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Dual-Site Occupancy Induced Broadband Cyan Emission in 
Ba2CaB2Si4O14:Ce3+† 
Shihai You,‡ab Ya Zhuo,‡b Qiulin Chen,a Jakoah Brgoch*b and Rong-Jun Xie*a

There is a significant need to identify cyan-emitting phosphors capable of filling the “cyan-gap” (480-520 nm) in full-visible-
spectrum phosphor-converted white light-emitting diodes (pc-wLEDs). Here, a new broadband cyan-emitting phosphor 
enabling to address this challenge is reported. The compound, Ba2CaB2Si4O14:Ce3+, presents a bright cyan emission peaking 
at 478 nm with a large full width at half maximum of 142 nm (6053 cm-1), and minimal thermal quenching. The 
photoluminescence properties originate from Ce3+ residing at two different crystallographic sites, a [BaO9] distorted 
elongated square pyramid and a [CaO6] trigonal prism. This combination results in an efficient, broad emission covering the 
blue to green region of the visible spectrum. Fabricating a simple dichromatic ultraviolet (λex = 370 nm) pumped pc-wLED 
using Ba2CaB2Si4O14:Ce3+ along with a commercially available red phosphor demonstrates full-visible-spectrum white light 
with high color rendering index (Ra ˃ 90) and tunable correlated color temperature, showing this materials potential for 
achieving high-quality LED-based lighting.

1. Introduction

    Phosphor-converted white light-emitting diodes (pc-wLEDs) 
have permeated our daily life as lighting sources due to their 
significant energy savings.1-4 Currently, a majority of pc-wLEDs 
commercially produced are based on the simple dichromatic 
approach, where a single yellow-emitting Y3Al5O12:Ce3+ 
(YAG:Ce3+) phosphor is excited by a blue LED chip (λem = 440 – 
470 nm). This produces high luminous efficacy; however, the 
lack of a red spectral component in this design causes the 
artificial light to suffer from a low color rendering index (CRI, Ra 
< 75) and a high correlated color temperature (CCT ˃ 4500 K).5,6 
Moreover, the sharp, unconverted blue light emitted from the 
LED chip has been suggested to have hazardous effects to our 
health, including negatively impacting our circadian rhythm.7-9 
An alternative approach for producing white light is to combine 
an ultraviolet (UV), or near-UV LED with trichromatic 
(blue/green/red) phosphors. This approach has been shown to 
overcome nearly all the drawbacks mentioned above.10-12 The 
ratio of blue-/green-/red-emitting materials can be finely 
adjusted to create white light with a high Ra (~ 90) as well as 
tunable CCTs. More importantly, the blue component of the 
emission spectrum in this design is relatively broad and weaker 
in intensity, reducing the negative effects caused by the bright 
blue LED emission. There are still challenges, however, in 

generating high-quality full-visible-spectrum white light using 
this approach. The currently available blue- and green-emitting 
phosphors in such a device are not able to fully cover the cyan 
region (480 – 520 nm) of the visible spectrum, resulting in a 
“cyan gap”.13-15 Although this gap in UV-driven pc-wLEDs is not 
as significant as in blue LED-based lighting devices, its presence 
still severely inhibits the production of human-centric, full-
visible-spectrum white lighting that mimics the sunlight. Hence, 
discovering cyan-emitting phosphors capable of closing this gap 
in UV-driven LEDs is also of great importance.

This motivation has resulted in great efforts to identify cyan-
emitting phosphors using various inorganic hosts, such as 
silicates,13,16-19 aluminates,20-22 nitrides,15,23-25 sulfides,26 
phosphates,14,27 vanadates,28 and borates.29-31 However, 
compared to a large number of developed red-, green-, blue- 
and yellow-emitting phosphors, the quantity of cyan-emitting 
phosphors remains small. Moreover, many of the reported 
cyan-emitting phosphors fail to meet the basic criteria for 
general lighting applications. Most of these materials have 
either low quantum efficiency, large thermal quenching, or poor 
chemical stability.4 Nevertheless, there has been some 
moderate success. Recently, a borate cyan-emitting phosphor 
(λem = 480 nm), NaMgBO3:Ce3+, was shown to possess a high 
internal quantum efficiency (IQE) of 93% and excellent thermal 
stability (96% emission intensity retention at 420 K). Its 
emission band covers the blue and cyan regions of the visible 
spectrum and can successfully achieve a full-visible-spectrum 
white light as a substitute for the blue component, like 
BaMgAl10O17:Eu2+, in the trichromatic pc-wLEDs.31 Similarly, 
Na0.5K0.5Li3SiO4:Eu2+ shows a bright cyan-emission (λem = 486 
nm) with high efficiency and good thermally robustness. This 
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compound produces an extremely narrow emission with a full 
width at half maximum (fwhm) of 20.7 nm (864 cm-1) that allows 
it to be added in addition to the blue-, green-, and red-emitting 
phosphors to produce the tetrachromatic full-visible-spectrum 
white light.13

