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ABSTRACT: Site preferences of dopant Eu2+ on the locations of K+, Ba2+ and Ca2+ in mixed cations K2BaCa(PO4)2 (KBCP) 
are quantitatively analyzed via a combined experimental and theoretical method to develop a blue-emitting phosphor 
with thermally stable luminescence. Eu2+ ions are located at K2 (M2) and K3 (M3) sites of KBCP, with the latter occupa-
tion relatively more stable than the former, corresponding to emissions at 448 and 478 nm, respectively. KBCP:Eu2+ phos-
phor exhibits highly thermal stable luminescence even up to 200 oC, which is interpreted as due to a balance between 
thermal ionization and recombination of Eu2+ 5d excited-state centers with the involvement of electrons trapped at crystal 
defect levels. Our results can initiate more exploration of activator site engineering in phosphors and therefore allows 
predictive control of photoluminescence tuning and thermally stable luminescence for emerging application in white 
LEDs. 

INTRODUCTION 

Phosphor-converted white light-emitting diodes (pc-
WLEDs) have been extensively considered as the most 
promising new generation solid state lighting sources due 
to their environmental friendliness, robustness, and long 
lifetimes.1-4 Most commercially available pc-LEDs are 
based on Y3Al5O12:Ce3+ (YAG:Ce3+) phosphors pumped by 
blue LEDs, which, however, suffer from poor color-
rendering index (Ra < 75) and high correlated color tem-
peratures (CCT > 4500 K) due to the lack of red compo-
nents.5 Near ultraviolet (NUV) LEDs assembled with blue, 
green and red emitting phosphors have been exploited for 
their high quality white light emission with high color 
rendering property and superior color uniformity.6, 7 Nev-
ertheless, thermal quenching (TQ) properties of phos-
phors seriously affects luminance efficiency and restricts 
their applications in pc-WLEDs, especially in high power 
conditions or laser LEDs.8-10 Therefore, laboratory discov-
ery of phosphors with high luminance and thermal stabil-
ity is still an imperative challenge.      

In terms of the currently used and available phosphors 
for pc-WLEDs, the number of blue emitting compounds 
is rather limited. Although the commercial blue emitting 

BaMgAl10O17:Eu2+ and Sr3MgSi2O8:Eu2+ phosphors show a 
high luminance efficiency at room temperature, the TQ 
effect seriously reduce the emission intensity during the 
operation of LED.11 Various techniques have been em-
ployed to minimize TQ, such as by using high structural 
rigidity phosphor, ceramic coating (SiO2, TiO2) over 
phosphors, and glass-ceramic phosphors. 11-17 In particular, 
it has been recently demonstrated that crystal defects 
may play a positive role in diminishing TQ of Eu2+ lumi-
nescence through an energy transfer process from defect 
levels to the Eu2+ 5d levels owing to the inequivalent sub-
stitution of Eu2+ in Na+ site in Na3Sc2(PO4)3 phase.18 It is 
believed that mixed cations in the host could initiate the 
versatile site occupations of activators, and thus the dis-
covery of new phosphor systems is beneficial for optimi-
zation of the luminescence properties toward practical 
applications. 

In recent years, our group has proposed a useful meth-
odology for the discovery of new LED phosphors by min-
eral-inspired prototype evolution and new phase con-
struction, which have been effectively applied to the dis-
covery of new phosphors.19-21 In addition, ABPO4:Eu2+ 
phosphors (A = Li, Na, K, Ru, B=Ca, Sr, Ba) with β-K2SO4 



 

 

type structure have been widely investigated due to their 
high thermal stability, such as KSrPO4:Eu2+, KBaPO4:Eu2+ 
and RbBaPO4:Eu2+.22-24 Enlightened by the above reports, 
in the present work we successfully designed a novel 
blue-emitting phosphor K2BaCa(PO4)2:Eu2+ (KBCP:Eu2+) 
from the β-K2SO4-type structure, which exhibits high lu-
minescence thermal stability. Structural evolution, photo-
luminescence properties, and temperature-dependent 
behaviors were discussed in detail. Optimization of Eu2+ 
concentration revealed that the luminescence intensity of 
KBCP:3%Eu2+ exhibits zero thermal quenching up to 200 
oC. This behavior was explained as due to a balance be-
tween thermal ionization and recombination of Eu2+ 5d 
excited-state centers, involving the electrons trapped at 
crystal defect levels. This study may open up a new un-
derstanding and perspective for designing high thermal 
stability phosphors.  

