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Modern aspects of strategies for developing
single-phase broadly tunable white
light-emitting phosphors
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In phosphors intended for the applications of white light-emitting diodes (white-LEDs), their ability to

achieve controlled-photoluminescence-tuning is an important feature, which is directly linked to their

optimization and modification. More specifically, the development of luminescent materials with broadly

and continuously tunable photoluminescence is still a challenge for the generation of highly efficient

warm white-light with appropriate correlated color temperature (CCT), a high color-rendering-index

(CRI), and excellent thermal stability. This review presents the latest developments of single-phase

white-light-emitting Ba9Lu2Si6O24 (BLSO) silicate phosphors. The emerging approaches to crystal-site

engineering and the energy transfer mechanisms are discussed at great length. The BLSO phosphor host

lattice, having rich and distinguishing crystallographic sites, provides various surrounding environments

to the doped rare-earth (RE) ions, and it also allows for the engineering of the local atmosphere of the

doped ions. Substitution with more than one activator, as a co-dopant ion, in the BLSO phosphor host

may enable tuning of the photoluminescence spectrum to the desired spectral region. The ultimate goal

of this review is to aid research aimed at discovering new approaches to the aforementioned objectives,

following strategies associated with the occupation of multiple crystallographic sites with activators, in

accordance with a thorough understanding of the function of the energy-transfer phenomenon,

whereby various dopants can achieve efficient tunability.

1. Introduction

About 20% of the electricity produced globally is consumed to
cover the needs for lighting. Thus, more efficient sources of
illumination will save an enormous amount of energy.

Nonetheless, the production of efficient white light, which
would be a promising solution for indoor illumination, still
remains a great challenge. In order to obtain a high-quality
color in an accurate way, the source of illumination needs
to provide photons at visible-spectrum wavelengths. The
achievement of such a broadband emission from single-phase
phosphors is an exciting challenge.

In commercially available white-light sources, one or more
light-emitting diodes (LEDs), coated with one or more phosphors,
yield a combined emission that appears to be white. Nevertheless,
multiple emitters result in a variation of emission color over time,
due to the unequal rates of degradation of the emitters, and in
a loss of efficiency, owing to reabsorption, which leads to over-
lapping of the absorption and emission energies of the various
components.1–4 An ideal solution would be a single material
that emits broadband white light with a continuous emission
spectrum (400–700 nm).5–8

The host lattice of phosphor compositions, which have
multiple crystallographic sites, provides the opportunity of
tuning the luminescence within the entire visible spectrum by
manipulating the surrounding environment around the doped
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activators. Because of the mismatch between the activator and
the host cation at a particular crystallographic site, the activator
may occupy the most suitable site.9–11 More specifically, a
broad 5d–4f transition is usually observed in divalent Eu2+,
Sm2+, and Yb2+, and trivalent Ce3+ rare-earth ions.12–14 The 4fn

ground state is completely shielded by the surrounding 5s and
5p orbitals. The 5d level of the 5dn�1–4f1 excited state is not
fully shielded, and therefore, it is more sensitive to the
surrounding environment of the host lattice. This phenomenon
causes a shift of the emission and excitation spectra up
to several tenths of nanometers,15,16 while the positions of
excitation and emission remain almost the same in the case
of 4fn transition. Accordingly, the position of the 5d level, which
shifts depending on the host composition, is responsible for
changes in the difference in energy between the ground and
excited levels.

Furthermore, various factors, like crystal-field splitting and
the nephelauxetic effect, also influence photoluminescence
excitation and emission tuning.14,17 Divalent Eu2+ ions mostly
exhibit orange and red emission in nitrides, while UV and blue
emission is exhibited by fluorides.18–20 The 4f–4f transition in
most of the trivalent lanthanides results in its characteristic
emission lines, whose peak positions remain almost fixed or
they slightly shift on account of the changes in the phosphor
host lattice due to the forbidden 4f–4f transition,21–23 whereas
the 5d level of the spin-allowed transition of Ce3+/Eu2+ is highly
sensitive to the surrounding environment of the host lattice,
such as the centroid shift and crystal-field splitting.24–26

The centroid shift is linked to the polarizability of the
surrounding anion ligands and to the covalency of the

crystal.27,28 The extent of crystal-field splitting depends on the bond
lengths between the activator ion and the coordinating anions, the
degree of covalency between the activator ion and its ligands, the
coordination environment, and the symmetry of the site of
the activator.29,30 The fundamental understanding of the
relationship between the luminescence of phosphors and the host
lattice still poses an interesting challenge.

A. Kalaji31 and co-workers investigated the photoluminescence
excitation and emission spectra along with the behavior of
thermal quenching and thermal degradation of phosphors, which
can be tuned through variation of phosphor-host composition
and structure. They substituted the tetravalent Si4+ with Al3+ and
Ge4+ in the gamma-phase Ca2SiO4-phosphor host lattice. This
caused a redistribution of the doped Ce3+ in two distorted
available crystallographic sites of Ca2+. As a result, the high-
energy blue emission was efficiently shifted to yellow emission.
The double substitution of Mg2+ and Si4+/Ge4+ caused an
appropriate redshift in the emission spectrum of YAG:Ce3+ garnet
phosphors under blue-light irradiation.32

Our previous work investigated the occupation of divalent
Eu2+ ions in the three distinct crystallographic sites of Ba2+ in
Ba9Lu2Si6O24 silicate phosphors.33 When the concentration of
Eu2+ was low (x o 0.1), the Eu2+-doped Ba9Lu2Si6O24 phosphors
generated efficient blue light with a dominating peak at around
462 nm. However, as the Eu2+ concentration was increased
(x 4 0.3), both the photoluminescence excitation and emission
were efficiently tuned (PLE from 342 to 452 nm, and PL from
462 to 512 nm). The efficient tuning of the photoluminescence
excitation enables a perfect matching of the green emission of
the synthesized phosphors with the blue emission of an InGaN
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chip. This qualifies them for possible application in multicolor
white LEDs (RGB LEDs).

Besides adding to the cost of the final product, a further
increase of Eu concentration may also result in concentration
quenching, which decreases the photoluminescence intensity.
Cation-size mismatch, neighboring-cation substitution, and
release of neighboring cation-induced stress have been
proposed in order to tune photoluminescence and thermal
quenching.34–37 To avoid concentration quenching, efficient
substitution with Sr2+ and Ca2+ cations, with comparably
smaller ionic radii, in Ba9Lu2Si6O24 was attempted at a low
concentration of Eu2+ (x = 0.1).33,38 The former substitution
caused a shift of photoluminescence emission to a longer
wavelength, having a maximum at 512 nm, owing to the doping
Eu2+ activators occupying the Ba(3) crystallographic site, which
has a different coordination environment than that in the Ba(1)
site, having blue emission at 462 nm. The latter substitution
showed a broadband emission spectrum that covers the blue
(430–480 nm), green (500–550 nm), and yellow (560–580 nm)
spectral regions, on account of the distribution of the doping
Eu2+ activators among the three crystallographic sites, which
have different surrounding environments. The luminescence
characteristics of various dopants in Ba9Ln2Si6O24 (Ln = Sc3+,
Y3+, Lu3+, and Al3+) orthosilicate phosphors are summarized in
Table 1.

