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Abstract： Along with the development of versatile trichromatic phosphors， exploring novel narrow-band blue-emit⁃
ting phosphors has been an ongoing focus in liquid crystal display backlighting to satisfy the high-quality display de⁃
mands.  Herein， an intriguing narrow-band blue-emitting phosphor K2BaPO4F∶Eu2+ belonging to the perovskite-type 
structural prototype is synthesized via the solid-state reaction.  Structural analysis indicates that the ［FK4Ba2］ octahe⁃
dra is interlinked with each other by sharing Ba and K atoms to build a three-dimensional network together with 
［PO4］ tetrahedra in the cavities.  Rietveld refinement analysis shows that the Eu2+ ions reside in both Ba2+ and K+ 
sites to form the ［Eu（1）O8F2］ and ［Eu（2）O6F2］ polyhedra， which totally induce an intense blue emission peaking at 
432 nm with a narrow full width at half-maximum of 43 nm， theoretically verified by the dipole-dipole interaction in 
the Eu（1）→Eu（2） energy transfer process.  The electronic structure of K2BaPO4F matrix is studied by the first-prin⁃
ciple calculation on the basis of the density functional theory， demonstrating that it has a large indirect band of 5. 035 
eV.  The K2BaPO4F∶Eu2+ phosphor exhibits a suitable thermal stability （I493 K/I293 K=64%） and possesses the satisfac⁃
tory internal/external quantum efficiency of 72. 8%/46. 4%， which although is inferior to that of the representative 
BaMgAl10O17∶Eu2+， K1. 6Al11O17+δ∶Eu2+ and Na3Sc2（PO4）3∶Eu2+ phosphors， yet surpasses some other recently reported 
blue-emitting phosphors.  Consequently， the present work not only demonstrates the potential of K2BaPO4F∶Eu2+ 
phosphor as a new narrow-band blue-emitting phosphor candidate， but provides the possibility for exploring the novel 
phosphors inspired by the mineral-type structural prototypes.
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基于双发光位点能量传递构建高效窄带钙钛矿构型
K2BaPO4F∶Eu2+荧光粉
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摘要： 随着近紫外芯片激发三基色荧光粉技术的发展，开发用于液晶显示背光源以满足高品质显示需求的新

型窄带蓝色荧光粉已经成为材料研究者日益关注的焦点。本文采用高温固相法合成了具有钙钛矿结构原型
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的 K2BaPO4F∶Eu2+窄带蓝色荧光粉。K2BaPO4F 基质由［FK4Ba2］八面体以共享 Ba、K 原子的方式相连形成三维

网状阴离子框架，进而与孔道中的［PO4］四面体连接形成 K2BaPO4F 钙钛矿结构框架。Rietveld 精修分析表明，

Eu2+同时占据 Ba2+和 K+位点形成［Eu（1）O8F2］和［Eu（2）O6F2］配位多面体，两种多面体发光中心存在由偶极⁃偶
极效应引起的 Eu（1）→Eu（2）能量传递过程，使荧光粉具有发射峰值波长为 432 nm、半峰宽为 43 nm 的高亮度

窄带蓝光发射。基于密度泛函理论的第一性原理计算表明，K2BaPO4F 基质为间接带隙化合物，理论带隙值为

5.035 eV。K2BaPO4F∶Eu2+荧光粉展现了合适的荧光热稳定性（I493 K/I293 K=64%）和较高的内、外量子效率（分别

为 72.8% 和 46.4%），其性能指标虽然劣于 BaMgAl10O17∶Eu2+、K1.6Al11O17+δ∶Eu2+、Na3Sc2（PO4）3∶Eu2+等典型蓝粉，

但优于其他一些已报道的蓝色荧光粉。上述研究工作不仅展现了 K2BaPO4F∶Eu2+作为一种新型窄带蓝色荧光

粉的应用潜力，而且也为基于矿物结构原型策略探索新型荧光粉提供了可能性。

关 键 词： 钙钛矿型结构； K2BaPO4F∶Eu2+； 能量传递； 光致发光

1　Introduction
Phosphor-converted light-emitting diodes（pc-

LEDs） have been recognized as a key enabler for the 
emerging backlighting technology used in modern 
display devices such as liquid crystal displays
（LCDs） owing to their superiorities of rapid re⁃
sponse, tunable color, and high visual quality[1].  For 
the pc-LED backlighting technology used in LCDs, 
color gamut is a particularly significant performance 
index that can determine the color reproducibility of 
LCD devices, which is determined by the color space 
constructed by the red, green, and blue（RGB） emis⁃
sions of LEDs passing through the corresponding 
RGB color filters[2].  The RGB phosphors with a nar⁃
row emission bandwidth（full width at half-maximum
（FWHM） ≤ 60 nm） can ensure that most of their 
emissions pass through the RGB color filters instead 
of being excluded, which contributes to the improve⁃
ment of color gamut[3].  Therefore, in order to obtain 
the wide color gamut, exploring narrow-band RGB 
phosphors to reduce the emissions excluded by RGB 
color filters is the focus of developing LED backlight⁃
ing technology for LCDs.  Until recently, a series of 
UCr4C4-type nitrides and silicates based on the de⁃
sign strategy of natural mineral structures, e. g. , Sr -

[Mg3SiN4]∶ Eu2+（λmax=615 nm, FWHM=43 nm）[4], 
（Sr, Ca）[LiAl3N4]∶Eu2+（λmax=654 nm, FWHM=52 
nm for Sr[LiAl3N4]∶Eu2+ ; λmax=668 nm, FWHM=60 
nm for Ca[LiAl3N4]∶Eu2+）[5-6], Rb（Li, Na）[Li3SiO4]2∶
Eu2+（λmax=530 nm, FWHM=42 nm for RbLi[Li3SiO4]2∶
Eu2+; λmax=523 nm, FWHM=41 nm for RbNa[Li3SiO4]2∶

