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ABSTRACT: A series of single-phase phosphors based on
KNaCa,(PO,), (KNCP):A (A = Ce*, Eu®, Tb**, Mn**,
Sm’") have been prepared via the Pechini-type sol—gel
method. Photoluminescence (PL) and cathodoluminescence
(CL) properties of Ce**-, Eu**-, Tb**-, Mn**-, and Sm*'-
activated KNCP phosphors were investigated. For the A singly
doped KNCP samples, they exhibit the characteristic emissions
of the A activator. Na' ions exhibit the best charge
compensation result among Li’, Na*, and K" ions for Ce**-,
Tb**-, and Sm**-doped KNCP samples. The energy transfers
from Ce®" to Tb* and Mn>' ions as well as Eu** to Tb*" and

Mn®* have been validated. The emission colors of KNCP:Ce**/Eu**, Tb*>*/Mn**, Na" samples can be adjusted by energy transfer
process and changing the Tb**/Mn*" concentration. More importantly, white light emission in KNCP:Eu*, Mn?* system has
been obtained. The KNCP:Tb*", Na* sample shows tunable luminescence from blue to cyan and then to green with the change
of Tb*" concentration due to the cross-relaxation from °Dj to *D,. A white emission can also be realized in the single-phase
KNCP host by reasonably adjusting the doping concentrations of Tb** and Sm®" (reddish-orange emission) under low-voltage
electron beam excitation. Additionally, the temperature-dependent PL properties of as-prepared phosphors reveal that the KNCP
host has good thermal stability. Therefore, the KNCP:A (A = Ce*', Eu*’, Tb*", Mn*, Sm*") phosphors could be regarded as

good candidates for UV W-LEDs and FEDs.

1. INTRODUCTION

White light-emitting diodes (W-LEDs) and field emission
displays (FEDs) have drawn much research attention in recent
years." Among various phosphor-converted (pc) W-LEDs, the
shortcomings for a W-LED that was obtained by combining
yellow phosphor YAG:Ce and a blue InGaN chip are a bad
color rendering index (Ra < 80) and high color temperature
(T, > 7000 K) because of the absence of red composition,
blocking its extension to more fascinating applications.” To
bypass this headache, it is practicable to achieve white light
emission by employing several phosphors with UV LED chips.’
However, poor luminous efficiency attributed to the
reabsorption among phosphors is another challenging problem.
Thus, to develop phosphors that can produce white emission in
the single phase becomes an urgent task.* On the other hand,
the available phosphors for FEDs cannot adapt to the harsh
operation conditions perfectly.” Consequently, new phosphors
with high quality need to be developed to meet the demand of
LEDs and FEDs. In addition, the Pechini sol—gel method is a
useful and convenient technique to prepare inorganic non-
metallic materials.® It has many advantages compared with the
conventional solid-state reaction, such as homogeneous mixing
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of the starting materials at the molecular level and low synthetic
temperature, good control of stoichiometry, fine particle size,
and uniform morphology.”

In this Article, we report the synthesis of KNaCa,(PO,),
(KNCP):A (A = Ce**, Eu*, Tb®, Mn*, Sm>', and their
combinations, in some cases) phosphors using the Pechini-type
sol—gel method. According to a previous report, there are at
least two different crystallographic sites in the KNCP host.”
The broad band emissions of Ce®, Eu?*, and Mn?' ions at
different sites in the KINCP host are investigated in this study.
Na* ions exhibit the strongest charge compensation ability
among Li*, Na*, and K" ions for Ce*'-, Tb**-, and Sm**-doped
KNCP samples. Additionally, the energy transfer properties
from Ce**/Eu** to Tb*/Mn>" under UV and low-voltage
electron beam excitation were investigated and are discussed in
detail. More interestingly, white light emission in the
KNCP:Eu*, Mn>* system has been obtained by energy transfer
and changing the relative doping concentrations of activators.
Furthermore, a white emission can also be realized in the
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single-phase KNCP host by controlling the doping concen-
trations of Tb*" and Sm’' under low-voltage electron beam
excitation. In summary, the as-prepared single-phase-based
KNCP phosphors show wide-range-tunable blue, green,
reddish-orange, and white emissions under UV and low-voltage
electron beam excitation, which has potential applications in W-
LEDs and FEDs.

2. EXPERIMENTAL SECTION

2.1. Materials. Eu,0;, Tb,O; and Sm,0; (99.999%) were
purchased from Science and Technology Parent Company of
Changchun Institute of Applied Chemistry, and other chemicals
were purchased from Beijing Chemical Company. All chemicals were
of analytical grade and used directly without further purification.

2.2. Preparation. A series of polycrystalline KNCP and different
concentrations of Ce*, Eu**, Tb**, Mn?*, and Sm** ion-doped KNCP
phosphors were prepared by the Pechini-type sol—gel method. The
Li*/Na*/K* ions were used as charge compensators for Ce*, Tb*,
and Sm** ion-doped KNCP samples. Typically, stoichiometric
amounts of Eu,05, Tb,0,, and Sm,0; were dissolved in dilute nitric
acid (HNO;) under stirring and heating, resulting in the formation of
a colorless solution of Eu(NO,;);, Tb(NO;);, and Sm(NO;)s,
respectively. First, stoichiometric amounts of Ca(NO;),-4H,0,
Ce(NO,)46H,0, Mn(CH,COO),, LINO;/NaNO;/KNO,, and the
solution of Eu(NO;);, Tb(NOs);, and Sm(NO;); were mixed
together, stirring for 15 min; then citric acid was dissolved in the
above solution (citric acid/metal ion = 2:1 in moles). The pH of the
solution was adjusted to ~1 with HNO; followed by the addition of
stoichiometric amounts of KH,(PO,), and NaH,(PO,),. Finally, a
certain amount of deionized water was added into the above solution
until the volume was 30 mL, and 3 g of polyethylene glycol (PEG,
molecular weight = 20 000, A.R.) was added as a cross-linking agent
(Cpgg = 0.01 mol/L) after stirring for 10 min. The resultant mixtures
were stirred for 2 h and then heated at 75 °C in a water bath until
homogeneous gels formed. After prefiring at 500 °C for 4 h in air, the
samples were fully ground and calcined at 950 °C in air for 4 h. The
obtained Ce*- and Eu’*-related powders were then reduced at 900 °C
for 4 h under a 5% H,/95% N, atmosphere to produce the final
samples.