 

EXPERIMENTAL SECTION 

Synthesis. A series of KBCP:Eu2+ (x = 0.59%) were 
synthesized by the high temperature solid-state method. 
The stoichiometric mixtures of K2CO3 (A.R.), BaCO3 
(A.R.), CaCO3(A.R.), NH4H2PO4 (A.R.), and Eu2O3 
(99.99%) were ground in an agate mortar and filled into 
an alumina crucible. Mixtures were sintered under a re-
ducing atmosphere (5% H2 /95% N2) at 1200 oC for 4 h and 
then quenched to room temperature, and finely ground 
with a mortar for further characterization. 

Characterization: Powder X-ray diffraction (XRD) 
measurements were performed on a D8 Advance diffrac-
tometer (Bruker Corporation, Germany) at 40 kV and 40 
mA with Cu Ka radiation (λ=1.5406 Å). Synchrotron X-ray 

 

Figure 1. (a) Structural phase transformation model from β-K2SO4 prototype to new phase of KBCP via the different sub-
stitution construction on different K sites. (b) XRD and (c) SXRD profile for Rietveld refinement result of KBCP and 
KBCP:9%Eu2+, respectively. (d) Crystal structure of KBCP:9%Eu2+ and the occupied rates of Eu2+. (e) XRD patterns of as-

prepared KBCP:xEu2+ (x = 0.59%).

diffraction (XRD) measurements were performed on a D8 
Advance diffractometer (Bruker Corporation, Germany) 
at 40 kV and 40 mA with Cu Ka radiation (λ=1.5406 Å). 
Synchrotron X-ray powder diffraction (SXRD) data were 
collected at TPS 09A (Taiwan Photon Source) of the Na-
tional Synchrotron Radiation Research Center with a cali-
brated wavelength of 0.82656 Å. Rietveld structure re-
finements were conducted using TOPAS 4.2.25 The mor-
phology and microstructure of the samples were investi-
gated using a scanning electron microscope (SEM, JEOL 
JSM-6510A). The photographs of microcrystal particle 
were obtained by a Nikon LV100ND optical microscope. 
The photoluminescence (PL), photoluminescence excita-
tion (PLE) spectra and temperature dependent lumines-
cence spectra were detected by a Hitachi F-4600 fluores-

cence spectrophotometer. The decay curve was collected 
by FLSP920 fluorescence spectrophotometer equipped 
with an nF900 flash lamp as the excitation source. The 
electroluminescence spectra, color-rendering index (Ra), 
and color temperature (CCT) of the as-fabricated w-LEDs 
were measured using a UV-Vis-near IR spectro-
photocolorimeter (PMS-80, Everfine). 

COMPUTATIONAL METHODOLOGY  

The KBCP:Eu2+ crystals were modeled by 2  2  2 super-
cells containing 112 atoms, in which one of the 
Ba2+/K+/Ca2+ ions was substituted by a Eu2+. The nearest 
distance between Eu2+ ions in the periodic supercell sys-
tems is larger than 10.0 Å, which is large enough to avoid 
their mutual influence in view of the localized 4f electron-



 