The trichromatic (cyan/green/red) or tetrachromatic 
(blue/cyan/green/red) approach enables uniform, full-visible-
spectrum white light. However, using multiple phosphors in a 
single pc-wLED device will always increase the cost, complexity 
to manufacture, as well as cause other problems, for example 
the reabsorption induced efficiency loss.16 Moreover, the 
different thermal quenching behaviors of each phosphor will 
also lead to small but noticeable changes in the generated white 
light (i.e., chromaticity coordinates and CCTs) during operation. 
One of the solutions to these problems is to reduce the number 
of phosphors used in a single device. For example, a broadband 
cyan-emitting phosphor, Ba9Lu2Si6O24:Ce3+, with a fwhm of 118 
nm (4519 cm-1), can substitute for both blue- and green-
emitting phosphors. By combining this silicate phosphor and a 
red-emitting CaAlSiN3:Eu2+ with a 395 nm UV LED chip, one can 
create efficient and high-quality white light (Ra = 90.6 and CCT 
= 4913 K).16 This result shows that developing cyan-emitting 
phosphors with a broad emission band covering the blue, cyan 
and green regions of the visible spectrum could be a solution to 
some of the problems caused by using complicated phosphor 
mixtures.

    One approach considered by the phosphor community for 
producing a broadband emission is to accommodate the 
activator ions at different crystallographic sites. The 
combination of different emissions of activators with varying 
crystal field splitting environments will broaden the total 
emission. Indeed, a series of broadband phosphors has been 
developed using this idea.32-38 For example, an orange-emitting 
Y3Si5N9O:Ce3+ phosphor with a fwhm of 178 nm (4413 cm-1) was 
produced by substituting Ce3+ for two Y3+ ions with very 
different local environments.32 Recently, a novel yellow-
emitting phosphor Li2CaSi2N4:Ce3+ with a large fwhm of 165 nm 
(5329 cm-1) was developed.34 This broadband emission is 
originated from two distinct Ce3+ luminescent centers in the 
host. Similarly, broadband Y3Si6N11:Ce3+ (fwhm = 150 nm; 4423 
cm-1) and La2MgZrO6:Cr3+ with a double-perovskite structure 
(fwhm = 210 nm; 3045 cm-1) have also been reported.37,38 These 
investigations suggest that forming multiple luminescent 
centers would effectively yield broadband emissions in various 
phosphor systems.

Inspired by the idea of multi-site engineering, we identified a 
broadband cyan-emitting borosilicate phosphor, Ba2CaB2Si4O14:Ce3+ 
(BCBSO:Ce3+). The optical properties of this phosphor make it a great 
candidate for high-quality, full-visible-spectrum pc-wLEDs. BCBSO is 
a mineral that was first discovered in 2014.39 Here, we report a 
laboratory-synthesized version for the first time. The crystal 

structure has two distinct crystallographic sites, a 9-fold coordinated 
Ba2+ site and a 6-fold coordinated Ca2+ site. These sites are both 
options for rare-earth ions occupancy to produce a phosphor. In this 
work, we target the simultaneous occupancy of both sites with Ce3+ 
to generate a broadband cyan emission. The dual-site occupancy is 
studied in detail using structure and photoluminescence analysis. 
BCBSO:Ce3+ has a relatively high quantum efficiency (54%), excellent 
thermal stability (95% emission intensity retention at 420 K), and a 
large fwhm (142 nm; 6053 cm-1). The suitability of this phosphor to 
cover the blue, cyan, and green regions was further probed by 
constructing a pc-wLED. Combining BCBSO:Ce3+ with a single red-
emitting Sr2Si5N8:Eu2+ phosphor (dichromatic approach) successfully 
generates high-quality, full-visible-spectrum cool white light (Ra = 91, 
CCT = 7052 K) under 370 nm LED excitation. Moreover, the CCT can 
be widely tuned by mixing an additional green-emitting β-
SiAlON:Eu2+ phosphor (trichromatic approach), creating a warm 
white light with outstanding color quality (Ra = 95, CCT = 3651 K). 
These results demonstrate that BCBSO:Ce3+ is a promising cyan 
component in creating simple but high-quality, full-visible-spectrum 
white light.