2.3. Characterization. The X-ray diffraction (XRD) measure-
ments were carried out on a D8 Focus diffractometer using Cu Ka
radiation (4 = 0.15405 nm). The photoluminescence (PL) measure-
ments were performed on a Hitachi F-7000 spectrophotometer
equipped with a 150 W xenon lamp as the excitation source. The
temperature-dependent (300—500 K) PL spectra were obtained on a
fluorescence spectrophotometer equipped with a 450 W xenon lamp
as the excitation source (Edinburgh Instruments, FLSP-920) with a
temperature controller. The CL measurements were carried out in an
ultrahigh-vacuum chamber (<10™® Torr), where the phosphors were
excited by an electron beam in the voltage range 2.5—5.0 kV and
different filament currents, and the emission spectra were recorded
using an F-7000 spectrophotometer. Photoluminescence absolute
quantum yields (QYs) were measured by an absolute PL quantum
yield measurement system (C9920-02, Hamamatsu Photonics K. K.,
Japan). 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 = SO ns) as the excitation (Contimuum
Sunlite OPO) source.

3. RESULTS AND DISCUSSION

3.1. Phase and Crystal Structure. Figure 1 shows the
representative XRD patterns for KNCP:0.04Ce*, 0.04Na’,
KNCP:0.01Eu**, KNCP:0.05Tb*, 0.05Na*, KNCP:0.04Ce*,
0.0STb*, 0.09Na’, KNCP:0.04Ce™", 0.05SMn*", 0.04Na", and
KNCP:0.008Eu*", 0.08Mn>" samples. It is obvious that the
diffraction peaks of all these samples are in good agreement
with the JCPDS Standard Card no. 51-0580 of KNaCa,(PO,),,
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Figure 1. XRD patterns for KNCP:0.04Ce**, 0.04Na* (a),
KNCP:0.01Eu** (b), KNCP:0.05Tb*", 0.05Na* (c), KNCP:0.04Ce*,
0.05Tb*, 0.09Na* (d), KNCP:0.04Ce*", 0.05Mn?*, 0.04Na" (e), and
KNCP:0.008Eu**, 0.08Mn?* (f).

indicating that the obtained samples are single phase and adopt
the same structure as KNaCa,(PO,),. According to the XRD
patterns, we can deduce that the Ce**, Eu**, Tb*", Mn**, and
Na* ions were completely dissolved in the KNCP host without
inducing significant changes of the crystal structure.

3.2. PL Properties of Ce3*/Eu?*/Tb3*/Mn?*/Sm3* Singly
Doped KNCP Samples. KNCP:Ce’*, Na*. Figure 2a shows the
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Figure 2. Excitation (left) and emission (right) spectra for
KNCP:0.04Ce*, 0.04Na* (a), KNCP:0.01Eu** (b), KNCP:0.05Tb*,
0.05Na* (c), KNCP:0.06Mn>* (d), and KNCP:0.01Sm>*, 0.01Na" (e).

excitation and emission spectra of the KNCP:0.04Ce’,
0.04Na" sample. The excitation spectrum (black line) of
KNCP:0.04Ce?*, 0.04Na" monitored at 367 nm shows a broad
band in the region from 230 to 350 nm, which can be attributed
to the transitions from the ground state to the different crystal
field splitting levels of the Sd state for Ce®* ions in the KNCP
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host. Figure S1 gives the diffuse reflection spectra of KNCP
(black line) and KNCP:0.04Ce*, 0.04Na* (red line) samples,
which were recorded in the spectrum region from 200 to 550
nm at room temperature. The undoped KNCP host has a
broad absorption band from 200 to 350 nm. As Ce** ions were
doped into the KNCP host, a strong absorption in the range
240—360 nm assigned to the 4f — Sd absorption of Ce** ions
was observed.” The absorption band in the diffuse reflection
spectra and the excitation spectrum of KNCP:0.04Ce*”,
0.04Na* matched well. The emission spectrum (blue line in
Figure 2a) exhibits an asymmetric emission band with a
maximum at about 367 nm when excited by 318 nm UV.
Generally, the Ce’*-emission spectrum has doublet character
because of the spin—orbit splitting of the ground state (*F (3
and ’F,/,) with an energy difference of about 2000 cm™. 0
However, the emission band of KNCP:0.04Ce*", 0.04Na* can
be decomposed into four well-separated Gaussian components
with peak centers at 358, 372, 390, and 403 nm. Clearly, these
four peaks can arise from not only the ground state splitting but
also the different Ce*" centers. Wang et al. have given the
coordination environments for the two crystallographic sites of
Ca’ ions in the KNCP host calaulated by the van Uitert
formula: eight and six coordination centers.® Figure 2Sa and b
display the energy level diagrams of Ce®" at the two different
coordination fields. From the van Uitert formula and the energy
level diagrams,11 we can conclude that the two bands centered
at 358 and 390 nm (energy difference is about 2292 cm™) are
attributed to the Ce’" ions entering the eight-coordinated
center, and the two bands located at 372 and 403 nm (energy
difference is about 2068 cm™") are due to the emission of Ce>*
ions occupying the six-coordinated center.