 

ic states of Eu2+. Periodic DFT calculations were per-
formed using the PBE+U approach with U = 2.5 eV for the 
Eu 4f electrons,26, 27 as implemented in the VASP code.28, 29 
The Ba(5s25p66s2), Ca(3p64s2), K(3p64s1), P(3s23p3), 
O(2s22p4), and Eu(5s25p64f76s2) were treated as valence 
electrons, and their interactions with the cores were de-
scribed by the projected augmented wave (PAW) ap-
proach.30 The atomic structures of the supercells were 
fully optimized until the total energies and the forces on 
the atoms were converged to 10−6 eV and 0.01 eV Å−1. For 
the calculation of thermodynamic charge transition levels 
of crystal defects, the PBE0 hybrid functional was em-
ployed,31 as this functional has been shown to improve the 
results of the band gaps and defect properties in oxides 
when compared with pure PBE functional.32 One k-point 
Γ was used to sample the Brillouin zone, and the cutoff 
energy of the plane-wave basis was set to 530 eV.  

 

RESULTS AND DISCUSSION 

Crystal Structure and Morphology 

In β-K2SO4 type structures, there are three independent K 
cation sites (K(1), K(2) and K(3)), which provides 
a generic platform to design new β-K2SO4 type com-
pounds. As a representative, phosphates with the general 
formula ABPO4 have been synthesized by the cosubstitu-

tion of K+→A+ (A = Li, Na, Rb, Cs), K+→B2+ (B = Ca, Sr, Ba, 

Mg, Zn), and SO4→PO4. Here, we successfully designed 
and synthesized a new ABPO4 type phosphate 

K2BaCa(PO4)2 through co-substitution of K(1)O6→KO6, 

K(2)O6→BaO6, K(3)O7→ (K/Ca)O7 and SO4→PO4, as 
shown in Figure 1a. To characterize the structure of the 
material, Rietveld refinement of the powder XRD data 
was conducted (Figure 1b). Almost all peaks in the XRD 
pattern can be indexed by trigonal cell (P-3m1) with pa-
rameters close to those for NaBaPO4.

33 Therefore, 
NaBaPO4 crystal structure was used as the starting model 
for Rietveld refinement. There are two Ba sites (M1 and 
M2 sites) in the NaBaPO4 structure, with the M1 sites be-
ing fully occupied by Ba2+ ion and the M2 sites being oc-
cupied by 50% Ba2+ and 50% Na+ ions. Additionally, 
NaBaPO4 has one fully occupied Na site (M3 site). Our 
refinement showed that the M1 site in K2BaCa(PO4)2 
should be occupied by very heavy ion, but not for the M2 
site. Thus, we suggest that, in K2BaCa(PO4)2, Ba2+ and K+ 
ions fully occupy the M1 and M3 sites, respectively, with 
the M2 sites being occupied by Ca2+ and K+ ions. As for 
the Ca/K ratio at the M2 site, preliminary refinement 
showed that the M1 sites were fully occupied by Ba2+ ions 
without any traces of Ca2+ or K+, and consequently the M2 
sites should be occupied by 50% Ca2+ and 50% K+ ions in 
accordance to the chemical formula K2BaCa(PO4)2 (Figure 
S1). Final refinement of this model was stable and gives 
low R-factors (Table S1, Figure 1b). Coordinates of atoms 
and main bond lengths are given in Table S2 and Table 
S3, respectively. The crystallographic information file 
(CIF) of this new phase K2BaCa(PO4)2 is also presented in 
the Supporting Information. 

 

Figure 2. (a) Optical microscope photographs of the KBCP: 3%Eu2+ microcrystal particles without (a) and with 365 nm 
UV excitation (b). SEM images of the KBCP:Eu2+ microcrystal particles (c) and the enlarged one particle (d). EDS ele-
mental mapping of the cross section of KBCP:3%Eu2+ (e-j).