The emission of the various color components in the visible
spectral region can be generated by the single-phosphor host
lattice by co-doping with various sensitizers and activators with the
mechanism of multiple energy transfer (ET), leading to attractive
multicolor emission.51,52 Consequently, the development of
phosphors with various emission colors due to their ET
characteristics becomes a key issue for single-phase phosphor-
converted white LEDs.

As discussed above, the phosphor composition, having
multiple crystallographic sites, offers the versatility of sites
for occupation with various sensitizer and activator ions. As a
result, the photoluminescence excitation (PLE) and emission
(PL) may be easily tuned to the appropriate spectral range.
Additionally, this can also increase the photoluminescence
quantum yields (PLQYs) of coactivated transition metal and

rare-earth ions, whose d–d and f–f transitions are parity
forbidden due to ET from the sensitizer, which has a 5d–4f
parity allowed transition. In this case, the ET mechanism
determines the generation of light with longer wavelengths
(green, yellow, and red). More specifically, the sensitizer Ce3+/
Eu2+, having a 5d–4f parity allowed transition, absorbs UV,
NUV, and blue light, and emits at shorter wavelengths of the
visible spectrum. This low-wavelength emission (blue to cyan)
is absorbed by the other (co-doped) activators, resulting in an
emission at a longer wavelength (green, yellow, or red).

The combination of the emissions generated by various
activators can be adjusted to the resultant white light. The
adjustment of the emission depends on the activators and the
appropriate host–ligand field.53–55 Various transition-metal and
rare-earth ions, such as Bi3+, Eu2+, Ce3+, Tb3+, Dy3+, and Sm3+,
are efficient sensitizers, which effectively transfer part of their
energy to various activators, like Tb3+, Eu3+, Mn2+, Mn4+, Sm3+,
Dy3+, and Eu2+ ions. Tuning of photoluminescence emission
has been enabled due to the ion–ion interactions of various
sensitizer/activator couples, such as Eu2+/Mn2+,56 Eu2+/
Tb3+,57,58 and Ce3+/Tb3+,59 in the lattice of many phosphor
hosts. Our previous studies report on examples of the ion–ion
interactions of various couples in single-phase phosphors, like
CaLa4Si3O13:Ce3+/Tb3+,55 Y5Si3O12N:Ce3+/Tb3+,60 CaxBa9�xLu2Si6O24:
Eu2+/Mn2+,38 Ba9Lu2Si6O24:Ce3+/Tb3+/Mn2+,61 YPO4:Dy3+/Eu3+/
Tb3+,62 Ca2YTaO6:Bi3+/Eu3+,63 Ca2LuTaO6:Dy3+/Eu3+,64 and
Y5Si3O12N:Ce3+/Dy3+.65 The tunable photoluminescence emission
of such ion–ion interactions enriches the family of phosphor-
converted white LEDs and meets the requirements of multiple
applications and various advanced optical devices.

This review thoroughly reports on the latest developments as
far as the emerging aspects of designing novel compositions of
single-phase white light-emitting phosphors are concerned.
More specifically, we selected the phosphor host lattice of
Ba9Lu2Si6O24, as a model, because it has multiple crystallo-
graphic sites for occupation with various activators; it
generalizes all lattices of phosphor-hosts that have multiple
crystallographic sites. We provide a comprehensive study
of the tuning of photoluminescence emission owing to the
occupation of multiple crystallographic sites of single-phase
phosphors with activators. Effective control of the tuning of the
emission color as a result of the efficient energy transfer in
double- and triple-doped single-phase phosphor hosts is also a
focal point in this study.

2. Crystal structure of the BLSO
phosphor host lattice

BLSO crystallizes in the rhombohedral system with space group
R3 and has three distinct crystallographic sites. More specifically,
the rhombohedral structure of BLSO (Fig. 1a) consists of
corner-sharing SiO4–LuO6–SiO4 layers, creating a 3D frame-
work. The Lu3+ ions form a twisted LuO6 octahedron with three
short (2.160 Å) and three long (2.223 Å) Lu–O bonds, which are
coordinated by six oxygens. The 12-coordinated Ba(1), the

Table 1 Luminescence features of various dopants in Ba9Ln2Si6O24 (Ln =
Sc3+, Y3+, Lu3+, and Al3+) orthosilicate phosphors

Composition lex (nm) lem (nm) Energy transfer Ref.

Ba9Sc2Si6O24:Ce3+ 325 384 — 39
Ba9Sc2Si6O24:Eu2+ 450 508 — 40
Ba9Y2Si6O24:Ce3+ 394 480 — 41
Ba9Y2Si6O24:Eu2+ 420 506 — 42
Ba9Y2Si6O24:Bi3+/Eu3+ 337, 372 408, 501 Yes 43
Ba9Y2Si6O24:Sm3+ 404 603 — 44
Ba9Al2Si6O24:Ce3+ 328 386 — 45
Ba9Al2Si6O24:Eu2+ — — —
Ba9Lu2Si6O24:Ce3+ 400 490 — 46
Ba9Lu2Si6O24:Eu2+ 342 460 Yes 47
Ba9Lu2Si6O24:Eu2+ 440 514 — 48
Ba9Lu2Si6O24:Bi3+/Eu3+ 335, 370 410, 485 Yes 49
Ba9Lu2Si6O24:Tb3+ 251 552 — 50
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9-coordinated Ba(2), and the 10-coordinated Ba(3) have three
different sites for oxygen, with average Ba–O bond lengths as
3.085, 2.925, and 2.934 Å, respectively. The Eu2+ ions are prone
to occupy the Ba2+ sites in BLSO because the charges of Eu2+

and Lu3+ ions are different; moreover, the 6-coordinated Eu2+

ion (1.17 Å) is bigger than the trivalent Lu3+ ion (0.861 Å), but
smaller than Ba2+ (1.35 Å).

Liu et al.66 thoroughly investigated the structure of BLSO
phosphors by refinement of X-ray diffractograms. The structural
view along the c axis (Fig. 1b) reveals a single layer of the
rhombohedral structure, where the bigger octahedral units of
LuO6 are connected in nearly-hexagonal array-sharing corners
to the smaller tetrahedral units of SiO4. The LuO6 octahedra are
distorted in this structure. The O–Lu–O bond angle changes from
85.11 (�8) to 97.11 (�2). The distorted tetrahedral structure of SiO4

has a Si–O bond length in the range of 1.587 to 1.668 Å, and the
O–Si–O bond angles range from 104.4 to 118.21.