In the KNCP crystallite, Ce®* ions are expected to replace
Ca?" sites. However, it would be difficult to maintain a charge
balance in the samples. Therefore, univalent ions (Li*, Na*, or
K") were added as charge compensators in order to keep the
charge balance. It is worth mentioning that the charge
compensators Li*/Na*/K* for Ce**-doped KNCP samples
also substitute the Ca®" site and the doping concentration of
the charge compensators Li*/Na*/K" is equal to that of Ce’".
So the doped charge compensators Li*/Na*/K* would not
transform the composition of the KNCP host, although it is
composed of Na" and K'. Figure S3a shows the charge
compensation effect of different charge compensators on the
emission intensity of the KNCP:0.02Ce*" phosphor. It is found
that all three charge compensators increase the emitting
intensity of KNCP:0.02Ce®". Obviously, Na* ions exhibit the
best charge compensation result among Li*, Na*, and K" ions.
The order of charge compensation abilities is Na" > K" > Li".
This result may be attributed to the ionic radius size of Li*, Na*,
K, and Ca®". Compared with the radius of Li* and K* ions, the
Na* ionic radius is more similar to that of Ca*". Na* as charge
compensator together with Ce®* substituted two Ca®" sites in
the KNCP crystal lattice, which would lead to a smaller lattice
deformation than Li* and K%,'* so the KNCP:0.02Ce*,
0.02Na" phosphor shows the strongest luminescence intensity.
Similarly, the radius of the K* ion is closer to that of the Ca®*
jon than the Li* ion. Thus KNCP:0.02Ce**, 0.02K* shows
stronger luminescence intensity than KNCP:0.02Ce**, 0.02Li".

The PL intensity of Ce®" as a function of its doping
concentration (x) in the KNCP:xCe®*, xNa* sample is shown
in Figure S4a. The PL intensity reaches a maximum value at x =
0.04, then decreases with further increase of its concentration
due to the concentration quenching effect.'”” Thus, the

optimum doping concentration for Ce* in the KNCP host is
4 mol % of Ca®".

KNCP:Eu?*. The excitation and emission spectra of
KNCP:0.01Eu** are shown in Figure 2b. The excitation
spectrum has a broad hump between 230 and 440 nm, which
is attributed to the 4’ — 4°5d" transition of the Eu*" ions. The
broad excitation band matches well with the range of the near-
UV LED chip (380—420 nm),"* and the absorption band
shown in the diffuse reflection spectrum of KNCP:0.01Eu**
(green line in Figure S1) is consistent with its excitation
spectrum. Under 355 nm UV excitation, the KNCP:0.01Eu?*
phosphor emits blue-green light in the range 420—550 nm,
which can be attributed to the typical 4f°5d" — 4f” transition of
Eu’' ions. By Gaussian deconvolution, the PL spectrum of the
KNCP:0.01Eu** phosphor can be decomposed into two
Gaussian bands with peaks centered at 468 and 505 nm,
respectively. The splitting bands can be ascribed to different
emission sites in the KNCP host. The emission band centered
at 468 nm originates from the Eu®" center of the eight-
coordinated site, and the band centered at 505 nm originates
from the Eu®* center of the six-coordinated site. The energy
level diagrams of Eu®" in the eight- and six-coordinated fields
shown in Figure S2¢ and d can give us a clear delineation. This
observation can be confirmed by previous literature, which also
reported the splitting bands in the KNCP:Eu?* sample.® The
relative emission intensity dependence on the doping
concentration of Eu’* ions (m) is presented in Figure S4b.
The optimal doping concentration of Eu?* in the KNCP host is
m = 0.008.

KNCP:Tb?", Na'. Figure 2c shows the excitation and
emission spectra of the KNCP:0.05Tb*, 0.05Na* sample.
The excitation spectrum monitored with the characteristic
green emission (546 nm) of Tb*" includes several lines in the
region from 300 to 450 nm and a broad band peaking at about
235 nm. The broad band is ascribed to the spin-allowed
transition from the 4f to the 5d state of the Th>" ion, whereas
the sharp lines correspond to absorption due to the forbidden
f—f transition of the Tb*" ion. The weak band at 274 nm
corresponds to the spin-forbidden transition of the Tb>"."* The
diffuse reflection spectrum of the KNCP:0.05Tb*, 0.05Na*
sample presented in Figure S1 (blue line) shows a broad
absorption band in the range 220—270 nm, which corresponds
to the 4f°— 4f'Sd spin-allowed transition in the excitation
spectrum. It is clear that the KNCP:Tb*, Na* phosphor can be
optimally excited at 235 nm UV. The emission spectrum of
KNCP:0.05STb**, 0.05Na* consists of the *D;, — 7FJ transitions
of Tb*" ions. In fact, many Tb* -activated materials show blue
emission from the *D; level and green emission from the *D,
level.'® The energy difference between °Dj and °D, is close to
that between ’F, and "Fg, which sometimes corresponds to the
energy transfer of identical centers: D (Tb*") + F¢ (Tb**) —
D, (Tb**) + "Fy (Tb**)."” The emission spectra show different
ratios between the SD; and the *D, emissions with the increase
of Tb*" concentration, as shown in Figure 3a. In the emission
spectra for low doping concentrations (y < 0.01), the °D; — 7FJ
transitions are dominant, and, the D, — ’Fj transition at 546
nm is dominant at higher doping concentrations (y > 0.01).
The emission intensities of *D; — ’F; and D, — 'F,
transitions with respect to the doping concentration of Tb**
ions (y) are presented in Figure 3b. When y = 0.008 and 0.08
mol, the °D; — ’F; and °D, — ’F; emissions reach their
maximum intensities, respectively. The cross-relaxation be-
tween the *D;—°D, and "Fy—"Fy4 of the two neighboring Tb**
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Figure 3. Emission spectra for KNCP:yTb**, yNa* with different Tb**
concentrations (a) and the emission intensities of *D; and °D, in
KNCP:yTb**, yNa* samples as a function of y (b).

ions results in the quenching of the blue emissions of *D; — F
transitions. The emissions of the D, — FJ transitions are
quenched by the energy migration among the activators.