To further determine which sites were occupied by Eu 
ions, Rietveld refinement of high-quality synchrotron 
XRD data was conducted. There are three different sites 
which can be potentially occupied by Eu ions: Ba (M1), 
Ca2/K2 (M2), and K3 (M3) sites (Figure S1). Eu occupa-
tions in all these sites were refined by taking into account 
that the sum of all occupancies in each site is equal to 1. 
The refinement was stable and gives low R-factors (Table 
S1, Figure 1d). Coordinates of atoms and main bond 
lengths are in Table S2 and Table S3 respectively. Chemi-
cal formula from refinement was 
K1.940(2)BaCa0.980(2)(PO4)2:0.080(2)Eu and the obtained Eu 

doping level (8.0(2)%) is close to the suggested one (9%). 
Analysis of Eu distribution over the host sites revealed 
that only M2 and M3 sites are occupied by Eu (Table S2), 
and the amount of Eu ions at the latter sites is two times 
larger than that at the former sites (Figure 1d). The XRD 

patterns of as-obtained KBCP:xEu2+ (1% ≤ x ≤ 9%) are 

depicted in Figure 1e. No diffraction peaks of any other 
phases are detected even when x = 9%, indicating that all 
samples are of pure phase with the trigonal (P-3m1) struc-
ture.  

 To characterize the morphology of KBCP:Eu2+ phos-
phors, optical microscope photographs, SEM, and EDS 
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mapping were carried out. The optical microscope photo-
graphs of KBCP:Eu2+ particles without and with 365 nm 
UV light excitation are shown in Figure 2a and Figure 2b, 
respectively. The bright blue light (Figure 2b) from the 
KBCP:Eu2+ microcrystals indicates that KBCP:Eu2+ phos-
phor may possess a high luminous efficiency. Figure 2c 
and Figure 2d depict the SEM images of KBCP:Eu2+ micro-
crystals at different scales, and the smooth surfaces 
demonstrate that the microcrystals have a high degree of 
crystallinity. The elemental mapping images (Figure 2e-j) 
evidence that K, Ba, Ca, P, O, and Eu are very homogene-
ously dispersed within the phosphor particles. Moreover, 
both the optical microscopy and SEM images show that 
the particle morphology and the sizes of the as-prepared 
samples is very similar in the micrometer range, which 
benefits the fabrication for white LEDs devices. 

Eu2+ Site Occupations by DFT  

Eu2+ site occupations in mixed cations K2BaCa(PO4)2 
were also investigated by using DFT calculations. To do 
this, however, the occupation disorder of Ca/K at the M2 
site of the host needs to be properly modeled first. This 
was achieved by considering all possible configurations of 
Ca and K over the 16 M2 sites of a 2 × 2 × 2 supercell of 
K2BaCa(PO4)2. With the occupancy ratio fixed at Ca/K = 
1, there are in principle (16)!/(8!×8!) = 12870 different con-
figurations, which is extensive enough to explore any 
short-range order in their distribution. When the crystal 
symmetry of the supercell was taken into account with 
the method reported in reference 34,34 the number of 
crystallographically distinct configurations necessary for 
calculations reduced to 204. Their relative occurrence 

probabilities Pm (m = 1, …, 204) with multiplicities m 

were then evaluated by    
 

 
     ( 

  

  
), where Em is 

the DFT total energy, k is the Boltzmann constant, T (= 
1473 K) is the synthesis temperature of the materials, and 
Z is the partition function. Pm comprises both the energet-
ic and the multiplicity information, and can thus be used 
for direct comparison of independent configurations. DFT 
calculations revealed that that there are six inequivalent 
configurations constituting the major part of the total 
ensemble, with the occurrence probabilities P = 0.194, 
0.134, 0.132, 0.092, 0.077, and 0.065, respectively. The 
probabilities for the other inequivalent configurations are 
each lower than 0.030. The undoped supercells with these 
six configurations were then employed to investigate Eu2+ 
site occupations at the host cationic sites.  