Eu2+）[2,7], NaLi3SiO4∶Eu2+（λmax=469 nm, FWHM=32 
nm）[8], RbNa3[Li3SiO4]4∶Eu2+（λmax=471 nm, FWHM=
22 nm）[9], have been developed as narrow-band RGB 
phosphors.  Their common structural features, viz. , 
highly structural rigidity induced by small polyhe⁃
dral units and symmetrical coordination environment 
of activators as well as uniform coordinating ele⁃
ments, not only hinder the occurrence of the structur⁃
al relaxation of Eu2+ in its excited state to resist the 
thermal quenching behavior, but endow these phos⁃
phors with the narrow emission bandwidth.  Learning 
from hieratite and cryolite-type prototype structures 
has also contributed to discovering narrow red-emit⁃
ting Mn4+-activated fluoride phosphors, for instance, 
K2（Ti, Si）F6∶Mn4+（λmax=630 nm, FWHM=30 nm）[10-11], 
K2NaAlF6∶Mn4+（λmax=631 nm, FWHM=30 nm）[12], 
Na3GaF6∶Mn4+（λmax=626 nm, FWHM=28 nm）[13], all 
of which are constructed by three-dimensional net⁃
work with regular arrangement of sharing-vertex 
[MF6] octahedra, thereby offering the octahedral lo⁃
cal coordination environment of Mn4+ in favor of its 
efficiently red emission （K2（Ti,Si）F6∶Mn4+ , internal 
quantum efficiency（IQE）ηIQE=92%-98%; K2NaAlF6∶
Mn4+ , ηIQE=89%; Na3GaF6∶Mn4+ , ηIQE=69%）[10,12-14].  
Some of the above mentioned fluoride phosphors fur⁃
ther exhibit the ideal thermal stability owing to the 
abnormal thermal quenching behavior deriving from 
the unit cell expansion of fluoride hosts and the vi⁃
bration modes enhancement from Mn4+ under high 
temperature, which eventually benefit to utilize them 
as the narrow red component[10].  Distinguished from 
aforementioned UCr4C4-type and hieratite/cryolite-
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type narrow-band phosphors, Ce3+-doped garnet-type 
phosphors typified by the yttroalumite（Y3Al5O12） 
structural prototype tend to emit wide-band fluores⁃
cence with the varied colors depending on a wide 
range of inorganic elements in its adaptable structure 
framework, such as （Y, Lu）3Al5O12∶Ce3+（λmax=505-
532 nm）[15-16], MgY2Al4SiO12∶Ce3+（λmax=566 nm）[17], 
Lu3（Al, Mg）2（Al, Si）3O12∶Ce3+（λmax=542-571 nm）[18], 
and Lu2CaMg2（Si, Ge）3O12∶Ce3+（λmax=605 nm）[19].  
Definitely, this design principle based on different 
natural mineral-inspired structures is timesaving 
and effective, which is not only conducive to dis⁃
covering new chemical phases for seeking novel lu⁃
minescent materials, but can be adopted to regu⁃
late luminescence properties associated with struc⁃
tures.

Based on such a structural engineering strategy, 
the fascinating perovskite-type compounds have 
aroused scientists’ interest due to the compositional 
diversity with a variety of elements in the general 
ABX3 stoichiometry[20].  The burgeoning lead-based 
organohalide perovskites（e. g. , CH3NH3PbX3, X=Cl, 
Br, I） or all-inorganic halide perovskites（e. g. , CsPb -

X3, X=Cl, Br, I） have recently emerged as the prom⁃
ising photoelectric materials applied in solar cells or 
quantum-dot LEDs[21-22].  Meantime continuous re⁃
search is ongoing to develop novel rare-earth/transi⁃
tion-metal ions-activated perovskite-type phosphors 
with favorable luminescence performance packaged 
in display and solid-state lighting devices.  For in⁃
stance, both double perovskite Cs2（Li, Na）BiCl6∶
Mn2+ and quadruple perovskite Cs4CdBi2Cl12∶Mn2+ 
phosphors exhibit the broad orange-red emission 
peaking at 590-612 nm via the spin-forbidden 4T1
（G）-6A1（S） transition of Mn2+ attributing to the ener⁃
gy transfer from Bi3+ to Mn2+ , demonstrating their po⁃
tential applications in the field of solid-state light⁃
ing[23-25].  In the sight of structural evolution for the 
substitution 4[MgF6]=3[MgF6]+ [CaF6] in the CsMgF3 
structure, our group further developed a novel 
perovskite-type blue-emitting Cs4Mg3CaF12∶Eu2+ phos-

phor（λmax=474 nm）, which possessed a satisfactory 
thermal stability（I473 K/I298 K=80%） and a higher  
ηIQE of 64%, being competently served as the blue 

component to fabricate the near-ultraviolet（near-
UV）-pumped WLEDs[26].  Nonetheless, the above two 
phosphors both exhibit the wide emission band with 
relatively large FWHM, limiting their further appli⁃
cations in the field of LCD backlighting.  Until re⁃
cently, a series of perovskite-type phosphate fluo⁃
rides M2CaPO4F（M=K, Rb）, which belong to the 
Pnma space group, have also been discovered by 
combing mineral-type structural prototype with iso⁃
valent substitution[27].  Both of them are constructed 
by one-dimensional perovskite-type [FM2Ca]∞ chains 
consisted of face-sharing [FM4Ca2] octahedra, which 
connect with [PO4] tetrahedra to build the structural 
framework.  The introduction of Eu2+ activator not on⁃
ly endows the phosphors（K2CaPO4F∶Eu2+ and （Rb,
K）2CaPO4F∶Eu2+） with a wide range of multicolor 
spectral modulation owing to the site-selective occu⁃
pation of Eu2+ among different cation sites manipulat⁃
ed by different Eu2+-doping concentrations, synthesis 
temperatures or alkaline-metal substitution, but also 
enables the broad emission band of Rb2CaPO4F∶Eu2+ 
phosphor to fill the “cyan gap” towards full-visible-

spectrum lighting[28-31].  Unlike the isostructural phos⁃
phate fluorides M2CaPO4F（M=K, Rb）, another per-
ovskite-type K2BaPO4F（KBPOF） compound adopts 
the three-dimensional structure with interlinked F-

centered [FK4Ba2] octahedra（B-site） connected by 
[PO4] tetrahedra （A-site）, which is analogous to the 
cubic ABX3 perovskite-type structure[32].  By introduc⁃
ing Eu2+ ion into KBPOF host lattice, we herein syn⁃
thesize the perovskite-type blue-emitting phosphor 
KBPOF∶Eu2+ induced by the energy transfer process 
between two luminescence centers, which exhibits 
the narrow-band emission characteristic（FWHM=42 
nm） and is comparable to some currently emerged 
UCr4C4-type narrow-band blue phosphors such as  
NaLi3SiO4∶Eu2+（λmax=469 nm, FWHM=32 nm）[8], Rb⁃
Na3[Li3SiO4]4∶Eu2+（λmax=471 nm, FWHM=22 nm）[9], 
and （Rb, Cs）Na2K[Li3SiO4]4∶Eu2+（λmax=480-485 nm, 
FWHM=26 nm）[33].  Although our developed KBPOF∶
Eu2+ phosphor does not exhibit the zero-thermal-
quenching behavior as previously reported by Leng 

et al. [34] and is inferior to the representative blue phos-

phors such as K1. 6Al11O17+ δ∶Eu2+[35] and Na3Sc2（PO4）3∶
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Eu2+[36], it still possesses the suitable thermal stability 
（I493 K/I298 K=64%） and remarkable ηIQE up to 72. 8%, 
significantly surpassing some other recently reported 
blue phosphors, e. g. , Ba9Lu2Si6O24∶Eu2+（I473 K/I298 K=
18%, ηIQE=68%）[37], KBaYSi2O7∶Eu2+（I473 K/I298 K=10%, 
ηIQE=35%）[38], and Ba2Y5B5O17∶Bi3+（I473 K/I298 K<50%, 
ηIQE=46%）[39].  Our present study also aims to pro⁃
vide the further understanding of the intrinsic ther⁃
mal quenching effect of KBPOF∶Eu2+ by systemati⁃
cally analyzing the temperature-dependent lumines⁃
cence behaviors of different Eu2+ luminescence cen⁃
ters, which is not only yet unexplored by Leng et al. , 
but is conducive to clarifying the existing issue on 
the thermal quenching behavior of the perovskite-

type KBPOF∶Eu2+ phosphor.  In addition, other in⁃
vestigations such as the electronic band structure of 
KBPOF and microscopic coordination environments 
of two Eu2+ luminescence centers as well as the 
mechanisms on the energy transfer process and con⁃
centration quenching behavior are also systematical⁃
ly performed.  The present study based on the miner⁃
al-inspired structures can provide the further under⁃
standing for developing unique narrow-band blue-

emitting phosphors applicable in LEDs as the com ⁃
ponents of LCD backlighting devices.
2　Experiment
2. 1　Materials and Synthesis