2. Experimental Section

2.1 Synthesis

    (Ba2Ca)1-2x/3CexLixB2Si4O14 (BCBSO:xCe3+, x = 0, 0.005, 0.01, 
0.015, 0.02, 0.03, 0.05) samples were synthesized via the 
conventional solid-state reaction using BaCO3 (Johnson 
Matthey, 99.99%), CaCO3 (Alfa Aesar, 99%), H3BO3 (Sigma-
Aldrich, 99.95%), SiO2 (Sigma-Aldrich, 99.5%), Li2CO3 (Alfa 
Aesar, 99.998%) and CeO2 (Sigma-Aldrich, 99.995%). The 
starting materials were weighed out according to the desired 
stoichiometric ratios and thoroughly ground using an agate 
mortar and pestle for ~ 30 min. The homogenous mixtures were 
then transferred into alumina crucibles and heated at 600 °C for 
4 h in air to decompose the reagents. These powders were then 
reground and heated at 910 °C for 24 h under a reducing 
atmosphere (5% H2/95% N2). After sintering, the products were 
finely ground for subsequent characterizations.

2.2 Characterization

    The phase purity of all samples was first confirmed with a 
Panalytical X’Pert Pro powder X-ray diffractometer equipped 
with Cu Kα radiation (λ = 1.54183 Å). The high-resolution 
synchrotron powder X-ray diffractograms were collected at 295 
K with a calibrated wavelength of λ = 0.457893 Å using beamline 
11-BM at the Advanced Photon Source, Argonne National 
Laboratory.40 Rietveld refinements were conducted with the 
EXPGUI interface and GSAS software.41,42 The final crystal 
structure was visualized using VESTA.43 The scanning electron 
microscope (SEM) images and elemental mappings were 
obtained using a field-emission scanning microscope (Quanta 
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650, FEI) equipped with an energy dispersive X-ray 
spectroscope (EDS, Hitachi S5500). The photoluminescence 
measurements were performed by encapsulating the phosphor 
powder in silicone resin (RTV 615, GE Silicones) and depositing 
the mixture onto a quartz slide (Chemglass). Steady-state 
photoluminescence spectra at room temperature were 
recorded on a PTI QuantaMaster fluorescence 
spectrophotometer with a 75 W xenon arc lamp as the 
excitation source. Temperature-dependent emission spectra 
were collected using a Janis liquid nitrogen cryostat (VPF-100) 
to control the temperature ranging from 300 to 580 K. The 
internal photoluminescent quantum efficiency (IQE) was 
measured by placing the silicone resin encapsulated sample in 
an integrating sphere (150 mm in diameter, Labsphere) with an 
excitation wavelength of 350 nm and calculated by applying the 
method of de Mello et al.44,45 The luminescent lifetime was 
determined using a Horiba DeltaFlex Lifetime System with a N-
330 nano-LED excitation source (λex = 336 nm). The fabrication 
of a pc-wLED involved using the as-prepared BCBSO:0.03Ce3+ 
cyan-emitting phosphor and a laboratory-made Sr2Si5N8:Eu2+ 
red-emitting phosphor. A mixture of these two phosphors was 
encapsulated in silicone resin and then coated on a UV LED (λex 
= 370 nm, Thorlabs). To further tune the CCT of pc-wLEDs, an 
additional β-SiAlON:Eu2+ green-emitting phosphor (Mitsubishi 
Chemical Corporation) was also used. The electroluminescence 
spectra, CRI, and CCT of pc-wLEDs were measured under a 
current of 20 mA using an AvaSphere-50-IRRAD 
spectrophotometer and the corresponding AvaSoft 8 software.