The view along the b axis of the layered crystal structure of
BLSO (Fig. 1c) displays three barium crystallographic sites –
Ba(1), Ba(2), and Ba(3). The crystallographic sites Ba(1) and
Ba(2) are arrayed in the chains of interlayer-gaps and connect
the Lu–Si–O layers, which have chains of the Ba(3) cationic
sites. The Lu3+ and Si4+ have only one crystallographic site,
which is coordinated with six (6) and four (4) oxygens,
respectively.

3. Tuning of photoluminescence
emission following the strategy of the
occupation of multiple
crystallographic sites of single-phase
phosphors with activators
3.1 Eu2+ occupation in multiple crystallographic sites

Single-phase phosphors have broadly and continuously tunable
photoluminescence excitation and emission. They have been
the most intensively investigated materials in recent years
because of their potential for use in a variety of applications
at low cost, such as highly efficient solid-state lighting, high-
quality color displays, biological sensing, information storage,
and labeling.52,67–73 In order to produce efficient white-light
emission, many studies have been focused on presenting
strategies for developing novel single-phase phosphors and
for optimizing their characteristics. Among them, crystal-site
engineering has produced outstanding results. For instance,
the green-emitting aL-Ca2SiO4:Eu2+ phosphor is tailored to a
red-emitting phosphor, while the ordering of SiN4 and AlN4

clusters in (CaSr)SiAlN3:Eu2+ improves the luminescence
intensity.74,75 Hence, modifying the properties of known
phosphors by using crystal-site engineering is a promising
approach for developing new phosphors with desirable features.

Fig. 1 Various features, such as the crystal structure (a) viewed perpendicularly to the b and c axes with the coordinated environment of Ba(1), Ba(2),
Ba(3), and Lu with oxygen, with magnified structures (b) perpendicular to the c axis, and (c) perpendicular to the b axis.66,90 (Reproduced with permission
from ref. 90, copyright 2016, American Chemical Society and ref. 66, copyright 2015 Wiley.)
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The host lattice of phosphors has multiple crystallographic
sites, thus offering the possibility for tuning luminescence via
engineering of the surrounding environment of activators.
Because of the potential mismatch between the activator and
the host cation, the activator will occupy the most suitable
crystallographic site.76,77 This means that increasing the
dopant concentration will effectively tune the luminescence to
the desired values (in other words, efficient tuning) since the
activator ions would be forced to occupy the less suitable
cationic sites in the host lattice.31,77–79 Additionally, cation
substitution can force the luminescent center to enter the
less appropriate crystallographic sites found within the multi-
ple cationic sites in the host lattice.76,80–84 For example, in
Sr2�xBaxSi2O2N2:Eu2+ oxynitride phosphors, cation substitution
shifts the divalent Eu2+ to a non-preferential site, resulting in
efficient tuning of the luminescence towards longer
wavelengths.85 In general, cation substitution is highly considered
as an efficient strategy to tune photoluminescence excitation and
emission to a desired range of the spectral region.86–89

A well-known blue-emitting phosphor is Ba9Lu2Si6O24:Eu2+

(BLSO:Eu2+). Multiple crystallographic sites are available for the
occupation with divalent Eu2+ ions in the BLSO host lattice,
resulting in a variety of color emission. Many investigations
have been conducted in order to throw light on the origin of the
varied color emission. The emission spectrum has been studied
in detail by several researchers by using a variety of techniques,
such as room and low temperature photoluminescence spectro-
scopy and Gaussian fitting.

The team of Yongfu Liu90 was the first to investigate the
anomalous red emission of divalent Eu2+-activated BLSO
silicate phosphors. The normalized room-temperature photo-
luminescence (PLE and PL) spectra of BLSO:3%Eu2+ phosphors
(Fig. 2a) show that all the PL spectra display broad-band blue
emission, having a maximum at 460 nm with a long tail. The
range of the emission spectra peaking at 510 nm is enhanced
when the wavelength of excitation (PLE) is tuned from 342 nm
to 430 nm. In order to find the reason behind the enhancement
towards the longer wavelength region, photoluminescence
excitation spectra were recorded at the monitored wavelengths
of various emissions, i.e. at the peak position (460 nm), in
the shoulder enhancement (510 nm), and in the tail (610 nm).
It was observed that the photoluminescence excitation spectra
became broad when the monitored emission wavelength
shifted from 460 to 510 and 610 nm. The recorded spectra
reveal various peak positions in the excitation profile for all
three monitored emissions. The various excitation and
emission profiles suggest that more than one luminescent
center should result in this phenomenon.

In order to deeply shed light (provide more details) on the
existence of multiple luminescent centers in the BLSO
phosphor host lattice, the PLE and PL spectra of BLSO:3%Eu2+

were recorded at low temperature, i.e. 77 K (Fig. 2b). Three
peaks around 460 nm, 510 nm, and 610 nm were recorded.
The PLE spectra monitored at the three different emission
peaks were also observed to be significantly different at a
temperature of 77 K. The photoluminescence excitation

spectrum at a monitored wavelength of 510 nm exhibits a
narrow and dominant peak around 430 nm, while two other
peaks at 370 and 280 nm are significantly different from those
in the broad PLE spectrum recorded at room temperature.
These results support the Eu2+ occupation in the three different
crystallographic sites in BLSO phosphors. In other words, the
three different emission peaks are results of Eu2+ ions which
occupied the three different crystallographic sites in BLSO
phosphors.

The origin of these three emission peaks was investigated in
detail. The luminescence of the Eu2+-activated BLSO silicate
phosphors was compared with the luminescence of Eu2+-doped
Ba9Sc2Si6O24 (BSSO) and Ba9Y2Si6O24 (BYSO), which have
the same crystal structure as the BLSO phosphor host lattice.
The activated divalent Eu2+ ions occupy the Ba2+ sites in BSSO
and BYSO.91,92 Green emission with a peak at around 505 nm at
RT is recorded in the spectra of both BSSO:Eu2+ and BYSO:Eu2+

phosphors. The green-color emission at a low temperature
consists of two bands, peaking at 460 and 510 nm.93,94 Although
the BLSO phosphors have an identical crystal structure to the
BSSO and BYSO phosphors, the Eu2+-doped BLSO phosphors
display deep-blue emission (460 nm) at room temperature,
which is completely different from the green emission
(505 nm) of BSSO:Eu2+ and BYSO:Eu2+. More interestingly, a
new emission band in the red spectral region, having a peak at
around 610 nm, was observed at 77 K, which was not recorded in
the spectra of the BSSO:Eu2+ and BYSO:Eu2+ phosphors.

