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Thermal quenching properties of narrow-band
blue-emitting MBe2(PO4)2:Eu

2+ (M = Ca, Sr) phos-
phors towards backlight display applications

Tao Hu,a Yan Gao,b Xiaohong Ji, a Zhiguo Xia *a and Qinyuan Zhang *a

Discovering new phosphors with narrow-band emission is critical for white light emitting diodes (LEDs) in

liquid-crystal displays (LCDs). Herein, near-ultraviolet (UV) excitable narrow-band blue-emitting

MBe2(PO4)2:Eu
2+ (M = Ca, Sr) phosphors were successfully designed, exhibiting an extremely narrow full

width at half-maximum of ∼26–27 nm, high color purity of ∼99.1%, small Stokes shift of ∼1500 cm−1,

desirable photoluminescence quantum efficiency of ∼63.4%, and zero thermal quenching even at temp-

eratures up to ∼300 °C. The small Stokes shift and narrow emission profile are fundamentally caused by

the greatly suppressed structural relaxation benefiting from the rigid and ordered connected [BeO4] and

[PO4] tetrahedra network. Meanwhile, the unprecedented thermal emission behavior is ascribed to the

suppression of thermally activated photoionization and the non-radiative pathway from the cross-point of

the 5d excited state to the 4f ground state of Eu2+. A wide color gamut reaching up to 88.6% NTSC is rea-

lized, demonstrating the validity of MBe2(PO4)2:Eu
2+ in LED backlights for LCDs. The present studies

encourage researchers to identify hitherto undiscovered narrow-band phosphors via selecting a stiff and

ordered host with confined sites for doped rare earth activators.

1. Introduction

Phosphor-converted white light emitting diodes (pc-wLEDs)
are key components in lighting and display applications for
their high efficiency, environmental friendliness and long
lifetime.1–5 Narrow-band emission of a phosphor is critical in
the applications of backlighting displays, since it can help to
enable wide color gamut to faithfully reproduce natural
colors.6,7 Accordingly, many efforts have been devoted to the
discovery of narrow-band phosphors.8,9 Nevertheless, rare
earth Eu2+ activated narrow-band phosphors are quite scarce
and encounter tremendous challenges in exploration, as
evident from there being only a few known narrow-band phos-
phor families (mainly limited to the UCr4C4 family),10–14 hin-
dering state-of-the-art backlights from further advancing.

The key to an outstanding phosphor lies in the selection of
suitable hosts. To identify an efficient phosphor, picking a
host with crystal structural rigidity and high atomic connec-
tivity is manifested to be one plausible solution, as suggested
previously.15,16 Beyond that, the band gap (Eg), which plays a

decisive role in setting the relative position of the rare earth 5d
orbital with respect to the host’s conduction band, is related
to thermal emission behaviors,17,18 and thus it is another
crucial parameter. Commonly, a sufficiently large Eg in a solid-
state compound with rigid crystal structure can prevent an
excited 5d electron from photoionizing into the conduction
band, and thereby the electron can radiatively return to the 4f
ground state rather than photoionize even though at high
temperature.18 To maintain the emission bandwidth at a
narrow level, several factors including numbers of potential
doping sites, the degrees of structural order/disorder and so
on need to be evaluated. Normally a host with multisite occu-
pations as well as chemically different surroundings around
the activator could usually lead to a broad spectrum after
doping by rare earth activators with 4f–5d transition.
Undoubtedly, a crystallographic ordered crystal, in which there
is only one cation doping site without statistical occupation is
preferential. Therefore, one may deduce, quite literally, that a
crystalline ordered, rigid and condensed compound with rela-
tively large Eg and limited doping sites is a suitable narrow-
band phosphor candidate.

Initiated by the above mentioned structure–property
relationships, alkaline-earth metal beryllophosphates come
into view based on several considerations mentioned above.
First, phosphates are not only chemically stable but also tend
to have a wide Eg (>4 eV),19,20 signifying their feasibility as
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robust hosts with expected thermally stable emission. Second,
the crystal structure of beryllophosphate is topologically identi-
cal to that of classic hosts of aluminosilicates and borosili-
cates,21 which is an indication of beryllophosphates as lumi-
nescent hosts. Moreover, the Be–O bond gives rise to a greater
degree of covalency compared with Li–O, Mg–O, Al–O and Si–O
bonds, making beryllophosphates highly rigid and more likely
to achieve fascinating optical properties after doping.22–25

Third, apparently different from aliovalent substitution cases,
in which charge-compensating defects such as vacancies,
interstitial ions or ions’ valence state change are required,
charge compensations are not necessary when Eu2+ substitutes
for alkaline–earth metal ions because they share the same
valence states. As a result, spectral broadening arising from
the multitude of charge-compensated Eu2+ sites with diverse
crystal field splittings can be avoided, and the charge compen-
sating defects killing Eu2+ luminescence could be eliminated
simultaneously.