2.3 Computation

Density functional theory (DFT) calculations of the BCBSO unit 
cell were performed using the Vienna ab initio simulation 
package (VASP).46 The structure was first optimized with the 
Perdew-Burke-Ernzerhof (PBE) exchange and correlation 
functional.47 A cutoff energy of 500 eV was used, and the 
integration of the first Brillouin zone was carried out using a 
Gamma-centered grid of 4×4×4. A PBE indirect bandgap of 4.86 
eV was obtained from the band structure and density of states 
(DOS) calculations. To correct the significant underestimation of 
the PBE bandgap, the HSE06 functional was also implemented 
using a 4×4×4 k-point grid and a cutoff energy of 500 eV.48 The 
Debye temperature (ΘD) of BCBSO was approximated based on 
Eq.1,49,50

                              (1)𝛩D =  
ℎ
𝑘B

[6𝜋2𝑉
1
2𝑁]

1
3 𝐵

𝑀𝑓(𝑣)

where h is the Planck constant, kB is the Boltzmann constant, V 
is the unit cell volume, N is the number of atoms in the unit cell, 
B is the bulk modulus of the host, M is the molecular mass of 
the unit cell, and f(v) is 

                   (2)𝑓(𝑣) = {3[2(2
3
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2

+ (1
3

1 + 𝑣
1 ― 𝑣)

3
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where v is the Poisson’s ratio. B and v were derived using Voigt-
Reuss-Hill (VRH) approximations based on the elastic tensor 
determined with VASP.46,51

3. Results and Discussion

3.1 Structure and Morphology

    The phase purity of the as-prepared BCBSO:xCe3+ (x = 0 – 
0.05) was first checked using laboratory powder X-ray 
diffraction, shown in Fig. 1a. All of the diffraction peaks were 
accounted for according to the published Ba2CaB2Si4O14 crystal 
structure (ICSD card no. 193536).39 These products were further 
analyzed using synchrotron X-ray powder diffraction. Rietveld 
refinements of these data provide reliable crystal structure 
information. As shown in Fig. 1b, the diffractograms of the 
pristine, unsubstituted sample can be easily refined with the 
resulting refinement statistics and refined crystal structure data 
listed in Table 1 and Table S1. BCBSO crystallizes in a large 
tetragonal unit cell with space group I 2m (No. 121), as 4
illustrated in Fig. 1c. It is composed of corner-sharing [SiO4] and 
[BO4] tetrahedra that create channels along each axis, which 
accommodate the Ba2+ and Ca2+ ions. The Ba2+ ion is located at 
Wyckoff position 8i and is coordinated to 9 oxygen atoms, 
forming a distorted elongated square pyramid. The [BaO9] unit 
has a volume of 41.102(5) Å3 and an average Ba-O bond length 
of 2.889(4) Å. The Ca2+ ion is located at Wyckoff position 4e and 
is coordinated to 6 oxygen atoms. The [CaO6] triangular prism 
has a much smaller polyhedral volume of 13.073(7) Å3 and an 
average Ca-O bond length of 2.377(1) Å. The ionic radius of Ba2+ 
is 1.47 Å (CN = 9) and of Ca2+ is 1 Å (CN = 6), which makes both 
ions suitable for Ce3+ substitution (rCN = 9 = 1.196 Å and rCN = 6 = 
1.01 Å).52 Thus, it is possible for dual-site substitution to 
produce two distinct luminescent centers, CeBa

3+ and CeCa
3+.
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Fig. 1 (a) Powder X-ray diffractograms of (Ba2Ca)1-2x/3CexLixB2Si4O14 
(BCBSO:xCe, x = 0 – 0.05) with a reference pattern from ICSD card No. 
193536, (b) Rietveld refinement of BCBSO using a high-resolution 
synchrotron powder X-ray diffractogram, (c) crystal structure of 
BCBSO host and the [BaO9] polyhedron and [CaO6] trigonal prism, (d) 
projected total density of states (DOS) of BCBSO calculated with the 
hybrid DFT method.