In the host lattice of BLSO phosphors, the average bond
length of the 9-coordinated Ba(2) site (2.925 Å) is comparable to
that of the 10-coordinated Ba(3) cationic site (2.934 Å), providing,
therefore, a similar crystal-field strength to the 5d state of the
doped Eu2+ ions. The average bond length of the 12-coordinated
Ba(1) crystallographic site (3.085 Å) is greater than the bond
lengths of the Ba(2) and Ba(3) crystallographic sites. Therefore,
the Ba(1) crystallographic site provides a different surrounding
environment, like weaker crystal-field strength to the doped
Eu2+, by comparison with the Ba(2) and Ba(3) cationic sites.
As discussed earlier, the 5d energy level of the divalent Eu2+ ions
is greatly affected by the surrounding environment, like crystal-
field splitting. Hence, the high-energy blue-emission peaking at
460 nm should be ascribed to the doped Eu2+ occupying the
Ba(1) crystallographic site, which has a weaker crystal-field
strength. The green emission at around 510 nm might be
attributed to the occupation of the Ba(2) and Ba(3) crystallo-
graphic sites by the Eu2+ ions, which provide stronger crystal-
field strength.

The energy-transfer mechanism can be considered as a
possible reason for the appearance of the three different
emission peaks. The phenomenon of energy transfer from the
divalent Eu2+-doped Ba(1) site to the other available crystal-
lographic sites Ba(2) and the Ba(3) is schematically presented in
Fig. 2c. At room temperature, part of the energy from the
blue luminescent center (460 nm) is transferred to the green
luminescent center (510 nm) using path a. The transfer of energy
from both the blue (460 nm) and green (510 nm) luminescent
centers to 610 nm was observed at low temperature (77 K), as
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shown in paths d and e, respectively. Thus, the low-temperature
(77 K) luminescence spectra show an intensive red emission
peak around 610 nm. This phenomenon was also observed when
the phosphor sample (in powder form) was subjected to liquid
nitrogen temperature. The digital photographs of the samples at
room and low temperatures are shown in Fig. 2d. The decay-time
profiles monitored at the three emission peaks (460, 510, and
610 nm) at 77 K are shown in Fig. 2e. The three different
fluorescence decay-time profiles for the three monitored emis-
sion peaks confirm the three different luminescent centers of
Eu2+ in the BLSO phosphors.

The photoluminescence emission and CIE of the BLSO
phosphors at various concentrations of Eu2+ (x = 0.01–0.15),
under 400 nm near-UV light excitation, are plotted in
Fig. 2f and g, respectively. The optimized concentration for
460 nm emission is x = 0.07. The emission-peak intensity at
510 nm increases up to x = 0.12. At higher concentrations of
Eu2+ ions, enhancement of efficient energy transfer to other
available crystallographic sites should occur. The tuning of
the emission color from 460 nm to longer wavelengths at
higher concentrations of the Eu2+ ions was also observed
(Fig. 2g).

Fig. 2 Features and properties of BLSO phosphors: PLE and PL spectra at (a) room temperature and (b) 77 K, (c) energy-transfer mechanism among the
three luminescent centers, (d) digital photographs at room temperature and 77 K, (e) decay curves of the three luminescent centers at 77 K, and
(f) photoluminescence emission and (g) CIE chromaticity diagram for various concentrations of Eu2+ (x = 0.01–0.15), under 400 nm excitation.90

(Reproduced with permission from ref. 90, copyright 2016, American Chemical Society.)
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The Eu2+ occupation in multiple crystallographic sites was
considered as the main reason for enabling the tuning
of photoluminescence excitation and emission in the BLSO
phosphor host lattice. Although most of the work done was
conducted at low temperatures, the understanding of the
tuning of PLE and PL at room temperature is of major
importance. In our previous work, we studied various cationic
substitutions.33,38 The anomalous tuning from blue to efficient
green emission of Eu2+ singly doped Ba9Lu2Si6O24 (BLSO:Eu2+)
silicate phosphors was investigated. The origin of the blue
emission was first thoroughly investigated by analyzing the
crystal structure of the BLSO phosphor host.

The normalized PLE and PL spectra of BLSO:xEu2+ silicate
phosphors (for x = 0.05, 0.1–0.6) under various excitations
(respective to the corresponding emission peaks) are shown
in Fig. 3a. The phosphors with x = 0.05 to 0.3 displayed a high
intensity blue-light emission in the range of 400–600 nm, with a
long tail towards 700 nm, having a dominant intensity peak
around 463 nm. These emission spectra are analogous to those
in the previously reported work.95 The prominent photo-
luminescence excitation in the UV to near-UV range (peaking
at 342 nm) and the high intensity broadband blue emission
(peaking at 463 nm) correspond to 4f5d1 - 4f7 allowed
transitions.

The emission color was efficiently tuned towards the green-
spectral region with the increase of Eu2+ content from x = 0.3 to

0.6, although all the prepared phosphors with higher Eu2+

concentrations maintained the rhombohedral BLSO phase.
The emission spectrum becomes a doublet at the optimized
Eu2+ concentration (x = 0.3), having two emission peaks below
and above the 500 nm emission peak. Further enhancement of
the Eu2+ content results in a variation of the photo-
luminescence emission spectrum of the Eu2+ doped BLSO
phosphor host lattice. The BLSO phosphor with x = 0.6
(Fig. 3b) exhibited broadband green emission, having a
dominant peak at 514 nm. The variation produced in the photo-
luminescence emission spectra of the prepared Eu2+-doped BLSO
silicate phosphors supports that there are numerous luminescent
centers in the synthesized BLSO host lattice.