To further boost the efficiency LED devices, minimizing the
inherent down-conversion energy loss lies in the selection of
phosphors with small Stokes shift.23 Such a small Stokes shift
ideally allows shifting the emission of a UV primary pump
LED in the blue spectral range, very close to the emission of a
blue phosphor. While there is still no commercially available
small Stokes shift blue emitting phosphor to the best of our
knowledge, the state-of-the-art blue BaMgAl10O17:Eu

2+ shows
efficient emission; however, it is beset by a relatively large
Stokes shift and a full width at half-maximum (FWHM) of
approximately 55 nm.26 Making matters worse, it is also not
readily excited by 365 or 400 nm light, precluding its use in
near-UV LEDs.27,28 Therefore, the discovery of new near-UV
excitable narrow-band blue emitting phosphors is still urgent.

In this work, a kind of brand-new MBe2(PO4)2:Eu
2+ (M = Ca,

Sr) beryllophosphate phosphor was designed and synthesized.
Under near-UV excitation, the phosphors exhibit blue emission
with high internal quantum efficiency, narrow emission
profile, small Stokes shift and zero thermal quenching, addres-
sing the lack of a commercial near-UV pumped narrow band
blue phosphor. A prototype pc-wLED utilizing the as-prepared
CaBe2(PO4)2:Eu

2+ (CBPO:Eu2+) yields a wide color gamut,
enabling its applications in LCD backlights. Carefully unravel-
ing the structure–property relations for MBe2(PO4)2:Eu

2+ led us
to firmly believe that selecting a structurally ordered and
highly rigid host with limited doping sites as well as sizable
band gap is the key point to finding an outstanding narrow-
band phosphor.

2. Experiments and characteristics
Synthesis

MBe2(PO4)2:0.02Eu
2+ (M = Ca, Sr) beryllophosphate phosphors

were prepared by a conventional solid-state reaction, using
CaCO3, SrCO3, BeO, (NH4)2·HPO4 and Eu2O3 as raw materials.
The raw materials were in stoichiometric proportions and
ground thoroughly. The powder mixtures were placed in alumi-

num oxide crucibles and sintered at 500 °C for 4 h in air, then
reground and sintered at 1050 °C for 4 h under a reducing
atmosphere (N2/H2 = 95%/5%) in a tube furnace to obtain the
products. Note that BeO is of low toxicity. To reduce risk of
exposure, the raw materials were weighed and ground
thoroughly in a closed glove box.

Characterizations

Powder X-ray diffraction (XRD) measurements were performed
with an Aeris X-ray diffractometer (PANalytical Corporation,
Netherlands) operating at 40 kV and 15 mA with monochroma-
tized Cu Kα radiation (λ = 1.5406 Å). The electronic band struc-
ture calculations were performed in the density functional
theory framework, using the Cambridge Serial Total Energy
Package (CASTEP) module.29 The generalized gradient approxi-
mations with the Perdew–Burke–Ernzerhof functional were
applied to treat the exchange–correlation effects.30 Ultrasoft
pseudopotentials were employed for a description of the inter-
action between the ionic cores and valence electrons. The
photoluminescence, photoluminescence excitation, and temp-
erature-dependent emission spectra were recorded by a Hitachi
F-4600 fluorescence spectrophotometer. The quantum
efficiency (QE) measurement was performed with a commer-
cial PLQY measurement system of Ocean Optics. The internal
QE (ηint), defined as the ratio of the number of photons
emitted (Iem) to the number of photons absorbed (Iabs), is
expressed as:

ηint ¼
Iem
Iabs

¼
Ð
LSÐ

ER � Ð
ES

ð1Þ

where LS is the emission spectrum of the sample and ES and
ER are the spectra of excitation light with and without the
sample in the integrating sphere. The luminescence spectrum,
luminous efficacy, and correlated color temperature of the con-
structed w-LED device were measured using an integrating
sphere of 1.0 m diameter connected to a CCD detector with an
optical fiber.

