1. Representative XRD patterns of f-NCPS host and Eu** or
Ln** doped S-NCPS samples synthesized at 1200 °C for 5 h. The
reference is standard card data of #-Na,Ca,(PO,),(SiO,) (JCPDS No.
32-10S3).

of the crystallographic planes of (111), (021), (112), (130),
and (013), respectively. The Eu’* or Ln*' ions were
incorporated into hosts by replacing Ca’* ions based on their
similar ionic radii.®* Moreover, their introductions into hosts did
not arouse any significant change in the host structure.
According to L. Kapralik’s report,” the Na,Ca,(PO,),(SiO,)
phase has two kinds of crystal structures, called @ and f, which
are formed at higher and lower temperatures, respectively. The
P-NCPS crystallizes in the orthorhombic space group Pmcn
with cell parameters of a = 5.467(2) A, b = 9257(3) A, ¢ =
6.795(5) A, and V = 343.88 A% but, unfortunately, the number
of chemical formula in the unit cell Z is not given; therefore, the
specific structure can not be attained.

To identify the existence of orthophosphate in our
synthesized samples, the FT-IR spectra were measured.
Supporting Information, Figure S1 clearly displays the FT-IR
spectra of representative S-NCPS host and Eu** and Ce**/Tb*"
doped samples. Generally, the IR absorption band of (PO,)* is
located at 1120—940 cm™ and 650—540 cm™','° which
includes the two absorption peaks observed at 1038 and 570
cm™!, corresponding to the symmetric stretching mode of
(PO,)*" units. Another two peaks at 1975 and 3457 cm™ are
assigned to OH™ vibrations resulting from the covered water on
the surface of phosphors under air condition.

3.2. Photoluminescence Properties. Figure 2a illustrates
the PL emission spectra of f-NCPS:nEu** (n = 0.01-0.32)
samples excited with 308 nm UV with varied concentrations of
Eu** ions. Each broad emission band extends from 400 to 600
nm, with the full width at half-maximum of about 75 nm
peaking at 494 nm, which is attributed to the 4£°5d' — 4f’
allowed transition of Eu*" ions. The emission wavelength range
mainly covers the green area, which makes the phosphor show
bright green color under a 365 nm UV lamp excitation (seen in
the inset photograph). The PL excitation spectrum of a
representative -NCPS:0.08Eu”** sample monitored at 494 nm
is presented in Figure 2a, which includes the extent from 200 to
450 nm centered at 308 nm corresponding to the 4f —4{°5d’
transition of Eu*’, matching well with UV-pumped Ga,Al,_ N
LED chips (the emission wavelength can extend to 300 nm).
The optimal Eu** doping concentration x in this host is 0.08
here (seen from the dependence of emission intensity on Eu**
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Figure 2. (a) PL emission spectra of S-NCPS:nEu®* under an
excitation of 308 nm UV and the PL excitation spectrum of f-
NCPS:0.08Eu**. (b) Dependence of emission intensity on Eu®*

concentration n. (inset) Digital photograph of S-NCPS:0.08Eu**
under a 365 nm UV lamp excitation.

concentration in Figure 2b), beyond which the emission
intensities of phosphors start to decrease as a result of the
concentration quenching effect. Usually, the concentration
quenching of luminescence originates from the energy
migration among the activator ions at high concentrations.
Moreover, the slight red shift occurs with increasing Eu®**
concentration in this host; this shift may be attributed to the
substitution of larger Eu®* ions for smaller Ca®>" ions, resulting
in a smaller distance between Eu?* and O*~ ions, which would
enhance the crystal field strength and lead to the red shift.""

To investigate the energy-transfer behavior among Eu** ions
for concentration quenching, the linear fitting of log(n) versus
log(I/n) in B-NCPS:nEu** phosphors beyond the quenching
concentration is depicted in Figure 3. This behavior can be
examined by the following expression proposed by Van Uitert,
Ozawa, and Jaffe:"?