The KBPOF∶xEu2+（x=0-0. 10） samples were 
prepared by a conventional solid-state reaction.  
Firstly, all starting materials of KF（analytical re⁃
agent（A. R.）; Tianjin Sailboats Chemical Reagent 
Co.  Ltd. , Tianjin, China）, K2CO3（A. R. ; Tianjin 
Bodi Chemical Co.  Ltd. , Tianjin, China）, BaCO3
（A. R. ; Tianjin Sailboats Chemical Reagent Co.  
Ltd. , Tianjin, China）, NH4H2PO4（A. R. ; Tianjin 
Bodi Chemical Co.  Ltd. , Tianjin, China） were 
weighted based on the stoichiometric ratio（KF∶
K2CO3∶BaCO3∶NH4H2PO4=2∶1∶2∶2）.  Secondly, all 
raw materials were uniformly mixed in agate mortars, 
and the mixtures were further transferred into the co⁃
rundum crucibles.  All corundum crucibles were 
wrapped by carbon powder, which was designed to 
the CO reducing atmosphere for the samples.  Final⁃

ly, all samples were placed into the muffle furnace 
and sintered at 873 K for 5 h.  After gradually natu⁃
ral cooling, all samples were collected for further 
measurement and analysis.
2. 2　Measurements and Characterization

The X-ray diffraction（XRD） patterns data of 
the samples were collected by a Bruker D8 Discover 
X-ray diffractometer with Cu Kα radiation of λ =
0. 154 18 nm ranging from 5° to 80°.  The XRD data 
for Rietveld refinement were recorded by the same 
Bruker D8 Discover X-ray diffractometer in the 
range of 2θ from 5° to 130° in steps of 0. 02° with a 
counting time of 4 s per step.  The detailed crystal 
structure was analyzed by the general structure anal⁃
ysis system（GSAS） software[40].  A field emission 
scanning electron microscope（SEM）（FESEM, FEI 
Quanta 450 FEG） equipped with the energy-disper⁃
sive X-ray spectroscopy（EDS） was used to study the 
morphology of the as-prepared samples and the dis⁃
tribution of individual elements.  The theoretical cal⁃
culations including band structure and density of 
states were performed by the Cambridge Serial Total 
Energy Package（CASTEP） mode from Materials Stu⁃
dio software, which was conducted with the density 
functional theory （DFT） based on the first-principle 
calculation[41].  In the calculation process of ex⁃
change-correlation potential, the generalized gradi⁃
ent approximation（GGA） with the Perdew-Burke-

Ernzerhof（PBE） functional was employed[42].  The K-

3p64s1, Ba-5p65d106s2, P-3s23p3, O-2s22p4, F-2s22p5 
were considered as the valence electrons.  The plane-

wave energy cut-off was determined to be 940 eV.  
The Monkhorst-Pack scheme for the host was chosen 
as 2×2×3 in the Brillouin zone.  Diffuse reflection 
spectra of the samples were measured by a dual 
beam ultraviolet-visible spectrophotometer（TU-1901，
PERSEE） coupled with the accessory of an integrat⁃
ing sphere and referred with the powder material 
BaSO4.  Photoluminescence excitation （PLE） spectra 
and the photoluminescence（PL） spectra of the phos⁃
phors were carried on a fluorescence spectrometer
（FS5, Edinburgh Instruments）, which is equipped 
with 150 W xenon arc lamp.  The slit widths of the 
fluorescence spectrometer in the excitation and  
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emission spectra measurements were set to be 0. 5 
nm.  Temperature-dependent PL spectra of the repre⁃
sentative phosphor were also investigated by the FS5 
fluorescence spectrometer, along with a self-regulat⁃
ing temperature-control accessory.  The fluorescence 
lifetime and IQE were measured using a steady and 
transient state fluorescence spectrometer（JOBIN 
YVON FL-1057） by monitoring the given emission 
form the samples under the 370 nm pulsed laser ex⁃
citation.  The external quantum efficiency（EQE） 
was performed on an absolute PL quantum yield 
measurement system（C9920-02, HAMAMATSU）.  
All measurements were conducted under room tem ⁃
perature.
3　Results and Discussion
3. 1　Crystal Structure and Morphology

Fig. 1（a） exhibits the powder XRD patterns of 
KBPOF∶xEu2+（x=0-0. 10） samples.  It is observed 
that all diffraction peaks of KBPOF∶xEu2+ match 
well with those of the calculated data of KBPOF crys⁃
tal, demonstrating that Eu2+ ions at the current level 
of doping concentration are incorporated into the 
host lattice without any impurity phase[32].  As shown 
in Fig. 1（b）, one can see that the main peak locating 
at around 2θ=30° shifts to the direction of higher an⁃
gle with the increasing concentration of Eu2+ ions, 
suggesting that the doping Eu2+ ions substituting for 
the larger cations in KBPOF host cause the reduc⁃
tion of d value according to Bragg  s law of 2dsinθ =
nλ[43].  Thus, the 2θ angles get gradually enlarged 
with the incremental concentration of Eu2+ ions.  Fur⁃
thermore, the crystallographic occupancies of the 
doping Eu2+ ions can be qualitatively identified by 
the respective radius difference of the cations in KB⁃
POF∶Eu2+ phosphor, which is expressed as follows[31]:

D r =  Rm( )CN - R d( )CN
Rm( )CN × 100%， （1）

herein, Rm（CN） and Rd（CN） represent the ionic ra⁃
dii of the potentially substituted cations（K+ and 
Ba2+） in the host and dopant ion（Eu2+）, respective⁃
ly.  CN means the coordinated number of cation in 
KBPOF∶Eu2+, and Dr denotes the calculated percent⁃
age.  Given that the radii of 8-coordinated K+/Eu2+ 