Similar to KNCP:Ce** phosphors, the univalent ions Li*,
Na*, and K" were also added as charge compensators in the
KNCP:0.05Tb*>" sample (Figure S3b in the Supporting
Information). The experimental results indicate that Na* is
the optimum charge compensator for the KNCP:Tb*" sample,
which in line with that in the KNCP:Ce®" sample. Therefore,
we chose Na* ions as the charge compensators for Ce**-, Tb**-,
and Sm*"-doped KNCP phosphors.

KNCP:Mn?*. The excitation and emission spectra of
KNCP:0.06Mn** are shown in Figure 2d. The excitation
spectrum consists mainly of two peaks located at 360 and 408
nm, corresponding to the transitions from oA, (6S) to *T, (*D)
and [*A; (*G), “E (*G)] of Mn*, respectively.'® The diffuse
reflection spectrum of KNCP:0.06Mn>* shown in Figure S1
(cyan line) is almost identical with that of the host (black line)
below 350 nm. However, two small absorption bands at 360
and 409 nm have been detected, which can be supported by the
excitation spectrum. Under 408 nm light excitation, the broad
and asymmetric emission band centered at 575 nm is attributed
to the spin-forbidden *T; (*G) — °A, (°S) transition of Mn2*."®

13711

Clearly, the emission band can be decomposed into two
Gaussian bands centered at 546 and 600 nm, respectively. We
can infer that Mn?* ions occupied two different emission sites
in the KNCP host. The energy level diagrams of Mn®" in crystal
fields are similar to that of Eu*", which are also shown in Figure
S2c and d. Therefore, the eight-coordinated Mn** site is
responsible for the 546 nm emission band, and the six-
coordinated Mn** site is responsible for the 600 nm emission
band. According to Figure S4c in the Supporting Information,
the best doping concentration of Mn** in the KNCP host is z =
0.06.

KNCP:Sm**, Na*. The black line plotted in Figure 2e shows
the excitation spectrum of the KNCP:0.01Sm*', 0.01Na*
phosphor, which is composed of several peaks at 345 nm
(6H5/2 - 4K17/2): 361 nm (6H5/2 - (D, 6P)15/2); 375 nm
(6H5/2 - 4L17/2)) 403 nm (6H5/2 - 4K11/2)) and 474 nm (6H5/2
= T3p), respectively.'” Among them, °Hy, — *K;,, is the
strongest excitation band at 403 nm. The diffuse reflection
spectrum of the KNCP:0.01Sm>*, 0.01Na* sample is shown in
Figure S1 (pink line). The broad absorption band in the range
220—340 nm is attributed to the absorption of the KNCP host,
and the weak absorption peaks at 363, 376, 404, and 476 nm
correspond to the f—f transition of the Sm®" ions. Under 403
nm UV excitation, KNCP:0.01Sm*, 0.01Na" gives emissions at
562, 599, and 645 nm, which correspond to the transitions
from *Gg), to *Hs)s, °H, /5, and *Hy), of Sm*', respectively.'”
From Figure S4d in the Supporting Information, we can note
that the emission intensity of KNCP:tSm*', fNa* reaches its
maximum when ¢ = 0.02.

3.3. Energy Transfer Properties. KNCP:Ce**, Tb>**/Mn?*,
Na*. Generally, the Ce** ions can act as an efficient sensitizer
by transferring its excitation energy to coactivators.”® In the
KNCP:Ce**, Tb**/Mn?*, Na* system, the Ce*" ions can serve
as an effective sensitizer for Tb** or Mn**, which not only help
Tb** and Mn** ions to emit efficiently but also tune the
emission color of the co-doped samples.

Figure 4a and c show excitation spectra for KNCP:0.04Ce**,
0.06Tb%, 0.1Na" and KNCP:0.04Ce*", 0.07Mn**, 0.04Na"
samples, respectively. For the KNCP:0.04Ce*, 0.06Tb*",
0.INa* sample, the excitation spectrum monitored with the
Tb** °D, — "F transition (546 nm) consists of the excitation
bands of both Tb** (220—240 nm) and Ce*" ions (240—350
nm). The presence of the Ce®" absorption band indicates that
the energy transfer process from Ce> to Tb** ions exists.”' For
the KNCP:0.04Ce**, 0.07Mn**, 0.04Na* sample, the excitation
spectrum monitored with the Mn** *T; — A, transition (600
nm) is almost identical with that monitored with Ce** emission
(367 nm). This result means that Mn>* ions are essentially
excited through Ce’* ions and the energy transfer process from
Ce* to Mn?" ions is expected in the KNCP:Ce*, Mn**, Na*
system. Comparing the emission intensity of KN CP:Tb%*/
Mn**, Na* samples under 235 or 408 nm UV excitation with
that of KNCP:Ce®**, Tb**/Mn**, Na* samples under 270 nm
UV excitation, we can find that the emission intensity of Tb*/
Mn?" ions has been enhanced remarkably by co-doping Ce**
ions into the host, although the concentration of Tb**/Mn?*
stays unchanged (as shown in Figure SSa and b).