Lo 1+ gy

(1)
where I is the emission intensity, n is the activator ion
concentration, which is not less than the critical value, and f is a
constant for the same host crystal under the same excitation
conditions. The type of nonradiative resonant energy transfer
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Figure 3. Linear fitting of log(n) vs log(I/n) for S-NCPS:nEu®*
phosphors, where I and n are the emission intensity and activator
concentration, respectively.

can be estimated by analyzing the constant @ from this formula.
The values of  are 6, 8, and 10, corresponding to the energy-
transfer mechanisms of electric dipole—dipole (d—d), dipole—
quadrupole (d—q), or quadrupole—quadrupole (q—q) inter-
actions, respectively. As illustrated in Figure 3, the slope of the
fitting line is —1.517; therefore, the corresponding value of @ =
4551 is close to 6,"* which indicates the electric d—d
interaction is the dominant mechanism in Eu’* singly doped
phosphors.

Upon 348 nm UV excitation, the emission spectrum of the -
NCPS:0.12Ce** phosphor exhibits a broad asymmetric band
ranging from 370 to 570 nm, which is ascribed to the Ce¥ 5d!
— 4f' allowed transition, as shown in Figure 4a. Generally, the
band can be deconvoluted into two symmetric bands because of
the spin—orbit splitting of the ground state (°Fs/, and °F,,)
with an energy difference of about 2000 cm™ L' Herein, the
energy difference between two fitting energy level (419 and 453
nm) gap is calculated to be 1791 cm™", which is consistent with
theoretical value of 2000 cm™. Figure 4b shows the PL
excitation spectrum of f-NCPS:0.12Ce** monitored at 425 nm
and the dependence of luminescence properties of f-
NCPS:xCe** (x = 0.004—0.40) phosphors on Ce** concen-
tration. The excitation spectrum exhibits a broad band ranging
from 200 to 400 nm centered at 284 and 348 nm, matching
well with UV-pumped Ga,Al,_ N LED chips. The emission
intensity of S-NCPS:0.12Ce** samples rises gradually with
increasing Ce®" concentration x and saturates when x = 0.12,
beyond which the intensity begins to fall (seen from the
variation of emission intensity in Figure 4c), and this is
attributed to the conventional concentration quenching effect.
We can clearly observe (in Supporting Information, Figure S2a)
that the wavelengths of emission peaks occur a slight red shift
from 414 (for x = 0.004) to 430 nm (for x = 0.40) as the
increasing concentration of Ce®" ion in f-NCPS hosts is excited
at 348 nm. In addition, with the increasing excitation
wavelength, the emission peaks of A-NCPS:0.12Ce* also
show a similar red shift from 423 (1., = 284 nm) to 441 nm
(Aex = 380 nm) (see Supporting Information, Figure S2b).
These two kinds of red shifts can be ascribed either to the
reabsorption of Ce*, owing to the superior overlap between its
emission and excitation spectra, or to the crystallinity that was
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Figure 4. (a) Gaussian deconvolution of S-NCPS:0.12Ce*" emission
excited at 348 nm. (b) PL emission spectra in f-NCPS:xCe®* (x =
0.004—0.40) phosphors with different Ce®* concentration excited at
348 nm and PL excitation spectrum of S-NCPS:0.12Ce*" phosphor
monitored at 425 nm. (c) The variation of Ce®" emission intensity as a
function of Ce>* concentration x.

worsened by higher Ce®" concentrations in the doped p-
NCPS'® (see Supporting Information, Figure S2c).