The band structure and density of states (DOS) of the BCBSO 
host calculated using DFT-PBE are illustrated in Fig. S1. An 
indirect bandgap (Eg) of 4.86 eV is obtained. This value is likely 
underestimated by ~ 40% owing to the inherent shortcomings 
of the PBE exchange and correlation functional. The electronic 
structure was further analyzed using the hybrid DFT functional 
HSE06 to calculate the electronic structure of BCBSO. As shown 
in Fig. 1d, the resulting DOS has a larger bandgap of 6.5 eV, 
which is likely much closer to the real value. This wide bandgap 
is advantageous for BCBSO as a phosphor host, especially when 
considering the possibility of photoionization induced thermal 
quenching.50,53 Research has also shown that the quantum 
efficiency of a phosphor is related to the structural rigidity of 
the host, which can be described with ΘD. Phosphors with a 
higher ΘD tend to exhibit higher-energy phonon modes that 
decrease the probability of non-radiative relaxation and thus 
increase quantum efficiency.50,54 Here, the ΘD of BCBSO 
compound was calculated to be 495 K with ab initio method 
within the quasi-harmonic Debye model. This value is 
comparable to that of commercial blue phosphor host 
BaMgAl10O17 (478 K),55 indicating that BCBSO phosphor can 
probably achieve a high quantum efficiency. The combination 
of the wide bandgap and the high ΘD of BCBSO makes it a 
promising inorganic host for preparing an efficient, thermally 
robust phosphor.

Table 1 Rietveld refinement data of Ba2CaB2Si4O14.

formula Ba2CaB2Si4O14

radiation type; λ(Å) synchrotron; 0.457893

2θ range (deg.) 1-50

temperature (K) 295

crystal system tetragonal

space group (no.) I 2m (121)4

Z 4

a (Å) 10.93863(1)

c (Å) 10.28487(1)

V (Å3) 1230.62(2)

Rp 0.0650

Rwp 0.0814

χ2 2.436

Fig. 2a shows SEM images of BCBSO:0.03Ce3+. The 
crystallites are all aggregated and irregular in shape. The 
particle size is estimated to be several tens of microns. The EDS 
elemental mappings (Fig. 2b-g) of a selected particle indicate 
that Ba, Ca, Si, O, and Ce are homogeneously dispersed within 
the phosphor particle. The elemental mapping of B is not 
presented here, because it is too light to be reliably detected.

Fig. 2 (a) SEM micrographs of the BCBSO:0.03Ce3+ phosphor particles, 
(b) an enlarged view of a selected particle, (c-g) EDS elemental 
mappings of the selected particle for Ba, Ca, Si, O, and Ce, 
respectively.

3.2 Photoluminescence

    The synthesis of the phase-pure BCBSO:xCe3+ allows  for 
reliable analysis of its photoluminescence properties. Fig. 3a 
presents the emission and excitation spectra of BCBSO:0.03Ce3+ 

Page 4 of 10Journal of Materials Chemistry C



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

measured at room temperature. The inset of the figure shows 
that the sample exhibits a uniform cyan color under 365 nm 
excitation. This phosphor has a broadband excitation spectrum 
(λem = 470 nm) ranging from 250 to 400 nm, which stems from 
the electronic transitions from the Ce3+ 4f ground state to five 
various 5d excited states.56 Under 350 nm excitation, it displays 
an intense and broadband cyan emission, corresponding to the 
ensuing spin-orbit coupled 5d→4f (2F7/2 and 2F5/2) relaxation. 
The maximum intensity of this process occurs at 478 nm with a 
fwhm of 142 nm (6053 cm-1). The fwhm is further broadened to 
161 nm (8010 cm-1) under higher energy excitation (λex = 340 
nm), as shown in Fig. S2b and Table S2. This fwhm value is much 
larger than most of the reported cyan-emitting phosphors, 
making it a promising option to cover the blue, cyan, and green 
regions of the visible spectrum simultaneously. The broad 
emission band (λex = 340 nm) can be deconvoluted into four 
Gaussian sub-bands centered at 25073 cm-1 (399 nm), 23200 
cm-1 (431 nm), 21120 cm-1 (473 nm) and 19110 cm-1 (523 nm), 
as presented in Fig. 3b, indicating the presence of two different 
Ce3+ luminescent centers. This is further substantiated by 
monitoring the excitation spectra at different emissions. 
According to the data in Fig. S2, the peaks in the excitation 
spectrum evolve in both shape and position, depending on the 
monitoring wavelength. Compared to the excitation spectrum 
monitored at 400 nm (a short wavelength), an additional 
excitation band appears at about 350 nm that gradually 
increases when monitored at a longer wavelength. This peak 
eventually becomes the most intense excitation band. Similarly, 
the emission spectrum changes as a function of excitation 
wavelength. These results confirm that Ce3+ ions occupy two 
different crystallographic sites, forming two distinct 
luminescent centers. Based on the respective size of the [BaO9] 
and [CaO6] polyhedra, as discussed above, both the Ba2+ and 
Ca2+ ions can be substituted by Ce3+. Following the crystal field 
theory, one can see that the crystal field strength of the local 
polyhedron determines the splitting width of the Ce3+ 5d 
excitation levels, which finally influences the emission of Ce3+.57 
The crystal field strength around Ce3+ can be approximated by 
following Eq. 3,58