    The relative occupancies of Eu at the K2 (M2) and K3 
(M3) sites were first evaluated. In each of the above six 
undoped supercells, an Eu atom was substituted succes-
sively for the 16 K atoms (including eight K2 atoms and 
eight K3 atoms). From the calculated DFT total energies, 
the occurrence probability Pi of an Eu occupying a K2 or 

K3 site was calculated, by using    
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)       

       , where Ei is the DFT total energy and Ztot is the 
partition function. By summing the values of Pi for Eu at 
the K2 and K3 sites, respectively, it was found the dopant 

Eu prefers to be at the K3 site over the K2 site, with the 
relative overall probabilities being 0.626 and 0.374, re-
spectively. This is consistent with the Rietveld refinement 
result that the occupancy of Eu at the K3 site is approxi-
mately two times larger than that at the K2 site. 

   Next, to investigate site preferences of Eu at the Ba1 
(M1) and Ca2 (M2) sites relative to those at the K2 (M2) 
and K3 (M3) sites, the 2 × 2 × 2 undoped supercell with 
the most stable Ca2/K2 configuration (P = 0.194) was cho-
sen for this investigation. The defect formation energies 
(Ef) were calculated for EuBa1, EuCa2, nearest-neighbor 
(NN) EuK2–(VK3, KBa, or KCa), and NN EuK3–(VK2, KBa, or 
KCa) substitutions. Detailed calculation procedure and 
results are given in the SI (Supporting information). The 
results show that Eu occupations at the Ba1 and Ca2 sites 
are energetically very unfavorable (by > 2.5 eV in Ef) com-
pared to the occupations at the K2 and K3 sites. It is thus 
expected that Eu2+ ions are mostly located at the K2 and 
K3 sites, consistent with experimental results. Additional-
ly, it shows that for a given EuK2 or EuK2 substitution, the 
charge compensation by a NN VK is much more stable 
than those by a NN KCa or KBa. It is worth noting that, 
although only one representative undoped supercell was 
employed to calculate the defect formation energies, the 
much higher Ef values of EuBa1 and EuCa2 than those of 
EuK2 and EuK3 ensures that the conclusion would not 
change if other undoped supercells were included for the 
investigation. Therefore, DFT calculations predict that 
most Eu2+ ions are located at K2 (M2) and K3 (M3) sites of 
KBCP, with the latter occupation relatively more stable 
than the former, supporting the results from Rietveld re-
finements.  

 

Figure 3. (a) PLE and PL spectra of KBCP:xEu2+ phos-

phors (x = 0.59%). (b) Decay curves of KBCP:3%Eu2+ 

emissions at wavelengths from 410 to 448 nm under 350 
nm excitation at room temperature. 

Photoluminescence Properties 

To evaluate photoluminescence properties of KBCP:Eu2+, 
the PLE and PL spectra of the samples with different Eu2+ 
concentrations are measured and shown in Figure 3a. 
Under 350 nm UV excitation, the optimum emission was 
exhibited by the KBCP:3%Eu2+ sample. All the samples 
show a typical broad band emission corresponding to the 

5d4f transition of Eu2+, with the maximum emission 
wavelength at 460 nm. The broad emission band can be 
well decomposed into two Gaussian curves (dark yellow 
dashed line) with maxima at 448 and 478 nm, indicating 
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the presence of two different Eu2+ luminescence centers, 
in agreement with the above results of Eu2+ site occupa-
tion from Rietveld refinements and DFT calculations. The 
emission with the higher (lower) intensity and maximum 
at 478 nm (448 nm) can be ascribed to Eu2+ at K3 (K2) 
sites, in view of the larger occupancy and smaller coordi-
nation polyhedron of Eu at the K3 site than those at the 
K2 site. Figure 3a also shows the PLE spectra of 
KBCP:xEu2+ at room temperature, which display a typical 
two-band structure with band maxima at 265 and 327 nm, 
as a result of superposition of contributions from Eu2+ at 
the K2 and K3 sites.  