As an important actlvator, the Tb*" ion has been investigated
in detail in many hosts.'® For the -NCPS host also, the Tb**
ion can be well-incorporated into the crystal lattice as an
effective activator. Figure Sa represents a PL excitation
spectrum for the f-NCPS:0.20Tb*>" sample monitored at its
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Figure 5. (a) PL emission spectra for S-NCPS:yTb*" (y = 0.01—0.60)

phosphors with different concentration of Tb** excited at 247 nm and
excitation spectrum for S-NCPS:0.20Tb** sample monitored at 548
nm. (b) Dependence of emission intensities of D3 and *D, in f3-
NCPS:yTb*" phosphors on Tb** concentration j.

characteristic green emission peak (548 nm) and the variation
of PL emission spectra for f-NCPS:yTb*" (y = 0.01—0.60)
phosphors with varied concentrations of the Tb** ion excited at
247 nm. The excitation spectrum contains many peaks in the
region of 200—500 nm, which refers to a wide band centered at
247 nm resulting from its 4f—5d allowed transition and other
excitation lines at 286, 319, 343, 354, 372, and 489 nm
corresponding to absorption of its 4f—4f spin-forbidden
transitions. Upon 247 nm excitation, the emission spectrum
of f-NCPS:0.20Tb*" consists of the °Dj,— F](]_és 432)
transitions of Tb*" ions, which covers the blue emission from
the °D, level and the green emission from the °D, level. The
energy difference between the Dy and °D, levels is close to
that between those of F¢ and "F, which usually leads to cross-
relaxation by the resonant energy-transfer process: *D; (Tb*")

+ "Fg (Tb™) — D, (Tb*) + ’F, (Tb*).'° As exhlblted in
Figure Sb, upon excitation at 247 nm, the emission intensity of
’D; monotonously decreases with the increase of Tb**
concentration, while for D,, the emission intensity first rises
and then descends after a maximum when y = 0.20 because of
the usual concentration quenching effect.
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3.3. Energy Transfer in f-NCPS:0.12Ce3*,zTbh3* Phos-
phors. The emission intensity of Tb** is usually weak when the
excitation wavelength is located in the f—f transition area of that
ion.!” It is commendable to introduce a Ce** or Eu®* to
enhance its emission intensity via energy transfer.''® The
spectral overlap between Ce®* PL emission spectra and Tb** PL
excitation spectrum is presented, for this host, in Supporting
Information, Figure S3. This overlap indicates the possibility of
energy transfer from Ce®" to Tb*" ions, which would result in
the enhancement of Tb** emission.

As depicted above, when Ce*" and Tb*" ions are codoped
into the #-NCPS host, the energy transfer from Ce®* to Tb**
ions is expected to occur when excited by UV radiation. Figure
6a shows the variation of PL emission spectra excited at 365 nm
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Figure 6. (a) Emission spectra of f-NCPS:0.12Ce* zTb* (z = 0—
0.32) phosphors with different Tb** content z. (b) Variation of
emission intensity as a function of Tb* content z with fixed Ce®
concentration.

in B-NCPS:0.12Ce*" 2Tb** (z = 0—0.32) phosphors with
different Tb** content z. This variation consists of the emission
bands of both Ce* and Tb*" ions. With rising Tb*"
concentration, one finds the emission intensity of Ce** jons
(at 436 nm) monotonously decreases, while Tb** emission
intensity (at 548 nm) first obviously increases to a maximum
when z = 0.20 and then declines due to the concentration
quenching eftect, which can be directly observed in Figure Sb.
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This result confirms the energy transfers from Ce’* to Tb**
ions.

To further certify the energy transfer from Ce®" to Tb*" ions
in this host, the PL decay curves of Ce®" in f-
NCPS:0.12Ce*,2Tb* with varying concentrations of the
Tb*" ion are obtained for the Ce*" emission at 436 nm (1
=300 nm) (see Supporting Information, Figure S4). The decay
behaviors of Ce®" ions in all the representative samples fit well
with single-exponential rule, which can be evaluated by the
following equation:"®

—t
I=1, exp(T) @)

Here, I and I, represent the luminescence intensity at times ¢
and 0, respectively, and 7 is the calculated decay lifetime. From
eq 2, the effective lifetimes in f-NCPS:0.12Ce* zTb*" samples
are determined to be 50.21, 45.92, 43.93, 41.63, 39.21, and
3445 ns, corresponding to z = 0, 0.01, 0.04, 0.08, 0.16, and
0.32, respectively. The monotonous drop of lifetimes of Ce®"
with increasing Tb*" concentration further proves the existence
of energy transfer from Ce** to Tb** ions.