The efficient tuning of the emission spectra of the prepared
BLSO:Eu2+ phosphors from dark blue to efficient green is
attributed to the variations in the emission centers among
the three available (Ba(1) to Ba(2) and Ba(3)) crystallographic
sites. Hence, the shorter wavelength blue emission (peaking at
463 nm) at the lower Eu2+ (x = 0.05 to 0.3) concentrations is
attributed to the spin allowed 4f65d1 - 4f7 transitions of the
activator Eu2+ in the first available Ba(1) crystallographic sites
owing to the highly preferential occupation of the Ba(1) crystal-
lographic site in the BLSO host lattice with the divalent Eu2+.93

Upon increasing the concentration of the divalent Eu2+

activators in the produced BLSO phosphors host-lattice
compositions, the dominant blue-emission peak around

Fig. 3 The photoluminescence properties of BLSO:Eu2+ phosphors, such as (a) normalized PLE and PL spectra at room temperature, (b) PLE and PL for
0.6Eu2+ with digital photographs under common daylight (photo at the bottom) and under 365 nm UV light (top photo), (c) CIE chromaticity diagram with
digital photographs under 365 nm UV light, (d) decay-time profiles and (e) normalized PLE and PL spectra for Sr2+-substituted samples, and (f)
deconvolution of the emission spectrum for throwing light on the mechanism of the green-emission enhancement.33 (Reproduced with permission from
ref. 33, copyright 2018, Elsevier.)
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463 nm disappears as a result of the concentration quenching
of the activator Eu2+ in the Ba(1) site in the prepared BLSO
phosphor host. The Eu2+ concentration in the available
non-preferential cationic-sites of Ba(2) and Ba(3) increases with
the increase of the x concentration from x = 0.3 to 0.6. The
appearing green-emission of the BLSO:Eu2+ silicate phosphors
should also correspond to 4f65d1 - 4f7 transitions in the
doped divalent Eu2+ ions at the Ba(2) and Ba(3) cationic sites
of the BLSO phosphor host.

The efficient color-coordinate tuning, as a response to the
concentration of the Eu2+ activator in the BLSO phosphors,
according to the emission spectra under its corresponding
excitation, is shown in Fig. 3c. The digital photographs of the
prepared Ba9Lu2Si6O24:0.1Eu2+ and Ba9Lu2Si6O24:0.6Eu2+ phosphors
(i.e. the low and high Eu2+ concentrations, respectively) under
365 nm UV light irradiation are shown on the right-hand side
of Fig. 3c, which confirms the color-coordinate tuning with
increasing concentration of Eu2+ ions. When divalent Eu2+ ions
are accommodated in the Ba2+ crystallographic sites of the
BLSO:xEu2+ phosphor host lattice (for x = 0.05, 0.1, 0.2, 0.3,
0.4, 0.5, and 0.6), the emission color shifts from blue to green.
This qualifies these color-tunable BLSO:xEu2+ phosphors as
prominent candidates for white light-emitting diodes (white
LEDs), excitable over a longer wavelength range, like UV, near
UV, and blue light.

The presence of the three luminescent centers was also
verified by recording the fluorescence decay time. The obtained
results (Fig. 3d) show three different decay components, associated
with the Eu2+ occupation in the three crystallographic sites of the
BLSO phosphor host lattice.

In order to suppress concentration quenching, various
substitutions with cations with smaller ionic radii, such as
Sr2+ and Ca2+, were attempted to tune photoluminescence to a
region of longer wavelengths. The substitution with the former
ion leads to the tuning of photoluminescence excitation and
emission spectra towards a longer wavelength region by shifting
the activator Eu2+ to the next available crystallographic sites, i.e.
the Ba(3). The crystallographic site Ba(3) has a different
surrounding environment, such as a different coordination
number and bond length with oxygen, compared to the Ba(1)
site, which tunes photoluminescence excitation and emission to
a longer wavelength region, whose normalized graphs are
plotted in Fig. 3e.

The deconvolution of the emission spectrum for shedding
light on the mechanism of tuning luminescence is shown
in Fig. 3f. The emission spectrum of BLSO was perfectly
deconvoluted into three Gaussian peaks. The peak at 510 nm
is related to the Eu2+ occupation in the Ba(3) crystallographic
sites, which enhances with increasing Sr2+-ion concentration.
The substitution of the Ca2+ ion, with a smaller ionic radius, for
Ba2+ efficiently broadens the emission spectra of BLSO:Eu2+

silicate phosphors.
The normalized PLE and PL spectra of the BLSO:0.2Eu2+

with various contents of Ca2+ are shown in Fig. 4a. Under
343 nm UV light excitation, the sample with Ca2+-free
BLSO:0.2Eu2+ emits strong blue light ranging from 400 to

700 nm, peaking at 462 nm. The substitution of Ca2+ for Ba2+

in CaxBa(9�x)Lu2Si6O24:0.2Eu2+ (CBLSO:0.2Eu2+) phosphors
broadens the emission spectrum, which covers the blue, green,
and yellow regions of the visible spectrum.

Gaussian fitting was applied in the emission spectra of both
the Ca2+-free and Ca2+-doped BLSO:Eu2+ phosphors (Fig. 4b).
The emission spectra were deconvoluted into three components
(centered at 465, 496, and 573 nm), suggesting three different
luminescent centers in the prepared BLSO phosphors. The
lower-wavelength blue-emission peaking at 465 nm is assigned
to the preferable occupation of the Ba(1) crystallographic site
with Eu2+ ions, and the higher-wavelength peaks of 496 and
573 nm are attributed to the occupation of the Ba(3) and Ba(2)
cationic sites with Eu2+ ions.

By introducing a smaller ionic radius Ca2+ to replace Ba2+,
changes in the emission spectra towards a longer wavelength
region are observed (Fig. 4b). The longer wavelength part of the
emission spectrum (with peaks at 496 and 573 nm) is intensified;
therefore, the emission spectra are broadened and cover a great
part of the visible region. The enhancement of the longer
wavelength peaks is ascribed to the Eu2+ occupation of Ba(3)
and Ba(2) crystallographic sites. The ionic radius of the Ca2+ ion
is less than those of Eu2+ and Ba2+. As a result, Ca2+ should
occupy the Ba(1) site, which results in the Eu2+ ion occupying the
Ba(3) and Ba(2) cationic sites.

The substitution of Ca2+ for Ba2+ in BLSO phosphors not only
broadens the emission spectrum to the desired wavelengths
but also enhances thermal stability to reach the desired
value. The photoluminescence emission spectra of BLSO:Eu2+

and CBLSO:Eu2+ measured at various temperatures (25–150 1C)
are shown in Fig. 4c and d, respectively. The luminescence
intensity of both the BLSO and CBLSO decreases with the increase
in temperature. However, the color of the emission remains
unchanged with the increase in temperature. The dependence
of the maximum photoluminescence intensity on temperature for
x = 0 and 1.5 is shown in the plot of Fig. 4e. The stability against
temperature is increased by increasing the Ca2+ content in
CBLSO:0.2Eu2+ phosphors. This is attributed to two reasons.
When a contraction in the unit volume occurs, the interactions
between the divalent Eu2+ dopant and O2� (which are the crystal-
field effects and nephelauxetic effects for the 5d orbital of Eu2+

activators) vary. In addition, when the content of Ca2+ ions is
increased, various surrounding environments for the divalent
Eu2+ dopants are obtained on account of the movement of the
activator Eu2+ to the Ba(2) and Ba(3) sites from the Ba(1) site.