The decay behaviors of Eu2+ emissions at wavelengths 
from 410 to 478 nm for KBCP:3%Eu2+ were measured and 
shown in Figure 3b. All the decay curves can be well fitted 
by a double-exponential function expressed as, 

       ( 
 

  
)       ( 

 

  
)                                  (1) 

where I is the luminescence intensity, τ1 and τ2 are the fast 
and slow components of the decay time, and A1 and A2 are 
the corresponding fitting parameters. The fitting results 
are present in Table S4. It shows that each decay curve is 
dominated by the slow component, with the decay time 

in the range of 528617 ns. The fast and slow components 
can be ascribed to Eu2+ located at K2 and K3 sites, respec-
tively, in view of their relative occupancies by Eu2+. The 
average lifetime gradually becomes longer with the in-
crease of the monitored wavelength, as a result of the 
increasing contribution of the slow component corre-
sponding to the emission of Eu2+ at K3 sites.  

Zero-thermal quenching in KBCP:Eu2+ phosphor 

As one of critical factor to evaluate the potential of a 
new phosphor used for LEDs, the thermal quenching be-
haviors of the representative KBCP:x%Eu2+ (x = 1%, 3%, 
5%) samples were measured. Figure 4a illustrates the 
temperature-dependent emission spectra of KBCP:3%Eu2+ 
from 25 to 300 oC. Under 350 nm excitation, a slight blue-
shift of the emission was observed with the increase of 
temperature. Similar observations were made for 
KBCP:xEu2+ with x=1% and 5% (Figure S2). This could be 
due to the different sensitivities to temperature of Eu2+ 
emission at the K2 and K3 sites, i.e., the emission intensi-
ty of Eu2+ at K3 sites decreases slightly faster than that at 
K2 sites with increasing temperature.  

Figure 4b, c shows respectively the temperature de-
pendences of the peak and integrated intensities of Eu2+ 
emissions in KBCP:xEu2+ (x = 1 %, 3% and 5%) under 350 
nm excitation. From Figure 4b, one sees that the peak 
intensities of all samples decrease linearly with increasing 
temperature, among which the peak intensity of 
KBCP:3%Eu2+ at 200 °C remains 96% of the intensity at 25 
°C. By contrast, the integrated intensity of KBCP:xEu2+ 
decreases more slowly with the increase of temperature 
(Figure 4c), and the intensities of all samples at 200 °C 
remain >95% of that at  25 °C. The different temperature-
dependent behaviors of the peak and integrated emission 
intensities may be attributed to the emission band broad-

ening with increasing temperature. In particular, the 
KBCP:3%Eu2+ sample exhibits a zero thermal quenching 
up to a temperature of 275 °C. For comparison, the tem-
perature dependence of the emission intensity of com-
mercial LED phosphor YAG:Ce3+ were also collected un-
der 455 nm excitation. As shown in Figure 4d, YAG:Ce3+ 
shows about 7% emission loss at 200 °C of the room tem-
perature value, whereas KBCP:3%Eu2+ phosphor exhibits 
zero emission loss. When temperature increases from 
25°C to 300 °C, a minimal blue shift (Figure 4i) and red 
shift (Figure 4ii) are observed for KBCP:Eu2+ and 
YAG:Ce3+, respectively. The remarkable thermal quench-
ing behavior indicates that KBCP:Eu2+ is desirable for 
WLED applications. 

 

Figure 4. (a) Emission spectra of the KBCP:3%Eu2+ sam-
ple in the temperature range from 25  to 300 oC. Tempera-
ture-dependent normalized emission spectra of 
KBCP:xEu2+ (x= 1%, 3%, 5%) in terms of emission height 
(b) and area (c) excited at 350 nm. (d) Temperature-
dependent normalized emission spectra of KBCP:3%Eu2+ 
in comparison with those of the commercial YAG:Ce3+ 
phosphor.  