With respect to this host, the energy-transfer efficiency 5
from Ce** to Tb* ions in f-NCPS:0.12Ce**,zTb** phosphors
can be acquired by the earlier given equation:*

77T=1__
ISO

©)

where 71 is the energy-transfer efficiency and Iy and Ig are the
luminescence intensities of Ce** jons in the absence and
presence of Tb®" ions, respectively. As seen in Figure 7, the
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Figure 7. Dependence of 7y on Tb* ion concentration z in f-
NCPS:0.12Ce*,2Tb** (z = 0—0.32) samples.

energy-transfer efficiency monotonously ascends (0.14, 0.19,
0.34, 0.45, 0.56, and 0.67, corresponding to z = 0.01, 0.03, 0.08,
0.12, 0.20, and 0.32, respectively) with constantly increasing
Tb*" concentration, while the rate of increase decreases because
the fixed Ce* content limits the further energy transfer from
Ce* to Tb*" ions.

On the basis of Dexter’s energy-transfer expression of
multipolar interaction and Reisfeld’s approximation, the
energy-transfer behavior from Ce*" to Tb® ions can take
place via exchange interaction and electric-multipole inter-
actions. The following formula can be adopted:*!

dx.doi.org/10.1021/ic500545y | Inorg. Chem. 2014, 53, 6743—6751
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)
n 4)

where 7, and 7 are the luminescence quantum efliciencies of
Ce* in the absence and presence of Tb**, respectively; C is the
total concentration of Ce®>" and Tb?* ions; and the « values of
3, 6, 8, and 10 correspond to exchange interaction, d—d, d—q,
and q—q interactions, respectively. To carry out a simple
evaluation, the value of 7y/# can be estimated by the
luminescence intensity ratio (Igy/I5) as follows:

« C*/3

Lo x CY3
I (8)

where I, and I are the emission intensities of Ce>* in the
absence and presence of Tb*', respectively. The least-squares
fittings of Igy/I5 versus CZ3., . (@ = 3, 6, 8, 10, respectively),
as exhibited in Figure 8, illustrate that the linear relationship of
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exchange interaction is the best one among the fitting results,
implying that energy transfer from Ce** to Tb*" ions in the f3-
NCPS host is dominated by the exchange interaction, which is
identical to that in Ca,Al,O4F:Ce*, Tb** phosphors.*'®

The CIE chromaticity coordinates of synthesized samples f-
NCPS:0.08Eu*" excited at 308 nm and S-NCPS:xCe*,zTb**
with different Ce®*/Tb*" doped concentrations excited at 365
nm are gained from Supporting Information, Table SI.
Moreover, the variety can be seen from Figure 9, where a—g
represent the variation of Ce’ concentration singly doped
samples and h—m show the change of different Tb*" content
with stationary Ce** concentration in f-NCPS:0.12Ce* zTb**
samples. It appears green (0.131, 0.471) for f-NCPS:0.08Eu>*
(represented by n) and tunable color from blue (0.146, 0.050)
to green (0239, 0.374) for S-NCPS:0.12Ce**zTb’" with
increasing Tb®" concentration z from 0 to 0.32. This is also
easily observed via the photographs of luminescent phosphors
excited under a 365 nm UV lamp in Figure 9. The QYs can be

determined by the integrated sphere method,>*”* which is
obtained by the following equation:
_ E@) — (1= AEW)
L (A (6)

where E;(1) is the integrated luminescence upon direct
excitation, and Ey(4) is the integrated luminescence excited
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Figure 9. CIE chromaticity coordinates of S-NCPS:0.08Eu** excited at
308 nm, A-NCPS:xCe**, 2Tb*>" (x = 0.004—0.32, z = 0—0.32) with
different Ce®*/Tb*" doped concentrations under 365 nm excitation.
The digital photographs of representative samples were taken under a
365 nm UV lamp excitation.