and 10-coodinated Ba2+/Eu2+ cations are 0. 151/
0. 125 nm and 0. 152/0. 135 nm, the corresponding 
values of Dr based on Eq.（1） are calculated to be 
17. 2% and 11. 2%, respectively[44].  If the value of 
calculated percentage is less than 30%, the doped 
ions tend to occupy the corresponding crystallograph⁃
ic cation sites in the host lattice[31].  Therefore, it is 
reasonable to infer that the doped Eu2+ ions are likely 
to occupy the 8-/10-coordinated K+/Ba2+ sites in the 
KBOPF host.  In order to verify this inference, Riet⁃
veld refinement was conducted to obtain the detailed 
crystallographic information of the representative 
KBPOF∶0. 03Eu2+ phosphor, as depicted in Fig. 1（c）, 
Tab. 1 and Tab. 2.  By taking the crystal structure of 
KBPOF as the starting model for the structural re⁃
finement of KBPOF∶0. 03Eu2+ , the refinement result 
demonstrates that all simulated XRD peaks corre⁃
spond well with those of experimental data.  As 
shown in Tab. 1, the KBPOF∶Eu2+ phosphor crystal⁃
lizes in a tetragonal crystal system with space group 
of I4/mcm（140）, and the unit cell parameters（a=b=
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Fig.1　（a）XRD patterns of KBPOF∶xEu2+（x=0-0.10） sam⁃
ples. （b）The enlarged view of main peak for the typi⁃
cal KBPOF∶xEu2+ phosphors. （c）Rietveld refinement 
of XRD data of the representative KBPOF∶0.03Eu2+ 
phosphor.
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0. 701 4（3） nm, c=1. 127 1（6） nm and V=0. 554 5（6） 
nm3） are slightly smaller than the reported crystallo⁃
graphic parameters of KBPOF crystal（a=b=0. 702 6
（4） nm, c=1. 127 9（4） nm and V=0. 556 8（6） nm3） 
due to the shrinkage of crystal lattice resulting from 
the substitution of larger cations by the smaller Eu2+ 
ions[32].  During the process of Rietveld refinement, 
the sums of occupations, viz. , occ（Ba） + occ（Eu） 
and occ（K） + occ（Eu）, are restricted to be 1.  The 
final refinement result demonstrates that Ba2+ and K+ 
cation sites are both occupied by the doped Eu2+ ions 
with the ratios of 0. 981 2/0. 018 8 （Ba/Eu） and 
0. 988 8/0. 011 2（K/Eu）, respectively, which are 
supported by the convincingly residual factors Rp=
6. 28%, Rwp=4. 53%, and χ2=2. 367.  Taking into ac⁃
count both of Rietveld refinement analysis and simi⁃
lar cationic radii, it is reasonably confirmed that Eu2+ 
ions will occupy Ba2+ and K+ sites in the KBPOF∶
Eu2+ host lattice.

Fig. 2（a） depicts the crystal structure of KB⁃
POF and classic perovskite CaTiO3 compound for 
comparison.  For the crystal structure of KBPOF, the 
F-centered [FK4Ba2] octahedra interconnects by shar⁃
ing K and Ba atoms to make up its three-dimensional 
perovskite-type structure with the [PO4] tetrahedra 
residing in the space of adjacent [FK4Ba2] octahedra, 
which is in analogy with the crystal structure of 

CaTiO3.  As depicted in Fig. 2（b）, they share the 
similar structural features, viz. , the position site of 
[TiO6] octahedron is occupied by [FK4Ba2] octahe⁃
dron in the cubic perovskite structure, and the posi⁃
tion of Ca2+ cation is similar to that of [PO4] tetrahe⁃
dron.  The [KO6F2] and [BaO8F2] polyhedra present⁃
ed in Fig. 2（c） further demonstrate the detailed lo⁃
cal coordination environments of corresponding cat⁃
ions with different bond lengths（dK-O1=0. 274 9（0） 
nm, dK-O2=0. 288 9（8） nm, dK-F=0. 258 9（2） nm; 
dBa-O=0. 291 3（9） nm, dBa-F=0. 281 9（8） nm）.  Thus, 
two different Eu2+ luminescence centers which occu⁃
py the K+ and Ba2+ cation sites of the [KO8F2] and 
[BaO6F2] polyhedra tend to exhibit the distinct PL 
behaviors, being generally responsible for the in⁃
tense narrow-band blue-emitting luminescence in 
our perovskite-type KBPOF∶Eu2+ phosphor as dis⁃
cussed below.

Since the morphology and crystallinity of the 
phosphor have the significant influence on its fluo⁃
rescence performance and the luminous efficiency of 
fabricated devices, the SEM measurement of the as-

prepared KBPOF∶0. 03Eu2+ phosphor was conducted 
and its photograph is displayed in Fig. 3（a）.  It is 
observed that the phosphor composes of distinctly ir⁃
regular particles with slight agglomeration owing to 
the high-temperature solid-state synthesis process[45].  

Tab. 2　Refinement results of the atomic coordinates of KBPOF∶0. 03Eu2+ phosphor

Atom
Ba1
K1
P1
F1
O1

Eu（1）
Eu（2）

Occupancy
0. 981 2
0. 988 8
1. 000 0
1. 000 0
1. 000 0
0. 018 8
0. 011 2

x/a

1/2
0. 176 56（8）

1/2
1/2

0. 374 04（19）
1/2

0. 176 56（8）

y/b

1/2
0. 323 44（8）

0
1/2

0. 125 96（19）
1/2

0. 323 44（8）

z/c

3/4
1/2
1/4
1/2

0. 329 32（18）
3/4
1/2

U

0. 027 6（2）
0. 020 1（8）
0. 021 5 （6）
0. 017 3（8）
0. 021 1（9）
0. 027 6（2）
0. 020 1（8）

Tab. 1　XRD refinement parameters of the representative KBPOF∶0. 03Eu2+ phosphor 

Formula

KBPOF∶0. 03Eu2+

c/nm
1. 127 1（6）

Crystal system

Tetragonal

Unit cell volume V/nm3

0. 554 5（6）

Profile range/
（°）
5-130

Radiation type；
λ/nm

X⁃ray； 0. 154 18

Profile R⁃factor， Rp/%
6. 28

Temperature/
K

298

Space group
（Z）

I4/mcm （140） （4）
Weighted profile 
R⁃factor，Rwp/%

4. 53

a/nm

0. 701 4（3）

χ2

2. 367
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The sizes of ununiform particles basically distribute 
ranging from 1 μm to 7 μm with the average size of 
3. 15 μm, which is attributed to the long calcination 
time（Fig. 3（b））.  For further investigation on the 
distribution of individual element in the KBPOF∶
Eu2+ phosphor, the selected particle was utilized for 
EDS mapping measurement as shown in Fig. 3（c）.  
It is found that all of the elements are uniformly dis⁃
tributed and accumulated in the whole particle.  As 
displayed in Fig. 3（d）, The measured atomic ratio of 
K∶Ba∶P∶O∶F∶Eu is determined to be 19. 89∶9. 37∶
10. 03∶49. 47∶11. 16∶0. 08, being close to the nomi⁃
nal ratio in the chemical formula KBPOF∶0. 03Eu2+ 

and thus indicating the phase formation of our 
perovskite-type phosphor.
3. 2　Band Structure and Optical Band Gap