Mechanism of zero-thermal quenching 

   The temperature dependence of the integrated emission 
intensity of Eu2+-activated phosphors is usually described 
by the empirical Arrhenius equation,35 which implies that 
the intensity decreases with increasing T, and thus cannot 
explain the initial rise phase in the thermal quenching 
behavior of KBCP:3%Eu2+ (Figure 4c,d). Recent studies 
showed that the zero-thermal quenching could be associ-
ated with the interaction between Eu2+ and crystal defects 
which act as electron-trapping centers.18 As such, we per-
formed TL measurements of KBCP:3%Eu2+, and the result 
is displayed in Figure 5a. It shows a broad TL glow curve 
in the range from 30 to 200 oC, indicating a continuous 
distribution of trap depths. By fitting the TL curve with 
two Gaussian bands peaking at 66 and 105 oC, the charac-
teristic trap depths (ET) were estimated to be 0.68 and 
0.76 eV by using the crude relationship ET = T/500 eV, 
where the temperature T is in units of kelvin (K).36  
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   The crystal defects associated with the trap depths 
could be either potassium vacancies (VK) which act as the 
maincharge compensators for the excess charge of EuK 
substitutions, or oxygen vacancies (VO) which are present 
due to the reducing conditions during preparation of the 
materials. To clarify the nature of the defects that could 
be involved in the zero-thermal quenching, thermody-
namic charge transition levels of VK2, VK3, VO1, and VO2 
were calculated by using hybrid DFT with PBE0 function-
al. The charge transition level indicates the Fermi level at 
which the formation energies of a defect in two charge 
states are equal.37  The undoped KBCP supercell with the 
most stable Ca2/K2 configuration was chosen for this in-
vestigation. The results are listed in Table S5, and are also 
schematically depicted in Figure 5b. It shows that VO1,2 
(VK2,3) can behave as trapping centers of electrons (holes) 
from the conduction (valence) band. In particular, the 
ε(0/−) levels of VO1 and VO2, which are related to trapping 
of an electron by a neutral VO and changing its charge 
state to −1, are predicted to be 0.42 and 0.82 eV below the 
bottom of the conduction band. These values are closed 
to the characteristic trap depths (0.68 and 0.76 eV) as 
estimated from TL measurements. Therefore, we suppose 
that the defects involved in the initial rise phase of zero 
thermal quenching are most likely due to oxygen vacan-
cies in the host material.  

    Since the net charges of EuK and VO are of the same 
sign, the two single defects are expected to be far from 
each other for electrostatic reasons, and thus the conduc-
tion band states should be involved in the electron 
transport between them if it happens. With this in mind, 
the initial rise of integrated intensity with increasing 
temperature as observed in the thermal quenching behav-
ior of KBCP:3%Eu2+ may be explained by a simplified 
model as schematically shown in Figure 5c. For the steady 
state luminescence at a given temperature, there is a bal-
ance between thermal ionization of Eu2+ 5d electrons into 
the host conduction band followed by trapping of elec-
trons at defect levels [processes (3) and (4)] and detrap-
ping of electrons at defect levels followed by recombina-
tion with Eu3+ to yield excited Eu2+ 5d centers [processes 
(5) and (6)]. By using rate equations to model the pro-
cesses, the following simple expression for the depend-
ence of the emission intensity (I) on temperature (T) can 
be derived (see the SI for details): 

     
  

             
                                                             

(2) 

where I0 is a parameter representing the emission intensity at 

T =  K, and E1 = Etrap  E5d where and Etrap (E5d) is the ener-
gy separation between the defect level (Eu

2+
 5d level) and the 

bottom of the conduction band. If Etrap is larger than E5d, 
then the above expression implies that I(T) increases with 
increasing T. A good fitting of the expression to the thermal 
quenching behavior of KBCP:3%Eu

2+
 in the range of T= 

298448 K is exhibited in Figure 5d. Thus, the initial rise of 
the emission intensity with increasing T is most likely due to 
the fact that an increase of thermal energy is beneficial for 

recombination process in comparison with the trapping pro-
cess. With further increase of temperature, other non-
radiative decay processes become increasingly important 
(e.g., through cross-over between the 4f ground and 5d excit-
ed levels or other channels to return to the 4f ground state), 
and start dominating the temperature-dependent behavior of 
the emission intensity. Hence the intensity starts to drop 
with increasing temperature, which may be described by the 

conventional Arrhenius equation (Figure 5d):  