3. Results and discussion

The XRD patterns of MBe2(PO4)2:Eu
2+ (M = Ca, Sr) and the

standard PDF data of CBPO (PDF#34-1441) and SBPO
(PDF#260977) are presented in Fig. 1a and b. Obviously, all the
diffraction peaks accord well with their expected Bragg reflec-
tion positions, and no additional peaks could be observed,
demonstrating the high purity of the two phosphors. The
CBPO and SBPO compounds are isostructural with each other,
and crystallize in the same monoclinic crystal system and
space group P21/c.

21 Here, we use CBPO as an example to
describe the crystal structure. The structure consists of a
framework of corner-sharing BeO4 and PO4 tetrahedrons
assembled in four- and eight-membered rings; these rings are
nearly perpendicular to a axis (Fig. 1c). The four-membered
rings consist of a pair of tetrahedrons pointing upwards (U)
and a pair of tetrahedrons pointing downwards (D), forming
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UUDD-type rings (Fig. 1d). While the eight-membered rings
are formed by linking four-membered rings, and showing only
one pattern of DDUDUUDU (Fig. 1e). The BeO4 and PO4 tetra-
hedrons are also connected by corner-sharing to form a
double crankshaft chain running parallel to a axis (Fig. 1f).
There is only one crystallographically independent Ca2+/Sr2+

site on the Wyckoff position 1a in the unit cell of MBe2(PO4)2.
The Ca2+/Sr2+ locate in the eight-membered rings and occur in
Ca/SrO10 polyhedron (Fig. 1g). Given the similar ionic radius
of Eu2+ (1.35 Å for ten-fold coordination) and Ca2+/Sr2+ (1.23/
1.36 Å for ten-fold coordination), the Eu2+ activator is expected
to substitute for Ca2+/Sr2+ ions without introduction of any
charge balance defects. In short, the MBe2(PO4)2 host is highly
connected and condensed with a relatively large degree of con-
densation of k ≥ 0.5 (molar ratio of (Be, P):O), as well as only
one site for Eu2+ to reside, a sign of MBe2(PO4)2 having poten-
tial for a good phosphor host.

First-principles calculations for the MBe2(PO4)2 crystals
were performed by the plane-wave pseudopotential method
implemented in the CASTEP package. Fig. 2a and c show the
calculated distribution curves for the electronic band struc-
tures. Obviously, both of them exhibit almost identical band
structure profiles, and have a direct semiconductor nature as
their maximal energy state in the valence band (VB) and the
minimum energy state in the conduction band (CB) both
appear at the G point in the Brillouin zone. The energy gaps
for CBPO and SBPO are computed as about 5.93 eV and 5.82

Fig. 1 (a and b) XRD patterns of the M2Be2(PO4)2:Eu
2+ (M = Ca, Sr)

phosphor; Bragg reflection positions of M2Be2(PO4)2 are shown as a
reference. The crystal structure of MBe2(PO4)2 beryllophosphates: (c)
view perpendicular to a axis; (d, e) detailed views of the four- and eight-
membered rings with tetrahedra pointed upward (U) and downward (D);
(f ) detailed view of the double crankshaft chain running parallel to a
axis; (g) the local coordination of CaO10 polyhedron, showing the bond
lengths.

Fig. 2 The calculated energy band structure as well as the total density of states of (a) Ca2Be2(PO4)2 and (c) Sr2Be2(PO4)2 host. The partial (Be, Ca, P,
and O atoms) density of states for (b) Ca2Be2(PO4)2 and (d) Sr2Be2(PO4)2.
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eV respectively, suitable for resisting against photoionization
as discussed below. Compositions of the calculated energy
band structures are further resolved by the partial density of
states, as shown in Fig. 2b and d. The top of the VB as well as
the bottom of CB are found to mainly originate from p orbitals
of O2− atoms and d orbitals of Ca2+/Sr2+ atoms respectively,
with some contributions of p orbitals of Be2+ and P5+ atoms.
Moreover, strong hybridizations of Be2+ and O2− orbitals
between −8.6 and 0 eV in the VB as well as in the entire CB
can be seen, suggesting a strong covalent bonding character-
istic of the Be–O bond.