The electroluminescence emission spectrum of a fabricated
white-LED lamp under 365 nm UV light is plotted in Fig. 4f.
High-quality white light was obtained, with CIE chromaticity-
coordinates as (0.380, 330), located nearly in the ideal white
light region, which could be effectively tuned to the desired
color region by varying the concentration of the divalent Ca2+,
Eu2+, and Mn2+ cations. The white light-emitting diode lamp
(LED lamp excited at 365 nm) shown in the inset of Fig. 4f was
fabricated by combining a CBLSO:Eu2+/Mn2+ phosphor with a
commercial 365 nm UV chip. Efficient warm white light was
generated (inset of Fig. 4f).
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3.2 Ce3+ occupation in multiple crystallographic sites

Similar to the divalent Eu2+ ion, the trivalent Ce3+ ion also
manifests 5d–4f transitions where the 5d state is very sensitive
to the surrounding environment of the phosphor host lattice.
The Ce3+ occupation in various multiple crystallographic sites
of the BLSO host lattice favors the tuning of PLE and PL spectra
over a broad range in the visible spectral region.

Yongfu Liu66 and co-workers developed efficient and highly
stable green-emitting BLSO:Ce3+ phosphors. A highly efficient
green-emitting Ce3+-doped BLSO orthosilicate phosphor was
produced by using a traditional solid-state method at a
comparatively low reaction temperature of 1400 1C. The optical
characteristics were comparable to those of most nitride
phosphors, which, nonetheless, require high temperatures
and a suitable atmosphere for their synthesis. The produced
Ce3+-doped BLSO phosphors showed a high internal-quantum
efficiency of 82% under 400 nm near-UV light excitation.
Furthermore, these green-emitting phosphors exhibited super-
ior thermal stability, i.e. a 94% remaining intensity at a high
temperature of 160 1C, compared to the intensity at room
temperature. The crystal structure and luminescence character-
istics were thoroughly investigated in order to shed light on the
high intensity and the excellent thermal stability of the green
color emission of the Ce3+-activated BLSO phosphors.

The photoluminescence excitation and emission spectra of
the optimized Ba9Lu1.89Ce0.11Si6O24 phosphor are shown in
Fig. 5a. The broadband PLE spectrum at the monitored-
emission wavelength of 490 nm ranges from 200 nm to

450 nm, with a dominant peak around 400 nm. The broadband
excitation corresponds to Ce3+ occupying Lu3+ crystallographic
sites, which have almost the same energy range as the Y3+-
based silicate of the same family (Ba9Y2Si6O24:Ce3+).96

The influence of the Ce3+ concentration on the luminescence
spectra of Ba9Lu2�xCexSi6O24 (for x = 0.01–0.15) phosphors
under 400 nm near-UV light excitation is plotted in the inset
of Fig. 5a. The photoluminescence intensity gradually increases
upon increasing the concentration of Ce3+ ions up to x = 0.11.
A further increase of Ce3+ concentration (x 4 0.11) decreases
the luminescence intensity due to concentration quenching.

Under 400 nm excitation, the optimized Ba9Lu1.89Ce0.11Si6O24

phosphor displays a dominant cyan emission peaking at 490 nm
with a broad width of 118 nm (4519 cm�1), which corresponds to
the spin-allowed transition from the 5d-excited state to 2F5/2 and
2F7/2 ground states of Ce3+ ions. The emission spectrum was
deconvoluted into two Gaussian peaks (dashed lines), with the
dominant peaks at 476 nm (20 992 cm�1) and 526 nm
(19 017 cm�1). The energy difference is 1975 cm�1, which is nearly
equivalent to the theoretical energy difference of Ce3+ ion ground-
state splitting (separation between the 2F5/2 and 2F7/2 levels).

The PLE (lmax = 400 nm) and PL (lmax = 490 nm) spectra of the
Ce3+-doped BLSO phosphors (Fig. 5a) show a redshift compared to
the PLE (lmax = 394 nm) and PL (lmax = 480 nm) in the yttrium
series (BYSO).96 The Y–O bond length in the YO6 octahedra of the
BYSO phosphors is greater than the Lu–O bond length in the
LuO6 octahedra of the BLSO phosphors. Thus, the redshift is
attributed to the shorter Lu–O bond length in the LuO6 octahedra

Fig. 4 Influence of Ca2+ substitution on the photoluminescence properties of BLSO:Eu2+ phosphors, (a) normalized PLE and PL spectra, (b)
deconvolution of the emission spectrum for shedding light on the mechanism of the enhancement of the longer wavelength peaks, (c, d and e)
temperature dependences of PL of BLSO and CBLSO and (f) electroluminescence emission spectrum with a digital photograph of the fabricated LED
device in the inset.38 (Reproduced with permission from ref. 38, copyright 2017, American Chemical Society.)
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in the BLSO phosphors. The observed redshift is an important
feature for enhancing the red-light component in order to
improve the color rendering index when Lu3+-based (BLSO:Ce3+)
silicate phosphors are used in near-UV (NUV) pumped w-LEDs.

The excitation band, ranging from 200 to 350 nm and
peaking at 330 nm (Fig. 5a), is attributed to the Ce3+occupation in
Ba2+ crystallographic sites, suggested by the fact that this excitation
band is positioned near the energy range of both Ba9Y2Si6O24:Ce3+

(BYSO:Ce3+) and Ba9Sc2Si6O24:Ce3+ (BSSO:Ce3+).96–98 The excitation
band is deconvoluted into three Gaussian bands at low temperature
(77 K), ascribed to the Ce3+ occupation in the three crystallographic
sites of Ba2+ ions.96,97 The 5d-excited state of the doped Ce3+/Eu2+

ions is strongly affected by the influence of crystal-field splitting.
Eqn (1) shows the relationship between crystal-field splitting

(Dq) and bond length (R):

Dq ¼ Ze2r4

6R5
(1)

where Z represents the anionic charge, r is the radius of the 5d
wave function, e is the charge of the electron, and R denotes the
bond length of the occupied crystallographic site with oxygen.99

Therefore, the shorter wavelength peaks of excitation are
associated with the Ce3+ ion occupation in Ba2+ crystallographic
sites. On the other hand, the longer wavelength-excitation band
peaking at 400 nm is ascribed to the Ce3+ occupation in Lu3+

crystallographic sites owing to the stronger crystal-field
splitting and the shorter Lu–O bond length compared to the
longer Ba–O bond length and the corresponding weaker crystal-
field splitting.