     
  

              
                                                              

(3) 

where I0 and IT is the initial emission intensities of the 
phosphor at T = 0 K and experimental temperature, re-
spectively, A is a constant, ΔE is the activation energy, 
and k is the Boltzmann constant. The calculated ΔE is 0.51 
eV, which is quite high to ensure a small emission loss 
with the increase of temperature.38 It is important to real-
ize that in the above simplified model to explain the ini-
tial rise phase of thermal quenching behavior of 
KBCP:3%Eu2+, the larger value of trap depth (Etrap) than 
that of the energy separation (E5d) between the Eu2+ 5d 
level and the bottom of the conduction band is a crucial 
condition. For KBCP:1%Eu2+ and KBCP:5%Eu2+, this might 
not be the case, or other non-radiative decay processes 
are dominant already in the initial phase, as manifested 
by the thermal quenching behaviors of the samples. 

 

Figure 5. (a) TL curve of KBCP:3%Eu2+. (b) Schematic 
representation of calculated thermodynamic charge tran-
sition levels for VK2,3 and VO1,2 in KBCP by using the DFT-
PBE0 method. (c) A simplified model to describe the ini-
tial rise of the integrated emission intensity with increas-
ing temperature in KBCP:3%Eu2+. (d) Nonlinearity fitting 
of the thermal quenching behavior of KBCP:3%Eu2+ by 
two different equations. 

CIE chromaticity coordinates and application for 
WLEDs 

The CIE chromaticity coordinates of KBCP:3%Eu2+ phos-
phor are shown in Figure 6a. KBCP:Eu2+ appears as homo-
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geneous powder and shows bright blue light with the CIE 
coordinate of (0.142, 0.116). In addition, the internal quan-
tum efficiency KBCP:3%Eu2+ is 83% at room temperature. 
Finally, pc-WLED was fabricated by combining a 365 nm 
near-UV LED chip with the mixture of blue (KBCP:Eu2+), 
commercial green (Ba2SiO4:Eu2+) and red (CaAlSiN3:Eu2+) 
phosphors, as presented in Figure 6b. The CCT, Ra value 
and the CIE coordinate of the as obtained WLED is 5326 
K, 85 and (0.328, 0.338), respectively. These results 
demonstrated that KBCP:Eu2+ has potential to serve as 
blue-emitting phosphor for pc-LED. 

 

 

Figure 6. (a) CIE color coordinates of KBCP:3%Eu2+ and 
the fabricated WLED. (b) Photograph and electrolumi-
nescent spectrum of WLED fabricated by blue 
(KBCP:Eu2+), green (Ba2SiO4:Eu2+) and red (CaAlSiN3:Eu2+) 
phosphors driven by a UV chip (λmax = 365 nm). 

 

CONCLUSION 

In summary, we have successfully developed a new 
blue-emitting KBCP:Eu2+ phosphor from the β-K2SO4 type 
host with thermally stable luminescence. The refinement 
analysis from XRD results and DFT calculation support 
that Eu2+ occupied the K2 (M2) and K3 (M3) cationic sites 
of KBCP. It was proposed that the competition between 
thermal ionization and recombination of Eu2+ 5d excited-
state centers lead to the high thermal stability of 
KBCP:Eu2+. The fabricated WLED with a blending of 
commercial green (Ba2SiO4:Eu2+) and red (CaAlSiN3:Eu2+) 
phosphors gives a high CRI (Ra = 83) demonstrating po-
tential for near-UV white LEDs. The concept of exploiting 
inequivalent substitution of activator in mixed cation host 
is expected to open the gateway for developing phosphors 
with thermally stable luminescence. 
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