Fig. 3a and b depict the photoluminescence excitation and
emission spectra of MBe2(PO4)2:Eu

2+ phosphor at room temp-
erature. The excitation spectra exhibit a broad band ranging
from 200 to 400 nm, and therefore the phosphors can be
excited by near-UV light. Under 365 nm UV light excitation,
Eu2+-activated CBPO shows blue emission peaking at around
425 nm, while SBPO exhibits violet-blue emission at around
411 nm, ascribed to parity-allowed electric dipole Eu2+ 4f65d1

→ 4f7(8S7/2) transitions in the EuO10 polyhedron. Remarkably,
the FWHM of the emission is as narrow as ∼26–27 nm, com-
parable to that of the band-edge exciton emission of typical
perovskite semiconductor nanocrystals CsPbBr2I1 (FWHM =
28.2 nm),31 and much smaller than that of BaMgAl10O17:Eu

2+

(FWHM = 50 nm). Such narrow-band emission enables high
color purity of ∼99.1%, and it is helpful for realizing the wide
full-gamut color. The Stokes shift, crudely estimated by dou-
bling the energy difference between maximum emission and
the emission/excitation spectra crossing point, is about

1500 cm−1. Of note, the small Stokes shift is typical for weak
coupling strength of Eu2+ d–f pure electronic transitions with
lattice vibrations.

Owing to the 5d electrons being unshielded against the
interactions with ligand, the emission profile strongly depends
on the lattice. As suggested previously,27,32 when Eu2+ enters
into a highly symmetry-coordinated environment such as a
cuboid-like polyhedron, the distributions of 5d orbitals are iso-
tropic, beneficial for achieving narrow-band emission. In our
case, the Ca/SrO10 polyhedrons are highly distorted (character-
ized by seven short bonds (2.4–2.6 Å) and three long bonds
(3.1–3.4 Å)), an indication that the 5d orbitals of Eu2+ are an-
isotropic; specifically the directions of the three long bonds
are more delocalized. Based on these facts, we propose that
the evenly distributed 5d orbitals might not the primary factor
for narrow-band emission, rather it largely relying on local
structural rigidity around the Eu2+ activator. Thanks to the stiff
structure of MBe2(PO4)2 arising from the highly rigid con-
nected BeO4 and PO4 tetrahedral network, large electronic
reconfiguration processes can be enormously suppressed
when the Eu2+ relaxes from the excited electronic configura-
tional state to the ground state. Therefore, no matter what
kind of local structural anisotropies are around Eu2+, a small
Stokes shift and narrow band emission can be expected. By
contrast, the lack of rigidity, or softness, of a host can lead to a
significant reorganization of the excited-state environments
and thus to large Stokes shifts and broad FWHM. Moreover,
the slightly narrower emission for SBPO:Eu2+ (FWHM = 26 nm)
compared with CBPO:Eu2+ (FWHM = 27 nm) is theoretically

Fig. 3 Room temperature excitation and emission spectra of (a) Ca2Be2(PO4)2:Eu
2+ and (b) Sr2Be2(PO4)2:Eu

2+ phosphors. (c) Schematic energy level
diagram for Eu2+ ion in Ca2Be2(PO4)2 and Sr2Be2(PO4)2 crystal structures.
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related to the more restricted relaxation for Eu2+ on the larger
Sr2+ site.33

The local environment of Eu2+ has also a critical effect on d
↔ f transition energies. A larger centroid shift and crystal field
splitting generally can lead to a lower energetic transition
(Fig. 3c). The centroid shift is positively associated with the
covalency of activator–anion bond, also described as nephe-
lauxetic effect, while greater splitting of the 5d level usually
comes from a more distorted polyhedron.34 The Ca/SrO10 poly-
hedrons are characterized using two important parameters,
the average bond length lav and the polyhedral distortion index
D, to analyze the effects of the centroid shift and the crystal
field splitting. The lav for Ca–O is calculated to be 2.72 Å,
slightly shorter than that of Sr–O (2.79 Å), reflecting higher
covalency and larger crystal splitting energy for CBPO:Eu2+,
which shifts the 4f65d state to a lower energy in comparison
with SBPO:Eu2+. The distortion index D is defined as:

D ¼ 1
n

Xn

i¼1

li � lavj j
lav

ð2Þ

where li is the distance from the center atom to the ith coordi-
nating atom and n is the total number of bonds (n = 10 in this
case). The values of D for CBPO and SBPO are then determined
to be 0.118 and 0.095, respectively, also demonstrating the
larger crystal field splitting, and therefore the red shift of the
spectrum for CBPO:Eu2+.