The emission spectra for KNCP:0.04Ce**, yTb*",
(0.04+y)Na* and KNCP:0.04Ce**, zMn**, 0.04Na* with
increasing Tb*" and Mn*" doping concentrations are shown
in Figure 4b and d. Under 270 nm UV excitation, the emission
spectra consist of the emission band of Ce** and Tb*/Mn**
ions, which indicates that Ce*" ions have transferred part of
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their absorbed energy to Tb>*/Mn?** ions. Although the
concentration of Ce® was fixed, the emission intensity of
Ce®" decreased with increasing Tb**/Mn** concentration, while
the emission intensity of Tb>*/Mn?** increases with an increase
of its concentration. Figure S6 presents the relative emission
intensity of Ce*, Tb*, and Mn** in KNCP:0.04Ce’*, yTb*,
(0.04+y)Na* (a) and KNCP:0.04Ce’*, zMn**, 0.04Na" (b)
samples with different Tb> /Mn? doping concentrations. This
result reveals efficient energy transfer occurred between Ce?
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and Tb*/Mn?* in the KNCP host.

The emission intensities of

Tb* and Mn*" reach their maximum values at y = 0.2 and z =

0.07, respectively.

In addition, the fluorescence lifetimes (7) of Ce* in
KNCP:Ce**, Tb**/Mn?*, Na" samples with different Tb*"/

Mn2* concentrations were recorded

at 367 nm (4, = 270 nm),

as shown in Figure Sa and c. The decay behaviors of Ce** ions
in the KNCP:Ce*, Tb**/Mn**, Na* sample show a second-
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order exponential decay mode. The fluorescence -effective
lifetime of Ce" ions can be estimated by the following, eq 1:**

I(t) = A exp(—t/7) + A, exp(—t/7,) ©))

where I(t) represents the luminescence intensity at time t.
Using these parameters, the average decay times (7) can be
determined by the following formula:**

T= (AlTl2 + AZTZZ)/(AITI + A1) ()

From eq 2, the effective lifetime values of Ce®" ions were
determined to be 46.9, 40.1, 33.3, 31.2, 27.3, 24.9, 18.2, and
16.9 ns for KNCP:0.04Ce*", yTb*", (0.04+y)Na* samples with y
=0, 0.03, 0.05, 0.07, 0.10, 0.15, 0.20, and 0.25, respectively. In
the same way, we calculated the lifetime values of Ce® ions in
KNCP:0.04Ce*, zMn?*, 0.04Na* samples, which were 42.6,
34.1,27.3, 24.2, 20.8, 144, and 12.3 ns for z = 0.01, 0.03, 0.0,
0.07, 0.10, 0.15, and 0.20, respectively. The decay lifetime of
Ce>* ions can be found to decrease with the increase of Th>*/
Mn?>* contents, which is powerful evidence for the energy
transfer from Ce* to Tb*>*/Mn’' ions in the KNCP host.
Commonly, the energy transfer efficiency () from the
sensitizer to the activator could be determined by the following
expression:23

Bp=1-2

T T 3)

in which 7, and 7 are the lifetimes of the sensitizer without and
with the activator, respectively. In the KNCP host, Ce*" is the
sensitizer and Tb**/Mn?" is the activator, respectively. The
energy transfer efficiencies from Ce** to Tb*" and Mn** were
calculated as a function of the concentrations of Tb** and Mn?*,
respectively, which is plotted in Figure Sb and d. The 75
increases with increasing Tb**/Mn?* doping concentration in
the KNCP:Ce*, Tb*/Mn**, Na* system, despite the fact that
the increasing rate gradually decreases. The energy transfer
efficiency can also be expressed by the emission intensity of the
sensitizer: ny = 1 — Ig/Ig, where I and Ig, are the
luminescence intensity of the sensitizer with and without the
activator present.”* From the emission intensity of Ce*, which
decreased with increasing Tb**/Mn** concentration, as shown
in Figure S6, we can infer that 7y is proportional to the
concentration of Tb3*/Mn?* ions. Under 270 nm UV
excitation, the maximum energy transfer efficiencies for Ce®*
— Tb* and Ce** — Mn** estimated by the lifetime of Ce** are
64% and 74%, respectively. Hence, we can infer that the Ce®"
ions can transfer their energy to Tb*>"/Mn”* ions effectively in
the KNCP host. The emission color of the KNCP:Ce*, Tb3*/
Mn**, Na* sample can be tuned by the energy transfer process.
The CIE chromaticity coordinates of the KNCP:Ce*, Tb*"/
Mn?*, Na* system with different Tb**/Mn** doping concen-
trations are shown in Figure 6a. Obviously, the emission color
of KNCP:0.04Ce**, yTb*", (0.04+y)Na* and KNCP:0.04Ce*",
zMn**, 0.04Na* samples can be adjusted from blue to green
and from blue to reddish-orange, respectively. The absolute
quantum yields of KNCP:Ce**, Tb*/Mn**, Na* phosphors
under 270 nm UV excitation are listed in Table 1. The QY of
the KNCP:0.04Ce®" phosphor is 89%. When Tb**/Mn*" is co-
doped into the KNCP:Ce*" phosphor, the QY of KNCP:Ce*",
Tb* /Mn?*, Na* decreases with the increase of Tb3*/Mn*
content. This may be because the luminescence efficiency of
Tb* /Mn?* ions is different from that of Ce* ions under 270
nm UV excitation. The maximum QYs of as-prepared

KNCP: 0.04Ce™, yTb*, 2Mn®, (0.04+y)Na*
0:y=0,2z=0, 1: ¥y=0.03,z=0
2:y=005,z=0, 3}:y=007,z=0
4:y=010,z=0, 5:y=0.152z=0
6:y=020,z=0, 7 y=025,2=0
a:y=0,z=001, b y=02=003