Investigation on the band structure of KBPOF 
and density of electronic states （DOS） can provide 
further insight into the nature of intrinsic electronic 
structure.  Fig. 4（a） and （b） exhibit the band struc⁃
ture as well as total and partial density of states 
（TDOS and PDOS） of KBPOF host by using the to⁃
tal-energy code CASTEP based on the first-principle 
calculation with DFT[41].  As shown in Fig. 4（a）, the 
bottom of the conduction band locating at G point 
and the top of the valence band locating at P point in 
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Fig.2　（a）The crystal structure of CaTiO3 and KBPOF host. （b）The comparation of CaTiO3 and KBPOF host units. （c）Coordina⁃
tion environments of K+ and Ba2+cations.
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the Brillouin zone clearly demonstrate that the KB⁃
POF host exhibits the indirect bandgap nature with 
the large value of 5. 035 eV, being beneficial for re⁃
alizing the efficient down-conversion luminescence 
in the corresponding phosphor since such a large 
bandgap can favorably accommodate the ground and 
excited states of the doping Eu2+ ions in the KBPOF 
host lattice[26].  As depicted in Fig. 4（b）, the energy 
distribution of PDOS projected onto K, Ba, P, O, and 
F contributions in the valence band is divided into 
the three portions, namely, the low-energy region 
（from -30 eV to -25 eV）, the middle-energy region 
（from -25 eV to -10 eV）, and the high-energy       

region （from -10 eV to 0 eV）.  One can see that the 
low-energy region is attributable to the contributions 
of K-4s and Ba-6s orbitals.  The K-3p, Ba-5p, P-3s, 
P-3p, O-2s, and F-2s orbitals are responsible for the 
middle-energy region of valence band, in which the 
O-2s orbital hybridizes with the P-3s and P-3p orbit⁃
als owing to their superposition, thereby indicating 
the formation of [PO4] tetrahedra in the crystal struc⁃
ture of KBPOF host.  The high-energy region near 
the Fermi energy level is dominated by O-2p and F-

2p orbitals with bits of P-3s, P-3p and O-2s orbitals.  
Among them, the overlap between O-2p and P-3p or⁃
bitals demonstrates that the O-2p orbital hybridizes 
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Fig.3　（a）SEM image of KBPOF∶0.03Eu2+. （b）Histogram of particle size distribution of KBPOF∶0.03Eu2+ phosphor. （c）EDS el⁃
emental mapping images of corresponding elements. （d）The measured EDS result of KBPOF∶0.03Eu2+. The inset is the at⁃
oms percentage in the KBPOF∶0.03Eu2+.
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with the P-3p orbital to form P—O bond in the [PO4] 
tetrahedra.  The energy of the bottom of conduction 
band ranging from 0 to10 eV is ascribed to the domi⁃
nated contribution of Ba-5d orbital.  The theoretical 
optical absorption spectrum was also calculated and 
exhibited in Fig. 4（c）.  It is observed that the ab⁃
sorption region mainly locates in the range of 70-
220 nm.  Given that the absorption band of Eu2+ in 
the KBPOF∶Eu2+ phosphor is located at the near-UV 
region as depicted in the following Fig. 6, the calcu⁃
lated absorption region shown in Fig. 4（c） reflects 
the intrinsic absorption of the KBPOF host.

Fig. 5（a） shows the diffuse reflection spectra of 
KBPOF host and KBPOF∶0. 03Eu2+ phosphor.  For 
the pure KBPOF host, the reflectance starts from 
190 nm and it drops until up to around 210 nm.  The 
reflectance then increases and gradually stretches in 
the range of 210-800 nm.  Among them, the absorp⁃
tion region in the range of 190-400 nm is assigned 
to the absorption of KBPOF host.  Nonetheless, it is 
observed that a distinct absorption region at 210-
400 nm in the reflection curve of KBPOF∶0. 03Eu2+ 
phosphor, which is attributed to the spin-allowed 
transition 4f7-4f65d1 of Eu2+ ion[31].  The experimental 
value of band gap can be calculated by the diffuse re⁃
flection spectra of KBPOF host based on the extrapo⁃
lation method, which is guided by the following equa⁃
tions[46]:

[ F (R) hν] 1/2 =  A (hν - E g)， （2）
F ( R ) =  (1 - R ) 2

2R
， （3）

where R and F（R） are the reflectance coefficient and 
absorption coefficient, respectively.  A is the absorp⁃
tion constant, and hν represents the photon energy.  Eg 
is the band gap.  Fig. 5（b） exhibits the relationship 

GNPXGZ-10

-5

0

5

10（a）
En

erg
y/e

V Eg=5.035 eV

10
0

（b） F⁃sF⁃p

20
10

0
O⁃sO⁃p

4
2
0

P⁃sP⁃p

De
nsi

ty o
f st

ate
/（e

V f
. u.

）

20
10

0
Ba⁃dBa⁃pBa⁃s

40
20

0
K⁃sK⁃p

40
20

0
TDOS

-30 -20 -10 0 10
Energy/eV

0
10

（c）

Ab
sor

ptio
n/%

20
30
40
50
60

1000 200 300 400 500 600 700 800
λ/nm

Fig.4　Calculated band structure（a）， DOS（b）， and absorp⁃
tion spectrum（c） of KBPOF host based on DFT.

100

80

60

40

20

（a）

Re
flec

tan
ce/

%

KBPOF hostKBPOF∶0.03Eu2+

200 300 400 500 600 700 800
λ/nm

1.8
1.5

0.9

0.3
0

（b）

[F（
R）

hν
]1/2 KBPOF host

Eg=5.19 eV

1 2 3 5 6 7
Photon energy/eV

1.2

0.6

4

Fig.5　（a）Diffuse reflection spectra of undoped KBPOF host 
and KBPOF∶0.03Eu2+ phosphor. （b）The experimental 
band gap of KBPOF host.

827



第  44 卷发 光 学 报

of [F（R）hν]2 on the photon energy for the KBPOF 
host.  It is found that the tangent intersects the X-ax⁃
is at a point with the value of 5. 19 eV, which is larg⁃
er than the value of the theoretical band gap（5. 035 
eV） based on the first-principle calculation.  This 
discrepancy is attributed to the underestimate of in⁃
sulators and semiconductors that derives from the 
simplification of the form of self-consistent band 
structure performed by the GGA module during the 
calculated process with DFT[47].  Therefore, the value 
of experimental band gap is usually larger than that 
of the theoretical band gap calculated by the first 
principle based on DFT.
3. 3　PL Properties

Fig. 6 exhibits the PLE and PL spectra of KB⁃
POF: 0. 03Eu2+ phosphor under room temperature.  
Upon the excitation of 365 nm, the KBPOF∶Eu2+ 
phosphor displays the intense blue emission band 
peaking at 432 nm with narrow FWHM of 43 nm, 
which is attributed to the characteristic electric-di⁃
pole spin-allowed 4f65d1-4f7 transition of Eu2+[31].  
Tab. 3 exhibits the narrow FWHM of KBPOF∶Eu2+ 
in comparison with that of some recently reported 
blue-emitting phosphors, such as Ca8La2（PO4）6O2∶
Ce3+（FWHM=100 nm）, NaCaBO3∶Ce3+（FWHM=  
75 nm）, and Cs4Mg3CaF12∶Eu2+（FWHM=119 nm）, 
demonstrating its favorable color saturation of our de⁃
veloped narrow-band blue-emitting phosphor.  Fur⁃
thermore, one can see that the shape of the PL spec⁃
trum is slightly asymmetric, which implies this spec⁃

trum curve could be superimposed by multiple PL 
spectra curves deriving from the distinct lumines⁃
cence centers.  As shown in Fig. 6, by utilizing the 
Gaussian fitting method, the PL spectrum is reason⁃
ably decomposed into two sub-bands with peaks at 
410 nm and 433 nm, corresponding to two distinct 
Eu2+ luminescence centers which is consistent with 
the occupancy result obtained from the Rietveld re⁃
finement as discussed above.  Normally, the fluores⁃
cence feature of Eu2+ luminescence center is closely 
related to its local coordination environment of Eu2+ 
ions in the phosphor.  In the perovskite-type KBPOF 
host lattice, there are two kinds of large cations sur⁃
rounded by different local coordination environ⁃
ments, in which Ba2+ coordinates with eight O and 