The temperature-dependent emission spectra of
MBe2(PO4)2:Eu

2+ in the temperature range of 30–270 °C are
depicted in Fig. 4a and d. As temperature increases, emission
bands gradually broaden and a slight blue shift is observed,
and the mechanism of this variation is discussed below based

on previous reports.35 One important cause is thermally
induced lattice expansion, which increases the activator-ligand
distance, and thus results in a smaller crystal field splitting
and decreasing covalency of the Eu–O bond. Furthermore,
thermally induced population of higher vibrational states may
lead to a higher emission energy with increasing temperature
due to the enhanced electron–phonon strength. The integrated
PL intensity as well as emission peak intensity as function of
temperature are presented in Fig. 4c and f. The phosphors
exhibit extraordinarily stable luminescence against tempera-
ture. As can be seen, with increasing temperature, there is
almost no significant decrease in peak intensity. Depending
on the broadening of spectra with increasing temperature, the
intensities at 270 °C for CBPO:Eu2+ and SBPO:Eu2+ maintain
111% and 127% of that at room temperature, respectively. The
zero thermal quenching at high temperature is ascribed to the
almost total suppression of thermally activated photoioniza-
tion and thermally activated cross-over from the 5d excited
state to the 4f ground state.36,37

Compared with SBPO:Eu2+ phosphor that emits violet-blue
color, CBPO:Eu2+ with narrow-band blue emission and zero
thermal quenching is more ideal for near-UV-based LCD back-
lights. Besides, the non-optimized CBPO:Eu2+ also exhibits a
favorable internal quantum efficiency of ∼63.4%, when excited
with 370 nm UV light, further guaranteeing its practical appli-
cation. Note that beryllium has been disregarded by research-
ers during the past two centuries because hazardous, fine ber-

Fig. 4 Temperature-dependent emission spectra of (a and b)
Ca2Be2(PO4)2:Eu

2+ and (d and e) Sr2Be2(PO4)2:Eu
2+ phosphors in the

temperature range of 30–270 °C. Temperature-dependent normalized
integrated emission spectra and maximum emission peak intensity of (c)
Ca2Be2(PO4)2:Eu

2+ and (f) Sr2Be2(PO4)2:Eu
2+ phosphors.

Fig. 5 (a) Emission spectrum of w-LED fabricated by mixing blue
Ca2Be2(PO4)2:Eu

2+, green β-Sialon:Eu2+, and red K2SiF6:Mn4+ on a near-
UV LED chip (380 nm), under 30 mA driving current. The inset shows
photographs of the w-LED device taken under daylight and when it is in
operation. (b) Color gamut of the NTSC standard (white triangle) and the
as-fabricated w-LED device (black triangle).
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yllium dusts can be inhaled and dissolved beryllium salts can
accumulate in the human body. In contrast, insoluble and
coarsely grained Be-containing solid-state phosphors are less
dangerous, especially under appropriate safety measures,22–25

and therefore, application of CBPO:Eu2+ is conceivable. As a
proof-of-concept experiment for LCDs, the commercial green
β-Sialon:Eu2+, red K2SiF6:Mn4+ and the as-fabricated blue
CBPO:Eu2+ were coupled to a commercial 380 nm near-UV
chip to construct an LED device. To minimize CBPO:Eu2+ blue
light being seriously reabsorbed by β-Sialon:Eu2+ and K2SiF6:
Mn4+ phosphors, β-Sialon:Eu2+ and K2SiF6:Mn4+ were mixed
with binder and coated on the chip first, then CBPO:Eu2+ was
coated on the surface. Under 30 mA driving current, the con-
structed prototype w-LED yields bright white light with emis-
sion spectrum spanning over the entire visible region (Fig. 5a
and inset). Some important photometric and chromaticity
parameters of the w-LEDs are listed as: luminous efficiency of
17.6 lm W−1, chromaticity coordinate of (0.306, 0.316), corre-
lated color temperature of 6970 K. The color gamut, defined as
the percentage of NTSC in CIE color space, is calculated as
88.6% NTSC. All these results demonstrate that the blue-emit-
ting CBPO:Eu2+ phosphor has potential for near-UV-based
LCD backlights.

4. Conclusions

In summary, beryllophosphates MBe2(PO4)2 (M = Ca, Sr) with
highly rigid crystal structure have been studied as previously
less regarded phosphor hosts, and have been found to holds
potential for achieving optical properties after rare earth acti-
vator doping. Only one cation site can be occupied by Eu2+ in
the MBe2(PO4)2 host, and the phosphors present extremely
narrow FWHM of ∼26–27 nm, a desirable internal quantum
efficiency of ∼63.4%, as well as zero thermal quenching even
at temperatures up to ∼300 °C. A w-LED device fabricated by
coupling a CBPO:Eu2+/β-Sialon:Eu2+/K2SiF6:Mn4+ composite
with a near-UV-emitting chip yields a color gamut of ∼88.6%
NTSC, demonstrating CBPO:Eu2+ as an efficient blue compen-
sator to improve the color quality and widen the color gamut
of w-LED backlights.
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