¢ y=0,z=005 dy=02z=007
0:y=0,2=010;, fy=0z=015
gy=0,z=020

KNCP: 0.008Eu®, yTh*, 2Mn**, yNa*

0:y=0,z=0, l:y=003,z=0
2:y=005,2=0, 3}y=0072z=0
4:y=010,z=0, 5:y=015z=0
6:y=020,z=0;, T:y=0.25,2=0
ay=0,z=001; by=02=003
e:y=0,z=005 d:y=0z=007
e:y=0,2=010, fy=0,2z=0135
g y=0,2z=020

0.2 0.3 04 05 06 0.7

Figure 6. CIE chromaticity coordinates of KNCP:Ce*, Tb**/Mn**,
Na* (a) and KNCP:Eu*, Tb*/Mn®, Na* (b) phosphors with
different Tb**/Mn2* doping concentrations.

KNCP:Ce**, Tb*/Mn**, Na* samples can reach 83% and
79% at y = 0.05 and z = 0.01, respectively. As we know, most of
the current UV chips for W-LEDs are located in the range
350—420 nm. With the development of semiconductor chips,
shorter UV emitting chips (250—320 nm) may be available in
the future. Such technology can make phosphors used in W-
LEDs that are not limited by excitation wavelength. Thus,
KNCP:Ce**, Tb’*/Mn**, Na* may have some potential
applications in W-LEDs in the future.

KNCP:EU?*, Tb**/Mn?*, Na*. We also studied the lumines-
cence and energy transfer properties of KNCP:Eu**, Tb*"/
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Table 1. Quantum Yields of KNCP:0.04Ce*', yTb**, zMn*,
(0.04+y)Na* and KNCP:0.008Eu*', yTb**, zMn**, yNa*
Samples under 270 and 365 nm UV Excitation, Respectively

KNCP:0.04Ce*, yTb**, zMn?*", KNCP:0.008Eu**, yTb**,

(0.04+y)Na* QY zMn?*, yNa* QY
y=0,z=0 89% y=0,z=0 57%
y=00S52z=0 83% y=0052=0 38%
y=010,z=0 80% y=010,z=0 43%
y=0152=0 72% y=0152=0 41%
y=020,z=0 64% y=020,z=0 37%
y=0252z=0 56% y=0252z=0 33%
y=0,2z=001 79% y=0,z=005 27%
y=0,z=0.05 75% y=0,z=0.10 31%
y=0,z=0.10 67% y=0,z=015 38%
y=0,z=0.15 55% y=0,2=020 37%
y=0,2z=020 52% y=0,2=025 24%

Mn?*, Na* samples. Besides Ce®*, Eu** has been demonstrated
to be another efficient sensitizer for Tb** and Mn** ions. A
number of reports have been focused on the energy transfer
between Eu** and Tb**/Mn*', such as Ca,Mgs(PO,)s:Eu*,
Mn** (ref 25), LiGd(PO;),:Eu®*, Mn** (ref 26), and
KcaGd(PO,),:Eu®*, Tb**, Mn** (ref 27). The excitation spectra
of KNCP:0.008Eu**, 0.1Tb>*, 0.INa* and KNCP:0.008Eu*,
0.07Mn*" samples are shown in Figure 7a and c, respectively.
Monitoring with the emission of Tb**/Mn**, the appearance of
a Eu®" excitation band in the excitation spectra implies that
Eu®* can transfer energy to Tb**/Mn®" ions. From Figure SSc
and d, we can know that the emission intensity of Tb* /Mn?*
ions could be improved by co-doping Eu’* ions into
KNCP:Tb**/Mn®*, Na* samples. The emission spectra for
KNCP:0.008Eu**, yTb*, yNa* and KNCP:0.008Eu**, zMn**
with different concentrations of Tb*" and Mn?* (Figure 7b and
d) illustrate the occurrence of the energy transfer from Eu** to

Tb* and Mn*". With fixing the Eu’" concentration at m
0.008, the emission intensity of Eu?* decreases, while that of
Tb*/Mn>* increases. The relative emission intensities of Eu*',
Tb**, and Mn?* in KNCP:0.008Eu**, yTb*, yNa* and
KNCP:0.008Eu*", zMn*" with changing concentration of
Tb**/Mn** are presented in Figure S7. When y = 0.2 and z
= 0.07, the emission intensities of Tb>" and Mn?" reach their
maximum values in KNCP:0.008Eu®*, yTb**, yNa* and
KNCP:0.008Eu*", zMn** samples, respectively. Figure S8a
and ¢ show the decay curves for the luminescence of Eu** in
KNCP:0.008Eu*", yTb*, yNa* and KNCP:0.008Eu**, zMn*"
systems with different Tb>*/Mn”* doping concentrations. The
luminescence decay for Eu** in both systems can be fitted with
a second-order exponential. The effective lifetime values of Eu**
ions in KNCP:0.008Eu*', yTb**, yNa* and KNCP:0.008Eu**,
zMn?* samples can also be calculated with eqs 1 and 2. The
decay lifetime of Eu®* ions decreases with an increase in Tb**/
Mn?*" content, proving that Eu** can transfer energy to Tb*"/
Mn®" ions in the KNCP host. Figure S8b and d show the
energy transfer efficiencies from Eu** to Tb** and Mn>*
calculated as a function of the concentrations of Tb** and
Mn?*, respectively. According to eq 3, the maximum energy
transfer efficiencies for Eu** — Tb*>" and Eu®* — Mn>* can
reach 70% and 76%, respectively. The emission color of
KNCP:0.008Eu®*, yTb**, yNa' samples can be tuned
predictably from blue (KNCP:0.008Eu®") with CIE chroma-
ticity coordinates of (0.1509, 0.2389) to blue-green
(KNCP:0.008Eu?*, 0.25Tb**, 0.25Na*) with CIE chromaticity
coordinates of (0.1703, 0.2933) in the visible spectral region.
Also, the emission color of KNCP:0.008Eu’*, zMn?* phosphors
can be adjusted from blue (KNCP:0.008Eu*") through white
light (KNCP:0.008Eu**, 0.07Mn**) with CIE chromaticity
coordinates of (0.3452, 0.3266) and eventually to reddish-
orange (KNCP:0.008Eu’*, 0.25Mn>") with CIE chromaticity
coordinates of (0.4506, 0.3510) in the visible spectral region.
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The CIE chromaticity coordinates excited at 365 nm UV of
KNCP:Eu*, Tb**/Mn?*, Na* phosphors with different Tb*"/
Mn*" doping concentrations are depicted in Figure 6b. Table 1
lists the QYs of KNCP:Eu**, Tb**/Mn**, Na* phosphors under
365 nm UV excitation. The QY of the KNCP:0.008Eu?*
phosphor is 57%, and the maximum QYs of KNCP:0.008Eu*,
yTb*, yNa* and KNCP:0.008Eu**, zMn*>* phosphors are 43%
and 38% at y = 0.10 and z = 0.15, respectively. For the
KNCP:Eu**, Tb**/Mn?*, Na* system, the excitation spectra
range from 240 to 440 nm, which match well with current UV
chips for LEDs. These results indicate that the KNCP:Eu?*,
Tb*/Mn?*, Na* phosphors could be regarded as potential
candidates for UV LEDs.