All the prepared samples of Ce3+-doped BLSO phosphors
were colorless under ordinary daylight. Under 365 nm UV light
excitation, the optimized sample of BLSO:0.11Ce3+ displayed an
efficient green color (Fig. 5b). In order to demonstrate the
photoluminescence of these phosphors in a more striking
way, the Chinese Academy of Sciences (CAS) prepared a yellow
ceramic board where the logo and the letters CNITECH were

Fig. 5 (a) PLE and PL spectra of the optimized Ba9Lu1.89Ce0.11Si6O24 phosphor and (inset) the influence of Ce3+ on the relative intensity of
Ba9Lu2�xCexSi6O24, (b) the digital photographs under ordinary daylight and 365 nm UV light, (c) the temperature dependence of the intensity and
color, and (d) the CIE color coordinate diagram.66 (Reproduced with permission from ref. 66, copyright 2015 Wiley.)
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written (Fig. 5b). The prepared yellow ceramic board was filled
with the colorless phosphor, which became green under
365 nm UV light (Fig. 5b).

The thermal stability of phosphors is an important
parameter for evaluating their suitability in practical
applications.100–102 The stability of the Ce3+-doped BLSO
phosphors was measured. The photoluminescence intensity
of the emission spectrum of the optimized phosphor sample
was measured within a wide temperature range, from 25 to
160 1C. The measured photoluminescence emission intensity at
various temperatures was normalized with the emission
intensity at room temperature and it is plotted in the top
diagram of Fig. 5c. At the highest tested temperature of
160 1C (433 K), the emission intensity was 93.8% of the
emission intensity at room temperature. This performance is
significantly higher than that of well-known nitride phosphors,
which is 80–90% at 150 1C (with respect to the PL intensity at
room temperature).103

When the trivalent Ce3+ occupied the smaller ionic radius
Lu3+ site, compared with the larger ionic radius Ba2+ sites, the
Ce3+ activated BLSO phosphors showed remarkable temperature
stability. Compared with Ce3+ and Eu2+ occupying the larger ionic
radius Ba2+ crystallographic sites, the smaller ionic radius Lu3+

offers stronger crystal field splitting to the activated Ce3+ ions,
resulting in enhanced thermal stability.47,48,104 Furthermore, the
higher activation energy (by 0.382 eV) resulting from the more
rigid structure of the corner-sharing SiO4–LuO6–SiO4 layers might
be attributed to the reduced thermal deterioration in the case of
Ce3+ occupied Lu3+ in BLSO phosphors.46

Besides displaying superior thermal stability, the green-
emitting BLSO:Ce3+ phosphors also exhibit excellent stability
of their luminescence color. The results shown at the bottom of
Fig. 5c show that when the temperature increases from 293 to
553 K, only a slight blue shift of around 5 nm occurs. More
interestingly, the cyan-color emission is shifted from (0.2552,
0.3938) to (0.2301, 0.3345), as illustrated in the CIE coordinate
diagram (Fig. 5d). The apparent blue shift is attributed to the
expansion of the unit-cell volume on account of the temperature
increase. Nevertheless, the Lu3+-based phosphors (BLSO:Ce3+)
are still greener than the Y3+-based phosphors (BYSO:Ce3+).96

The Ce3+ occupation in various crystallographic sites of
BLSO leads to the emission of various colors. This offers the
possibility of producing a broadband spectrum in the visible
region, suitable for efficient white-light illumination. Yongfu
Liu105 and co-workers, via both experimental and theoretical
approaches, developed a broadband cyan-emitting Ce3+-doped
BLSO phosphor which covers both the blue and the green color
emission of the visible-light region. The produced BLSO:Ce3+

phosphor demonstrates a broadband excitation spectrum,
having a peak at 400 nm, which has a perfect matching to a
near-ultraviolet (NUV) emitting chip. Additionally, it shows
high photoluminescence quantum yields (PLQYs), more
than 90% at room temperature, and excellent stability against
temperature with a small reduction of only 3% at 150 1C.

In order to shed light on the high internal-quantum efficiency
and the excellent thermal stability of the Ce3+-doped BLSO

phosphors, various features, like their optical band-gap and
luminescence characteristics, were investigated in detail.
The phosphor host lattice usually needs a wide band-gap to
efficiently occupy the energy levels of doping luminescent ions,
like activators. In order to ensure that the proposed BLSO-
phosphor host lattice has a wide band-gap, wide enough to
accommodate the 4f–5d transition of Ce3+ dopants, the
electronic-band structure of the pure BLSO was measured by
applying the approach of density functional theory (DFT) using
VASP. The electronic-band structure of the BYSO-phosphor host
lattice was also calculated for the purpose of comparison. The
top of the valence band (VB) is at the G point, while the bottom
of the conduction band (CB) is within the F–Z region, according
to the electronic band structure of the BLSO-phosphor host
lattice (Fig. 6a). The results also manifest that the CB minimum
and VB maximum were not observed at the same k-point,
suggesting that the BLSO host lattice has an indirect band-gap.
More interestingly, the calculated band-gap value of the BLSO
host was observed to be 4.62 eV, which supports that the BLSO is
an efficient host lattice for accommodating various luminescent
ions within its wide band-gap. The band-gap of the BYSO
host lattice (Fig. 6b) displays an indirect band-gap behavior
(of 4.74 eV), which is similar to the electronic band structure
of the BLSO-phosphor host lattice.

Luminescence characteristics, such as diffuse reflectance spec-
tra (DR spectra), low- and room-temperature photoluminescence,
and fluorescence decay time, can throw light on the Ce3+

occupation in various available crystallographic sites. The DR
spectra in Fig. 6c suggest that Ce3+ results in intensive absorption
peaks in the range of 330 nm to 400 nm in BLSO:xCe3+ phosphors
(where x = 0.01–0.15). Similarly, the PLE spectra in Fig. 6d and e
show broad excitation bands, with dominant peaks at around
400 nm and 330 nm, respectively. The PLE spectra, ranging from
350 nm to 450 nm and with a peak at 400 nm (which matches well
with the near-UV (NUV) emission wavelength of a light-emitting
chip), are ascribed to the Ce3+ occupation in Lu3+ crystallographic
sites.66

The relative integrated intensities of the Ce3+ occupying Lu3+

sites were recorded under 400 nm excitation. The results,
plotted in the inset of Fig. 6c, show that the optimized concen-
tration of Ce3+ is x = 0.11. The PL spectrum of the optimized
phosphor is presented in Fig. 5d, which exhibits a broad band
having a maximum at 490 nm with a broad FWHM of 118 nm
(4519 cm�1). This broadband emission spectrum is attributed
to the 5d–4f transition of the Ce3+ dopant. The ground state of
Ce3+ ions is split into 2F5/2 and 2F7/2 with a theoretical
energy difference of 2000 cm�1, due to spin–orbit interaction.
The emission band illustrated in Fig. 6d was well fitted with two
Gaussian bands as illustrated using dashed lines, peaking at
476.37 nm (20 992 cm�1) and 525.85 nm (19 017 cm�1), with an
energy separation of 1975 cm�1, which is very close to the
theoretical value (2000 cm�1) of energy separation of the 2F5/2

and 2F7/2 energy levels.
Compared with the photoluminescence characteristics (lex =