Tab. 3　Comparison of the title KBPOF∶Eu2+ phosphor with some reported blue-emitting phosphors

Phosphor
Cs4Mg3CaF12∶Eu2+［26］

K1. 6Al11O17+δ∶Eu2+［35］

Na3Sc2（PO4）3∶Eu2+［36］

Ba9Lu2Si6O24∶Eu2+［37］

KBaYSi2O7∶Eu2+［38］

Ba2Y5B5O17：Bi3+［39］

Ba2Lu5B5O17∶Ce3+［48］

NaCaBO3∶Ce3+［49］

Ca8La2（PO4）6O2∶Ce3+［50］

Sr3MgSi2O8∶Eu2+［51］

BaMgAl10O17∶Eu2+［52］

KBPOF∶Eu2+

FWHM/
nm
119
70
50
50
58
49

112
75

100
62
51
42

Excitation range/
nm

300-400
200-450
250-430
250-450
300-450
250-400
250-390
250-400
250-400
200-400
200-400
300-400

Emission range/
nm

400-600
400-600
400-550
450-600
420-500
385-500
400-550
400-500
400-600
400-500
400-550
400-500

Thermal stability
I473 K/I298 K=80%
I373 K/I298 K=99%

I473 K/I298 K=100%
I473 K/I298 K=18%
I473 K/I298 K=10%
I473 K/I298 K < 50%
I423 K/I298 K=56%
I453 K/I298 K=40%

—

I473 K/I298 K < 60%
I473 K/I298 K=95%
I493 K/I298 K=64%

IQE/%
64. 0
97. 0
74. 0
68. 0
35. 0
46. 0
92. 0
75. 0
59. 0
—

89. 0
72. 8

EQE/%
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Fig.6　PLE and PL spectra of KBPOF∶0.03Eu2+ phosphor. 
The PL spectrum excited by 365 nm is separated into 
two sub-peaks with the maximum at 410 nm and 433 
nm by the Gaussian fitting method. The inset shows 
the digital photograph of the corresponding phosphor 
under 365 nm excitation.
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two F atoms to establish the [BaO8F2] polyhedron, 
and K+ coordinates with six O and two F atoms to 
form the [KO6F2] polyhedron.  In order to understand 
the relationship between the local coordination envi⁃
ronment and spectral properties of KBPOF∶ Eu2+ 
phosphor, the following equation based on the Van 
Uitert theory can be used as a reference[31]:

E =  Q é

ë

ê
êê
ê1 - ( V

4 ) 1 V

10-nE a r/80ù

û

ú
úú
ú ， （4）

E λ =  107， （5）
herein, E is the peak position of the phosphor in the 
PL spectra（cm-1）; Q refers to the lowest position of 
edge band of 5d energy level for crystal field splitting
（34 000 cm-1 for Eu2+ generally）, and V represents 
the valence state of doped Eu2+ ions（V=2）; n and r 
are the coordinated number and the radius of the 
possible cationic occupancy replaced by doped ions
（n=8 for K+ , n=10 for Ba2+ ; rK+=0. 151 nm; rBa2 +=
0. 152 nm）; Ea stands for the electronic affinity of 
anion in the host.  λ is the emission wavelength of 
the phosphor.  According to Eqs.（4） and （5）, it is 
concluded that the coordinated number n is positively 
correlated with the emission peak position E, while 
the emission wavelength λ is inversely proportional 
to the emission peak position E.  Therefore, the Eu2+ 
ion substituting for ten-coordinated Ba2+ site forms 
the Eu（1） luminescence center with the emission 
wavelength of 410 nm, whereas that occupying eight-
coordinated K site forms the Eu（2） luminescence 
center with the emission wavelength of 433 nm.  It is 
also observed from Fig. 6 that two PLE spectra under 
monitoring at 410 nm and 433 nm exhibit the dis⁃
tinct shape profiles and different excitation peak po⁃
sitions（329 nm and 351 nm）, convincingly demon⁃
strating that the existence of distinct Eu（1） and Eu
（2） luminescence centers in the perovskite-type KB⁃
POF∶Eu2+ phosphor.  The corresponding PL spectra 
of KBPOF∶Eu2+ excited by 329 nm and 351 nm also 
display different emission bands with different peak 
positions, thereby confirming the distinct lumines⁃
cence features of Eu（1） and Eu（2） in the KBPOF∶
Eu2+ phosphor.  Additionally, it is observed that the 
PLE spectrum of Eu（2） center partly covers with the 

PL spectrum of Eu（1） center in the wavelength 
range of 380-400 nm（Fig. 6）, thus indicating that 
the energy transfer process is likely to occur between 
Eu（1） and Eu（2） centers in our perovskite-type 
phosphor.
3. 4　Energy Transfer Process from Eu（1） to 

Eu（2）
The investigation in the fluorescence decay dy⁃

namics of different Eu luminescence centers can pro⁃
vide further evidence for confirming their intrinsic 
energy transfer process.  Fig. 7（a） and （b） present 
the fluorescence decay curves of KBPOF∶xEu2+ pho-

sphors（x=0. 01-0. 10） for Eu（1） and Eu（2） lumi⁃
nescence centers.  The decay curves under monitor⁃
ing at 410 nm and 433 nm accord with the double-

exponential decay profiles, which can be well fitted 
by the following formula[26]:

It = I0 + A1 exp ( - t/τ1 ) + A2 exp ( - t/τ1 )， （6）
where It and I0 represent the emission intensity of 
corresponding phosphor at time t and 0, respective⁃
ly.  A1 as well as A2 refers to the constant.  τ1 and τ2 
denote the rapid and slow lifetime of the double-ex⁃
ponential components, respectively.  The average lu⁃
minescence lifetime（τ*） can be calculated by the fol⁃
lowing equation[26]:

τ* =  A2
1 τ2

1 + A2
2 τ2

2
A1 τ1 + A2 τ2

， （7）
based on Eq.（7）, the average luminescence lifetime 
for Eu（1） luminescence center monitored at 410 nm 
is calculated to be 1. 84, 1. 57, 1. 32, 1. 16, 1. 08,  
0. 79 μs, and that for Eu（2） luminescence center is 
calculated to be 0. 89, 0. 96, 1. 02, 1. 09, 1. 14, 
1. 16 μs with x=0. 01-0. 10.  Thus, it can be con⁃
cluded that the luminescence lifetime of Eu（1） cen⁃
ter sharply decreases with the incremental doping 
content of Eu2+ , while that of Eu（2） center exhibits 
the increasing tendency, evidently confirming the ex⁃
istence of energy transfer process from Eu（1） to Eu
（2） in our perovskite-type KBPOF∶Eu2+ phosphors.  
The whole energy transfer process between Eu（1） 
and Eu（2） can be intuitively understood by a sche⁃
matic configuration coordination model, as shown in 
Fig. 7（c）.  As discussed above, the Gaussian emis⁃
sion band peaking at 410 nm originates from the Eu
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（1） center that occupies ten-coordinated Ba2+ site to 
form the [Eu（1）O8F2] polyhedron, while another 
Gaussian emission band peaking at 433 nm derives 
from the Eu（2） center which substitutes the eight-
coordinated K site to form the [Eu（2）O6F2] polyhe⁃
dron.  Under the excitation of 365 nm, the electrons 
of Eu（1） center transit from the 4f7 ground state to 
the 4f65d1 excited state, and then return to the 
ground state along with the shorter emission wave⁃
length of 410 nm.  On the other hand, these excited 
electrons in the 4f65d1 excited state of Eu（1） can al⁃
so transfer to the lower 4f65d1 excited state of Eu（2） 
through the point N.  Then, the electrons return back 
to the 4f7 ground state by overcoming the energy bar⁃
rier, exhibiting the longer emission with the wave⁃
length of 433 nm.  Based on the above electron tran⁃
sition process, the energy transfer is reasonably ex⁃
pected to occur between Eu（1） donor and Eu（2） ac⁃
ceptor in the perovskite-type KBPOF∶Eu2+ phos⁃
phors.

Fig. 7（d） exhibits the concentration-dependent 
PL spectra of the KBPOF∶ xEu2+（x=0. 01-0. 10） 
phosphor upon the excitation of 365 nm.  One can 
see that all of the spectral profiles are asymmetric 
along with the long trailing in the long-wavelength 
side.  The FWHM value of PL spectrum increases 
from 43 nm to 48 nm with increasing of Eu2+ doping 
concentration.  The corresponding emission peak   
position also shows the blue-shift behavior ranging 
from 432 nm to 420 nm, which is assigned to the 
changing strength of crystal field splitting relying on 
the doping concentration of Eu2+ ion.  The crystal 
splitting effect can be qualitatively described by the 
following equation[31]:

D q =  Ze2 r4

6R5 ， （8）
where Z and e stand for the anion charge and electron 
charge, respectively; r is the radius of the d wave func⁃
tion; R represents the bond length of the cation and its 
coordinated ions; Dq is energy level separation.  
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When the smaller Eu2+ ion substitutes the larger Ba2+ 
and K+ cations in the perovskite-type KBPOF host, 
the bond lengths of corresponding coordination poly⁃
hedra tend to get elongate.  According to Eq.（8）, it is 
concluded that the crystal field splitting Dq is propor⁃
tional to 1/R5.  The longer bond length can cause the 
smaller Dq of Eu2+ 5d energy level.  Therefore, the 
blue-shift behavior of emission peak position occurs 
in the KBPOF∶Eu2+ phosphors.  In addition, as also 
shown in Fig. 7（d）, the PL intensity increases when 
the Eu2+ concentration changes from 0. 01 to 0. 03 
and then it gradually decreases, which is ascribed to 
the concentration quenching effect of Eu2+ in the KB⁃
POF∶Eu2+ phosphor and can be determined by the 
critical distance（R c） of the neighboring Eu2+ ions[52]:

R c ≈  2 ( 3V
4πX c N ) 1 3

， （9）
here, V and N represent the cell volume of the host 
（V=0. 556 8（6） nm3） and the potential cation num⁃
ber replaced by the dopant Eu2+（N=4）, respective⁃
ly[33]; Xc is the critical concentration of Eu2+ dopant in 
the KBPOF∶Eu2+ phosphor（Xc=0. 03）.  Based on 
Eq.（9）, the value of critical distance（Rc） is calcu⁃
lated to be 2. 069 nm.  It is widely recognized that 
the electric multipole interaction between the adja⁃
cent Eu2+ ions is responsible for the energy transfer 
process and resulting concentration quenching effect 
when the critical distance Rc is greater than 0. 5 nm.  
Thus, the following equations are further given in or⁃
der to determine the specific type of electric multi⁃
pole interaction in the KBPOF∶Eu2+ phosphor[53]:

I
x

 =  k[1 + β ( x) θ/3 ] -1
， （10）

lg I
x

 =  K′ - θ
3 lgx (K′ = lgk - θ

3 lgβ )， （11）
where I stands for the PL intensity of the correspond⁃
ing Eu2+ concentration（x） which starts from its criti⁃
cal concentration（x=0. 03）. k and β are the con⁃
stants with the same excitation condition for the KB⁃
POF∶Eu2+ phosphor.  θ is a symbol to denote the 
type of the electric multipolar interaction, particular⁃
ly, θ =6, 8, or 10 corresponding to the dipole-dipole, 
dipole-quadrupole, or quadrupole-quadrupole inter⁃
action[53]. The dependent relationship between lgxEu2 + 

and lg（I/xEu2 +） obtained from Eq.（11） is given in 
Fig. 7（e）.  Therefore, the θ value is calculated to be 
5. 88, indicating that the electric dipole-dipole inter⁃
action involves in the energy transfer process and 
dominates the concentration quenching effect in our 
phosphor system.
3. 5　Thermal Stability and Quantum Efficiency

The thermal stability is commonly utilized to 
evaluate the application potential of phosphor which 
is used in the LED device applicable for LCD back⁃
lighting field.  In 2021, Leng et al.  firstly reported the 
zero-thermal-quenching property of the perovskite-

type KBPOF∶Eu2+ phosphor in the increasing tem⁃
perature range of 298-393 K, which was ascribed to 
the large band gap, high lattice and high symmetry 
of the perovskite-type KBPOF host[34].  In order to 
check this inference, the temperature-dependent PL 
spectra of the representative KBPOF∶0. 03Eu2+ phos⁃
phor are displayed in Fig. 8（a） and （b）.  It is ob⁃
served that the PL intensity obviously decreases with 
the temperature increasing from 293 K to 493 K, at⁃
tributing to the temperature quenching effect.  It is 
also evidenced that the respective PL intensity of 
two distinct Eu2+ luminescence centers decreases 
with the increasing temperature, further disagreeing 
with the aforementioned conclusion referring to the 
remarkable zero-thermal-quenching feature of KB⁃
POF∶Eu2+ as previously reported by Leng et al[34].  
The whole temperature quenching process for differ⁃
ent Eu2+ luminescence centers is reasonably elucidat⁃
ed according to the schematic configuration coordi⁃
nation model（Fig. 7（c））.  In general, the thermal 
quenching process can be interpreted as the phonon-

electron mutual effect, which is usually strengthened 
with increasing of the temperature.  At room temper⁃
ature, the electrons in the respective lowest energy 
level of Eu（1） and Eu（2） 4f65d1 excited state（C 
point and F point） will return to the 4f75d0 ground 
state （D point and G point）, resulting in the blue lu⁃
minescence in the perovskite-type KBPOF∶Eu2+ pho-