3.4. Temperature Quenching. Thermal stability is one of
the most important factors that should be taken into
consideration when preparing phosphors for LEDs. That is
because the luminescence intensity for most phosphors would
decrease if the operation temperature exceeds some certain
value due to temperature quenching effect.”® Phosphors chosen
for LEDs must sustain stable emission efficiency at temper-
atures of about 150 °C over a long term.” Figure 8a and b
show selected temperature-dependent emission spectra of
KNCP:0.04Ce**, 0.07Mn**, 0.04Na* and KNCP:0.008Eu*',
0.1Mn** samples. The profiles of the emission spectra for the
two samples are almost unchanged despite the fact that the
temperature increases (T = 300—500 K). Figure 8c plots the
temperature-dependent integrated luminescence intensities of
the phosphors for investigation. The emission intensities
decrease with an increase in temperature. However, the thermal
quenching temperatures (Tys, defined as the temperature at
which the emission intensity is S0% of its original value) for
these two samples are both higher than 500 K. The results
suggest that KNCP:0.04Ce*", 0.07Mn**, 0.04Na’ and
KNCP:0.008Eu**, 0.1Mn>* phosphors have good thermal
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stability against the temperature quenching effect. The
following equation can be used to describe the relationship
between the temperature and luminescence intensity:*°

I, = Io[l +c exp(—i—:f)]

where I is the initial emission intensity, I is the intensity at
different temperatures, c is a constant for a certain host, AE is
the activation energy, k is the Boltzmann constant (8.629 X
107 eV-K™"), and T is temperature. Figure 9 shows the plots of
—In[(I,/I;) — 1] versus 1/kT for KNCP:0.04Ce**, 0.07Mn**,
0.04Na* (a) and KNCP:0.008Eu’**, 0.IMn** (b) samples.
According to eq 4, the activation energy AE was calculated to
be 0.197 eV for KNCP:0.04Ce*", 0.07Mn**, 0.04Na" and 0.202
eV for KNCP:0.008Eu®, 0.IMn>*. In addition, the emission
bands of Mn?>* in KNCP:0.04Ce*, 0.07Mn**, 0.04Na* and
KNCP:0.008Eu**, 0.1Mn>* samples show a blue-shift with
increasing temperature. A similar phenomenon has been found
and studied in other Mn?>* ion doped phosphors.>" The CIE
chromaticity coordinates of KNCP:0.04Ce>*, 0.07Mn?**,
0.04Na* and KNCP:0.008Eu**, 0.IMn** samples at different
temperatures are illustrated in Figure 8d. Clearly, the
KNCP:0.008Eu*", 0.1Mn*" sample has better color stability
than that of the KNCP:0.04Ce’", 0.07Mn?*, 0.04Na* sample.
3.5. Cathodoluminescence Properties. Additionally, the
CL properties of as-prepared KNCP:Ce**/Eu**/Sm®", Tb**/
Mn*", Na* phosphors have been investigated in detail. Figure
10 shows the typical CL spectra as well as the corresponding
digital luminescence photographs of KNCP:Ce* /Eu*"/Tb>"/
Mn*/Sm*, Na* samples. Under low-voltage electron beam
bombardment, the Ce**, Eu**, Tb**, Mn®*, and Sm*" ions give
their characteristic emissions, respectively. The CL spectra are
very similar to, but not identical with, their PL emissions

1
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Figure 9. Plots of —In[(Iy/I;) — 1] versus 1/kT for KNCP:0.04Ce*",
0.07Mn**, 0.04Na* (a) and KNCP:0.008Eu?*, 0.1Mn** (b) samples.