                                             (3)𝐷q =  
𝑧𝑒2𝑟4

6𝑅5

where Dq is the measurement of crystal field strength, z is the 
valence of the anion, e is the electron charge, r is the radius of 
the wave function, R is the distance between the central ion and 
its ligands. According to the refined crystal structure, the 
average bond length of Ba-O (2.889(4) Å) is much longer than 
that of Ca-O (2.377(1) Å), therefore the Ce3+ ion residing at the 
Ca2+ site will have a shorter distance from O2- ions than that at 
the Ba2+ site. As shown in Eq. 3, a shorter bond length between 
the central ion and its ligands will result in stronger crystal field 
splitting; thus, Ce3+ will produce a lower energy emission (longer 
emission wavelength).57,59 Further, a shorter Ce-O bond will also 
lead to a larger nephelauxetic effect, which pushes the Ce3+ 5d 

level down toward 4f level. This also causes a longer emission 
wavelength.32,59 Therefore, we can conclude that the higher 
energy emission bands (shorter emission wavelength) are 
attributed to Ce3+ occupying the Ba2+ site (CeBa

3+), whereas the 
lower energy emission bands (longer emission wavelength) are 
originated from Ce3+ substituting for Ca2+ (CeCa

3+). 

Fig. 3 (a) Photoluminescence excitation and emission spectra of 
BCBSO:0.03Ce3+ phosphor at room temperature; the inset 
shows a photograph of the phosphor under ultraviolet lamp (λex 
= 365 nm), (b) Gaussian fitting for emission band of 
BCBSO:0.03Ce3+ under the excitation of 340 nm, (c) room 
temperature photoluminescence lifetime decay curves of 
BCBSO:0.03Ce3+ monitored at 365, 450 and 520 nm, 
respectively, using a 336 nm nano-LED as the excitation source, 
(d) energy level schematic diagram of BCBSO:Ce3+. NE, CFS, CB, 
and VB represent the nephelauxetic effect, crystal field splitting, 
conduction band, and valence band, respectively. 

The time-resolved photoluminescence spectra provide an 
additional evidence for the site occupancy. Fig. 3c shows the 
decay curves of BCBSO:0.03Ce3+ monitored at different 
emission wavelengths under the excitation of 336 nm. The 
decay curve monitored at 450 nm can be fitted using a bi-
exponential function in Eq. 4,60

                        (4)𝐼 =  𝐴1exp ( ―
𝑡

𝜏1
) + 𝐴2exp ( ―

𝑡
𝜏2

)
where I is the luminescence intensity at time t, τ1 and τ2 are the 
fast and slow components of the lifetime, and A1 and A2 are the 
corresponding fitting parameters. The values of τ1 and τ2 and 
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their percentage contents are provided in Table S3. The bi-
exponential decay curve indicates that the emission arises from 
Ce3+ occupying two different lattice sites, which is consistent 
with the steady-state photoluminescence analysis. Moreover, 
monitoring the decay curves at 365 and 520 nm, as shown in 
Fig. 3c, one can observe a single exponential function with 
lifetimes of 27.38 and 56.05 ns, respectively. These 
luminescence lifetimes correspond to the emissions from the 
CeBa

3+ and CeCa
3+ centers, respectively. According to the values 

of τ1 and τ2, the average lifetime monitored at 450 nm was 
calculated to be 44.04 ns, which is typical for Ce3+-substituted 
phosphors.31,57 Additional decay curves for the samples with 
different Ce3+ concentrations are given in Fig. S3, and they all 
display the same behavior. 