sphor.  Nonetheless, as the temperature increases, 
the electrons will surmount the respective energy lev⁃
el difference and transport to the higher energy 
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4f65d1 excited state through thermal phonon assisting
（this process is denoted as C-H curve and F-I 
curve）, which means that the electrons are more 
likely to cross the respective intersection point（H 
point and I point） between the 4f65d1 and 4f75d0 
states and eventually return to the 4f75d0 ground 
state nonradiatively.  As a consequence, the tempera⁃
ture quenching behavior is reasonably observed in 
the KBPOF∶Eu2+ phosphor with increasing tempera⁃
ture.  The PL intensity of phosphor remains 77%/
64% of the initial intensity when the temperature in⁃
creases up to 393 K/493 K, which is inferior to the 
representative blue-emitting phosphors such as zero-

thermal K1. 6Al11O17+δ∶Eu2+[35] and Na3Sc2（PO4）3∶Eu2+[36] 
phosphors as well as the commercial BAM∶Eu2+[52] 
phosphor, but significantly superior to some other 
previously reported phosphors as listed in Tab. 3.  
As presented in Fig. 8（a）, it is observed that the 
emission peak position slightly shifts from 432 nm to 
419 nm with increasing of the temperature, which is 
consistent with the variation trend of their Commis⁃

sion Internationale de l Eclairage（CIE） chromaticity 
coordinates with the increasing temperature of 293-
493 K, varying from （0. 159, 0. 025） to （0. 160, 
0. 019）.  The CIE chromaticity shift（ΔE） of the 
blue-emitting KBPOF∶Eu2+ phosphor with the in⁃
creasing temperature can be calculated by the follow⁃
ing equation[54]:
ΔE =  (u′t - u′0 )2 + ( v′t - v′0 )2 + ( w′t - w′0 )2  ，  （12）

where u′=4x/（3-2x+12y）, v′=9y/（3-2x+12y）, as 
well as w′=1-u′ - v′; 0 and t refer to the initial tem⁃
perature（293 K） and increased temperature（493 
K）, respectively.  Among them, u′ and v′ correspond 
to the color coordinates in the u′v′ uniform color 
space.  x and y are the color coordinates in the CIE 
1931 color space.  Based on Eq.（12）, the chroma⁃
ticity shift（ΔE） of KBPOF∶Eu2+ phosphor is calcu⁃
lated to be 20. 6×10-3, which demonstrates the better 
color stability of KBPOF∶Eu2+ in comparison with 
that of BAM∶Eu2+（21. 3×10-3）.  Considering the acti⁃
vation energy（E） as the key parameter which reflects 
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Fig.8　（a）PL spectra of KBPOF∶0.03Eu2+ phosphor with different temperature under monitoring at 365 nm. （b）The comparation 
of PL intensity of Eu（1） and Eu（2） centers for KBPOF∶0.03Eu2+ phosphor with the increasing temperature. （c）The de⁃
tailed CIE chromaticity coordinates of KBPOF∶0.03Eu2+ phosphor with the increasing temperature（K）. （d）The linear fit⁃
ting relationship between ln（I0/IT-1） and 1/（KBT） according to the Arrhenius equation.
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the strength of electron-phonon interaction in the 
phosphor system, it can be calculated by the follow⁃
ing Arrhenius equation[26]:

IT =  I0
1 + Ae(-E/KBT )  ， （13）

where I0 and IT stand for the PL intensity of the ini⁃
tial temperature and the heating temperature T.  KB 
is Boltzmann constant（8. 62×10-5 eV·K-1）, A de⁃
notes a constant.  According to Eq.（13）, the depen⁃
dent relationship of ln（I0/IT-1） versus 1/KBT is de⁃
picted in Fig. 8（d）.  It can be found that the value of 
E is determined to be 0. 151 eV.  Theoretically, the 
activation energy（E） is closely related to the band 
gap between the lower energy level of Eu2+ 5d excit⁃
ed state and the bottom of the conduction band.  The 
larger the value of activated energy, the better the 
thermal stability of the phosphor.  Therefore, the 
thermal stability of KBPOF∶Eu2+ is superior to some 
other representative blue-emitting phosphors as list⁃
ed in Tab. 3.

Given that the ηIQE value is another crucial pa⁃
rameter to evaluate the photoelectric performance of 
phosphor applicable for LEDs, it can be obtained by 
the formula on the basis of Fig. 9[31]:

η IQE = ∫ LS

∫ER -∫E S
， （14）

where ER and ES are the spectrum of excitation light 
with and without the aim sample in the integrating 
sphere; LS stands for the emission spectrum of the 
KBPOF∶Eu2+ phosphor.  Furthermore, the absorption 
efficiency（AE） ηAE and EQE（ηEQE） values of the 
representative phosphor are calculated using the fol⁃
lowing equations[55]:

ηAE = ∫ER - ∫E S

∫ER
， （15）

ηEQE =  η IQE × ηAE， （16）
based on the Eqs.（14）-（16）, the calculated ηIQE, 
ηAE and ηEQE values are determined to be 72. 8%, 
63. 7% and 46. 4%, which are also higher than some 
recently reported blue-emitting phosphors as exhibit⁃
ed in Tab. 3, thus demonstrating that the perovskite-

type KBPOF∶Eu2+ is a potential candidate as a effi⁃

ciently narrow-band blue-emitting phosphor for the 
fabrication of LED devices applicable in the field of 
LCD backlighting.

4　Conclusions
In summary, a novel narrow-band blue-emitting 

phosphor KBPOF∶Eu2+ is successfully synthesized by 
the conventional solid-state reaction.  The crystal 
structure of KBPOF is formed by the vertex-sharing 
[FK4Ba2] octahedron interconnected with each other 
together with [PO4] tetrahedra.  Under the excitation of 
near-UV light, KBPOF∶Eu2+ displays a blue emission 
band peaking at 432 nm with narrow FWHM of 43 
nm.  Spectral analysis further confirms the existence 
of two distinct luminescence centers, viz. , Eu（1） and 
Eu（2）, which occupy ten-coordinated Ba2+ site and 
eight-coordinated K+ site in the perovskite-type KB⁃
POF∶Eu2+ phosphor.  The energy transfer mechanism 
between Eu（1） and Eu（2） and PL properties of concen⁃
tration-dependent and temperature-dependent spec⁃
tra are also investigated in detail.  The KBPOF∶Eu2+ 
phosphor not only exhibits a suitable thermal stability
（I493 K/I293 K=64%）, but also displays the high ηIQE of 
72. 8% and ηEQE of 46. 4%, surpassing some other re⁃
ported blue-emitting phosphors.  The present work not 
only demonstrates the potential of our developed 
perovskite-type KBPOF∶Eu2+ phosphor, but also pro⁃
vides an avenue for exploring the novel phosphors in⁃
spired by the mineral-type structural prototypes.

Response Letter is available for this paper at: http://
cjl. lightpublishing. cn/thesisDetails#10. 37188/CJL.
20220412.  
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