(Figure 2). For the KNCP:Mn** sample, the emission intensity
of the high-energy band at 551 nm in the CL spectrum is higher
than that in the PL spectrum. Similarly, the CL emission
intensity of ‘G, — °Hg), (572 nm) and ‘G, — °H,),
transitions (600 nm) of Sm>* increases compared with the PL
intensity. A different excitation source is responsible for this
observation.>* For CL, the primary fast and energetic electrons
create many secondary electrons with a very broad excitation
energy distribution. So, all these electrons including primary
and secondary electrons can populate not only the low-energy
states but also the high-energy states of activators, yielding
stronger high-energy emissions. The energy transfer properties
of KNCP:Ce**/Eu**, Tb*>*/Mn?*, Na' have been observed
under low-voltage electron beam excitation. The CL emission
spectra of KNCP:Ce*, Tb**/Mn?*, Na* and KNCP:Eu*,
Tb**/Mn**, Na* samples have similar properties to those of
their PL spectra. With a fixed Ce®"/Eu** concentration, the
emission intensity of Ce* /Eu*" decreases, while that of Tb*"/
Mn?* gradually increases with increasing Tb**/Mn*" concen-
tration. Also, their CL colors can be tuned via energy transfer.

Similarly, the CL color of KNCP:yTb*", yNa* samples can be
adjusted from blue to green by changing the Tb**-doped
concentration due to the cross-relaxation between *D; and °D,
energy levels (see Figure S9 in the Supporting Information).
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Figure 10. CL spectra for KNCP:0.04Ce*", 0.04Na* (a),
KNCP:0.01Eu** (b), KNCP:0.05Tb**, 0.05Na* (c), KNCP:0.06Mn**
(d), and KNCP:0.01Sm*, 0.01Na* (e). The insets display the
corresponding digital luminescence photographs under low-voltage
electron beam excitation.

Since KNCP:yTb**, yNa* can give bluish-green emission at a
suitable Tb*" doping concentration and KNCP:tSm*', tNa*
shows reddish-orange emission under electron beam excitation,
it is possible to achieve white light emission in the KNCP host
by co-doping with Tb** and Sm®" and adjusting their
concentrations appropriately. Fortunately, the white light
emission in the KNCP:Tb*, Sm®, Na’ system has been
obtained as expected. Figure 11 shows the CL spectra of
KNCP:0.008Tb*, tSm*", (0.008+t)Na*, which contain the
emission of both Tb*" and Sm**. These emission spectra cover
the entire visible light region with comparable intensity,
resulting in white emission at t = 0.01. The CIE coordinates

=0.015
=001
r=0.008
= 0.005

60007 T0.008Th™, rSm. (0.008+1) Na']

)

- 50004

(a.u

4000+

W

o]
2
2
S
1

0004/

(]

CL Intensity

—

=

S
T

0+
350

T T

T T ¥ T
500 550 600

Wavelength (nm)

T T
400 450

Figure 11. CL spectra for KNCP:0.008Tb**, tSm**, (0.008+t)Na*
under low-voltage electron beam excitation.
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of KNCP:0.008Tb*", 0.01Sm*, 0.018Na* (0.339, 0.3342) are

very close to those of standard white light (0.33, 0.33).
Figure 12 shows the CL intensity of selected samples in the

KNCP:Ce**/Eu**/Sm**, Tb**/Mn**, Na* system as a function
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Figure 12. CL intensity of KNCP:0.04Ce**, 0.04Na*, KNCP:0.01Eu*",
KNCP:0.008Tb%*, 0.01Sm>*, 0.018Na*, KNCP:0.04Ce*>", 0.1Tb*,
0.14Na*, and KNCP:0.008Eu*, 0.2Mn*" samples as a function of
filament current (a) and accelerating voltage (b).

of filament current and accelerating voltage. The CL intensities
increase as filament current and accelerating voltage increase,
which is attributed to the deeper penetration of the electrons
into the phosphor, and thus more plasma will be produced,
which results in more activator ions being excited. There is no
obvious saturation effect observed for the CL at higher filament
current and accelerating voltages.

4. CONCLUSION

In conclusion, the single-composition phosphors KNCP:A (A =
Ce**, Eu**, Sm**, Tb*, Mn**) have been prepared by a Pechini-
type sol—gel method. PL and CL properties of as-prepared
phosphors were investigated in detail. Na* ions were chosen as
the charge compensators for Ce**-, Tb**-, and Sm*'-doped
KNCP phosphors. The energy transfers from Ce®* to Tb*" and
Mn*" ions as well as from Eu®* to Tb** and Mn** have been
validated by the emission spectra, PL decay, and the energy
transfer efficiencies. The KNCP:Ce>*/Eu*, Tb*>*/Mn?*, Na*
samples show wide-range-tunable blue, green, reddish-orange,

and white emissions under UV and low-voltage electron beam
excitation. Due to the cross-relaxation from °Dj to °D,, the
KNCP:Tb*", Na' sample shows tunable luminescence from
blue to cyan and then to green with the change of Tb**-doping
concentration. A white emission can also be obtained under
low-voltage electron beam excitation by co-doping Tb*" and
Sm*" ions into the single-phase KNCP host. Additionally, the
temperature-dependent PL properties of as-prepared phos-
phors demonstrate that the KNCP host has good thermal
stability. The activation energy (AE) was calculated to be 0.197
eV for KNCP:0.04Ce**, 0.07Mn**, 0.04Na* and 0.202 eV for
KNCP:0.008Eu®*, 0.1Mn>*. In a word, the KNCP:A (A = Ce™*,
Eu®, Sm*, Tb*, Mn**) phosphors could be regarded as
potential candidates for UV LEDs and FEDs.
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luminescence of Eu*" in KNCP:0.008Eu**, yTb**, yNa* (a) and
KNCP:0.008Eu**, zMn?* (c) samples with different Tb**/Mn**
doping concentrations; dependence of the energy transfer
efficiency 7 on y (b) and z (d) (Figure S8); CL spectra for
KNCP:yTb**, yNa* under low-voltage electron beam excitation
(Figure S9). This information is available free of charge via the
Internet at http://pubs.acs.org.
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