by indirect illumination from the integrated sphere. The value
L.(2) is the integrated excitation profile acquired from the
empty integrated sphere (absence of sample). The optical
absorbance A can be gained via using the following formula:

_ Ly(d) = Li(4)
T L) (7)

where Ly(A) is the integrated excitation profile when the sample
is diffusely illuminated by the integrated sphere’s surface, and
Li(2) is the integrated excitation profile when the sample is
directly excited by the incident beam. The corresponding value
of different phosphors are displayed in Table 1, which shows
the highest value is 27% for -NCPS:0.04Eu>* excited at 308
nm and 81% for f-NCPS:0.12Ce>", which is better than that of
NaSrBO;:Ce,* as well as 83% for f-NCPS:0.12Ce>*,0.08 Tb**

Table 1. Quantum Yields (QYs) of f-NCPS:nEu** Excited at
308 nm, and B-NCPS:xCe>*, f-NCPS:0.12Ce*",zTb%*
Excited at 365 nm

Aex = 308 nm Aex = 365 nm
B-NCPS:0.12Ce*", 2T-

B-NCPS:nEu** B-NCPS:xCe>* b

n QY (%) x QY(%) z QY(%)
0.01 8 0.004 10 0 81
0.02 24 0.012 14 0.01 76
0.03 22 0.028 31 0.03 80
0.04 27 0.08 47 0.08 83
0.08 21 0.12 81 0.12 69
0.12 13 0.20 72 0.20 66
0.28 5 0.32 67 0.32 59
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excited at 365 nm. This indicates that the S-NCPS:nEu**, S-
NCPS:xCe*, and B-NCPS:Ce**,Tb** phosphors may have
potential applications in wLEDs with the development of chips
for wLEDs from 350 to 420 nm to shorter wavelength because
the excitation spectra are rather broad, ranging from 200 to 400
nm.

3.4. Cathodoluminescence Properties. Additionally, the
CL properties of as-synthesized f-NCPS:Eu**, Ce**, Tb**, and
Dy’* samples were investigated to recognize their potential
application in FEDs. Figure 10 shows the typical CL spectra as

) 0.08Eu”" n
(b)
0.12Ce™

©

0.20Th™" -
L)

350 400 450 500 550 600
Wavelength (nm)
Figure 10. CL spectra for f-NCPS:0.08Eu** (a), f-NCPS:0.12Ce?*
(b), p-NCPS:0.20Tb** (c), and B-NCPS:0.01Dy** (d). (insets) The

corresponding digital luminescence photographs under low-voltage
electron-beam excitation.

Intensity (a.u.)

(CV

650 700

well as corresponding luminescence photographs of f-
NCPS:Eu’*, Ce*, Tb*, and Dy’* samples under low-voltage
electron-beam bombardment. The CL spectra are similar to
their PL spectra, but they are not the same, which may be due
to the different excitation sources of low-voltage electron beam
and Xe lamp. For the f-NCPS:0.20Tb*" sample, the relative
intensity of emission peaks at 380 and 548 nm in the CL
spectrum is distinguished from that in the PL spectrum in
Figure Sa. The f-NCPS:0.01Dy*" sample has the characteristic
emission peaks at 484 and 577 nm, and the peak at 495 nm is a
bit different from its PL spectrum.