Based on all the information obtained from optical 
spectroscopy, it is possible to schematically illustrate the 
relative energy levels of Ce3+ ions in the BCBSO host. Fig. 3d 
shows that each of Ce3+ ions occupying different 
crystallographic sites experiences a different nephelauxetic 
effect and crystal field splitting resulting in different 
photoluminescence properties. These two distinct luminescent 
centers combine to produce the broadband cyan emission of 
BCBSO:Ce3+.

    Analyzing the normalized emission spectra of BCBSO:xCe3+ 
with different concentrations (x = 0.005 – 0.05) under an 
excitation of 340 nm at room temperature, plotted in Fig. 4a, 
provides additional information about this compound. There is 
a clear red shift and also a shape change in emission spectra as 
the Ce3+ concentration is increased. This likely arises from 
different emission contributions of CeBa

3+ and CeCa
3+ in the total 

profile. Factors such as site occupancy, reabsorption, and 
emission band broadening may cooperatively influence the 
position and shape of the total emission spectra.17 Tracking 
each emission spectrum, we can see that the shorter 
wavelength contribution of CeBa

3+ is much larger at a low 
concentration (i.e., x = 0.005) compared to a higher one (i.e., x 
= 0.05). This is because the CeBa

3+/CeCa
3+ ratio decreases with 

the increasing dopant concentration. The origin of this site 
preference is due to the fact that Ce3+ is smaller than Ba2+ but 
slightly larger than Ca2+. As a result, Ce3+ firstly occupies the Ba2+ 
site at low concentrations before entering the smaller Ca2+ site. 
A similar site occupancy preference has been observed in other 
hosts with multiple substitution sites, and also results in similar 
evolutions of the emission spectra as the dopant concentration 
is changed.17,34,61,62 Reabsorption can also be a possible reason 
for the evolution of the photoluminescence spectra with 
increasing x. It can be seen that the 350 – 400 nm emission 
originated from CeBa

3+ overlaps the lowest energy excitation 
band of CeCa

3+. Thus, the CeBa
3+ emission can be reabsorbed, 

leading to a decrease in the emission intensity.32 However, 
reabsorption is minimized at low substitution concentrations.

To evaluate the luminescent efficiency of BCBSO:xCe3+, the 
IQE at various concentrations was measured. As shown in Fig. 

4b, the sample containing 1% Ce3+ has the highest IQE of about 
54% (λex = 350 nm) at room temperature. Increasing the Ce3+ 
concentration causes a drop in IQE, which is a common 
phenomenon, the so-called concentration quenching, in 
phosphor materials, likely stemming from energy transfer 
between adjacent luminescent centers, such as exchange 
interactions, radiation reabsorption, or multipole-multipole 
interactions.31,53 The IQE value is still reasonable and can be 
improved by optimizing the synthesis conditions as well as post-
processing the particle morphology of the phosphor.

Fig. 4 (a) Normalized emission spectra under 340 nm excitation 
and (b) internal quantum efficiency (IQE) under 350 nm 
excitation of BCBSO:xCe3+ phosphors (x = 0.005 – 0.05).

3.3 Thermal Quenching

    Phosphors in pc-wLEDs experience moderately high 
temperatures during operation.4,63 Thus, it is important to 
evaluate the thermal and chromaticity stabilities of the 
BCBSO:Ce3+ phosphor as a function of temperature. The 
temperature-dependent emission spectra of BCBSO:0.03Ce3+ 
were collected from 300 to 580 K (λex = 340 nm). The resulted 
contour plot, normalized integrated emission intensity and the 
normalized peak intensity against temperature are plotted in 
Fig. 5. The raw spectra are provided in Fig. S4. A slight blue shift 
of the emission spectra with increasing temperature is observed 
(Fig. 5a), which stems from the lattice expansion of the BCBSO 
host with increasing temperature. Fortunately, this change 
causes only a minimal shift in the chromaticity coordinates (Fig. 
S4c), indicating the superb color stability. More importantly, 
plotting the normalized integrated emission intensity and 
normalized peak intensity as a function of temperature (Fig. 5b) 
reveals BCBSO:0.03Ce3+ maintains 95% of the room 
temperature luminescence at 420 K. Further increasing the 
temperature to 580 K indicates the phosphor still maintains 80% 
of the emission intensity. This excellent thermal stability can be 
attributed to the large band gap (Eg = 6.5 eV) and relatively rigid 
crystal structure (ΘD = 495 K) of BCBSO host. Such a thermally 
robust cyan-emission provides great promise for applications 
even in high-power pc-wLEDs.
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Fig. 5 (a) Contour plot of the temperature-dependent emission 
spectra of the BCBSO:0.03Ce3+ phosphor under 340 nm 
excitation, (b) the normalized integrated emission intensity and 
peak intensity as a function of temperature.