Figure 11a shows the CL spectra for f-NCPS:0.12Ce**,zTb**
(z = 0—0.24) phosphors under low-voltage electron-beam
bombardment. The shape of the CL spectra is clearly different
from that of the PL emission spectra; this difference can be
ascribed to their different luminescence mechanisms.*'**
Under UV excitation, the activator Ce®" electrons can be
excited to the S5d energy level and then radiatively transited to
the 4f level via releasing a photon or via transferring their
energy to nearby Tb®" ions. Therefore, the emission intensity
ratio of Ce>* to Tb’" ions depends on the energy-transfer
efficiency from Ce*" to Tb* ions. For CL, the primary fast
electrons produce many secondary electrons. These secondary
electrons excite the matrix lattice and create many electron—
hole pairs, which can induce the formation of bound excitons.
These excitons decay nonradiatively via a resonant or
quasiresonant transfer from the Ce®* to the Tb** ions
simultaneously and give their characteristic emission.”>'**
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Figure 11. (a) CL spectra for f-NCPS:0.12Ce* zTb** (z = 0—0.24).
(b) Variation of relative emission intensity for Ce®* and Tb** ions.

Accordingly, the Ce*" emission intensity falls, and the Tb**
emission intensity first increases to a maximum when z = 0.16
and then decreases with increasing Tb** concentration (see
Figure 11b).

The S-NCPS:0.08Eu’*, B-NCPS:0.12Ce*, p-
NCPS:0.20Tb*, and B-NCPS:0.12Ce**,0.16Tb*" samples
were selected to investigate the relationship between emission
intensity and the filament current as well as the accelerating
voltage (see Figure 12). At a fixed accelerating voltage of 3.5
kV, the emission intensity monotonously increases with the
increase of filament current from 80 to 88 mA. Similarly, the
emission intensity monotonously rises with the increase of
accelerating voltage from 2 to 6 kV at fixed filament current of
88 mA. And there is no conspicuous saturation observed for CL
at this range of filament current and the accelerating voltage.
These phenomena can be due to the deeper penetration of the
electrons into the phosphor body and the larger electron-beam
current density with the increase of filament current or
accelerating voltage.

4. CONCLUSION

In summary, novel S-NCPS:Eu**, Dy**, and Ce*"/Tb%*
phosphors were prepared via a high-temperature solid-state
reaction route. Upon UV excitation, the S-NCPS:Eu®*
phosphors present bright green color emissions (400—600
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Figure 12. CL intensities of f-NCPS:0.08Eu**, f-NCPS:0.12Ce*, f-
NCPS:0.20Tb*, and B-NCPS:0.12Ce*",0.16Tb*>" as a function of
filament current (a) and accelerating voltage (b).

nm) with peaks centered at about 494 nm. The S-NCPS:Ce*"
phosphors exhibit intense blue emissions, and their best
quantum yield can reach 81% for S-NCPS:0.12Ce*, under
365 nm UV excitation. On the basis of cross-relaxation from
’D; to Dy, Tb*" singly doped S-NCPS samples display light
blue to cyan and then green color with the increase of its
dopant concentration. When Ce** ions were codoped into f-
NCPS:Tb*>" hosts, the intensive tunable luminescence was
realized from blue to green by adjusting Tb*" concentration,
with the maximum quantum efficiency of 83% for f-
NCPS:0.12Ce**,0.08Tb*>" upon 365 nm UV excitation. The
energy transfer from Ce® to Tb* ions is deduced via spectral
overlap between the Ce** PL emission spectra and a Tb** PL
excitation spectrum, then confirmed by the variation of
emission spectra as well as the reduction of Ce®* decay
lifetimes with increasing Tb®>" concentration. Additionally, the
CL of -NCPS:Eu**, Dy**, and Ce*"/Tb*" phosphors were
measured under low-voltage electron-beam bombardment, and
their characteristic luminescence was obtained. With the
increase of filament current or accelerating voltage, the CL
emission intensity consecutively increases without saturation.
Generally, these results indicate that f-NCPS:Eu**, Dy**, and
Ce**/Tb*" phosphors show promise as candidates for UV-
pumped wLEDs and FEDs.
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