3.4 Application in pc-wLEDs

    The broadband cyan emission and excellent thermal stability 
make BCBSO:Ce3+ a promising component for high-quality, full-
visible-spectrum white LED lighting. Therefore, a simple 
dichromatic white LED device (wLED-1) was fabricated by 
coupling the as-prepared cyan-emitting BCBSO:0.03Ce3+ 
phosphor and a red-emitting Sr2Si5N8:Eu2+ to a UV LED (λex = 370 
nm). The device was driven by a current of 20 mA to yield the 
corresponding luminescence spectrum (Fig. 6a upper). Because 
of the broad cyan emission from BCBSO:Ce3+ and broad red 
emission from Sr2Si5N8:Eu2+, a continuous spectrum covering 
the entire visible region was achieved even without mixing an 
additional green-emitting phosphor usually used in other full-
visible-spectrum pc-wLEDs. The wLED-1 device produces the 
high-quality cool white light with the CIE 1931 chromaticity 
coordinates of (0.305, 0.321), a CCT of 7052 K, and a Ra of 91, 
as plotted in Fig. 6b. The color rendering indexes (R1 ~ R15) 
listed in Table S4 indicate it also has very high R9 (96) and R12 
(85) values. The high color rendering cool white light has great 
potential in special applications, for example, medical lighting. 
To further tune the CCT of the pc-wLED, a green-emitting β-
SiAlON:Eu2+ phosphor was added to the mixture of 
BCBSO:0.03Ce3+ and Sr2Si5N8:Eu2+. The addition of green can 
finely tune the CCT of the white light along the blackbody locus 
without sacrificing the Ra, resulting in high-quality cool to warm 
white lights. The fabricated wLED-2 (Fig. 6a lower and Fig. 6b) 
produces a warm white light with the chromaticity coordinates 
of (0.398, 0.390), a CCT of 3651 K, and an improved Ra of 95. 
These results validate the outstanding potential of the newly 
developed BCBSO:Ce3+ cyan-emitting phosphor in future UV-
driven pc-wLEDs.

Fig. 6 (a) Luminescent spectra of two pc-wLEDs: wLED-1 
fabricated by combining the cyan-emitting BCBSO:0.03Ce3+, 
red-emitting Sr2Si5N8:Eu2+, and a 370 nm UV-LED; wLED-2 
fabricated by adding an additional β-SiAlON:Eu2+ green-emitting 
phosphor. The insets show the corresponding pc-wLED devices 
driven by a current of 20 mA, (b) the CIE 1931 chromaticity 
coordinates of the fabricated pc-wLEDs.

4. Conclusions

In summary, we have developed a novel cyan-emitting 
borosilicate phosphor, Ba2CaB2Si4O14:Ce3+, for use in full-visible-
spectrum pc-wLEDs. The phosphor exhibits a broadband cyan 
emission (fwhm = 142 nm; 6053 cm-1) peaking at 478 nm, 
simultaneously covering the blue, cyan and green light regions 
in the visible spectrum. The broadband emission stems from the 
dual-site occupancy of Ce3+ on both Ba2+ and Ca2+ 
crystallographic sites in the crystal structure. This is proven 
using the crystal structure and photoluminescence analysis. The 
phosphor shows a relatively high IQE of 54% and excellent 
thermal stability with the 95% emission intensity retention at 
420 K. Combining the broadband cyan-emitting BCBSO:Ce3+ 
with a single red-emitting phosphor allows the production of a 
UV-driven high quality (Ra = 91) cool white light (CCT = 7052 K). 
The CCT can be finely tuned in a wide range from the cool to the 
warm by introducing an additional green-emitting phosphor. 
This work not only provides a promising cyan-emitting 
phosphor for high-quality full-visible-spectrum pc-wLEDs, but 
also demonstrates an excellent example of multi-site 
engineering in phosphor design.
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