394 nm, lem = 480 nm) of the Ce3+-doped BYSO phosphors,96

the PLE (lex = 400 nm) and PL (lem = 490 nm) of BLSO show a
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redshift. The lowest 5d state of Ce3+ ions is greatly influenced
by the surrounding environment like crystal-field splitting (Dq).
Thus, the red shifting that appears in the case of the Ce3+-
doped BLSO-phosphor host is ascribed to the enhancement of
crystal-field splitting. The characteristic crystal-field splitting was
given by eqn (1). Consequently, the value of r is proportional to
the distortion of the LuO6 or YO6 polyhedron in the BLSO and
BYSO phosphor host lattices. Based on the values of the Lu–O
(2.162–2.223 Å) and Y–O (2.190–2.255 Å) bond-lengths, the
distortion of the LuO6 octahedron (2.82%) in the case of the
BLSO is bigger than that of the YO6 octahedron (1.60%) in
the case of BYSO phosphors. This shows that the value of r is
increased in the case of BLSO phosphors.66 Accordingly, the
combination of the variations of both the parameters, which is
the decrease of R and the increase of r in BLSO, leads to an
enhancement of Dq around Ce3+ ions. This decreases the lowest
5d-energy level and results in a redshift in the PLE and PL
spectra of the synthesized BLSO silicate phosphors. More inter-
estingly, the larger distortion of LuO6, compared to YO6, leads to
a wider emission with FWHM = 120 nm in BLSO than the
emission of BYSO (FWHM = 110 nm). The observed redshift
would be beneficial for enhancing the red-color component and
for increasing the color-rendering index when a broad-band
cyan emitting BLSO:Ce3+ phosphor is used in NUV pumped
white-LEDs.

The photoluminescence excitation that is in the range of
200–350 nm with a dominant peak at 330 nm, depicted in
Fig. 6e, is ascribed to the Ce3+ occupation in Ba2+

crystallographic sites.66,106 These excitation peaks are located
near the energy range of both BYSO:Ce3+ and BSSO:Ce3+

phosphors.97,98,107 The low-temperature emission spectrum of
the previously reported BYSO:Ce3+ phosphors was deconvoluted
into three bands, attributed to the Ce3+ accommodation in
the three crystallographic sites of Ba2+ in the host lattice.96

The phosphors having a nominal composition of BLSO:Ce3+

phosphors, where the trivalent Ce3+ substitutes only Lu3+

(in the chemical composition), show both the emission bands
owing to Ce3+ occupying the Ba2+ and Lu3+ sites. This validates
that Ce3+ ions are located at both the Ba2+ and Lu2+ crystal-
lographic sites simultaneously.

A thorough outlook on the PLE spectrum monitored at
490 nm emission wavelength suggests that the lower-
wavelength excitation (Fig. 6d) is ascribed to the Ce3+ accom-
modation in the divalent Ba2+ crystallographic sites in the case
of low concentrations of Ce3+ (x = 0.01 and 0.03). This
low-wavelength excitation (330 nm) is not enhanced at higher
concentrations of Ce3+ (x = 0.05–0.15) that are related to the
longer wavelength excitation peak (400 nm) attributed to
the Ce3+ occupation in Lu3+ crystallographic sites. This
phenomenon is ascribed to the fact that Ce3+ ions are first
accommodated in the Ba2+ crystallographic sites at lower
concentrations of Ce3+ ions. When the concentration of Ce3+

is increased, the crystal lattice does not favor further Ce3+

occupation in Ba2+ crystallographic sites, and therefore, the
preferred site for Ce3+ activators is that of the trivalent Lu3+.
This shows that the imbalance of the local charge produced by

Fig. 6 Electronic-band structures of (a) BLSO and (b) BYSO; (c) DR, (d) PLE and PL spectra of Ce3+ occupying Lu3+ crystallographic sites; (e) PLE and PL
spectra of Ce3+ occupying the three different Ba2+ sites; (f) PLE and PL spectra of BLSO:11%Ce3+ at 77 K at various excitation and emission wavelengths;
(g) room-temperature decay-time profiles under 330 nm excitation and monitored at various emission wavelengths; and (h) electroluminescence
emission spectrum and digital photograph of the fabricated LED.105 (Reproduced with permission from ref. 105, copyright 2017 Royal Society of
Chemistry.)
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the placement of the trivalent Ce3+ in divalent Ba2+ crystal-
lographic sites cannot be tolerated by the host lattice of the
phosphors at a higher concentration of the doping Ce3+ ions.

The photoluminescence excitation (PLE) spectrum at a
monitored emission wavelength of 422 nm and at various
emission peaks, presented in Fig. 6e, manifests a redshift from
328 nm for x = 0.01 (lowest concentration) to 334 nm for x =
0.15 (highest concentration). A similar trend of redshift in the
PLE spectra was also observed in the case of Ce3+-doped BSSO
phosphors with increasing concentration of Ce3+. The redshift
was attributed to reabsorption between Ce3+ occupying the
three crystallographic sites of Ba2+. The same phenomenon
was also observed in Ce3+ occupying Ba2+ and Lu3+ crystal-
lographic sites ascribed to the overlapping of the emission of
Ce3+ occupying Ba2+ sites with the excitation of Ce3+ occupying
Lu2+ sites (Fig. 6d and e). Hence, a broad emission band of Ce3+

occupying Ba2+ sites, with various peaks, was observed under
low-wavelength excitation (330 nm) (Fig. 6e).

The transfer of energy from Ce3+ occupying Ba2+ to Ce3+

occupying Lu3+ sites was confirmed by the low-temperature
(77 K) PLE and PL spectra in Fig. 6f. The results in Fig. 6f with
the three various excitation peaks at 280, 330, and 360 nm
support the Ce3+ occupation in the available three different
crystallographic sites of Ba2+. When the photoluminescence
excitation wavelength was increased from 280 to 330 and
360 nm (PLE of Ce3+ located in Ba2+ sites), a longer wavelength
emission (PL of Ce3+ occupying Lu3+ sites) was observed.
Similarly, a lower-wavelength excitation spectrum (PLE of
Ce3+ located in Ba2+ sites) was obvious at the monitored
emission wavelength of the Ce3+ occupying the Lu3+ sites. These
findings further validate the existence of energy transfer from
the doped Ce3+ located in Ba2+ to Ce3+ located in Lu3+ crystal-
lographic sites. Moreover, the low-temperature luminescence,
plotted in Fig. 6f, manifests a redshift of 28 nm, attributed to
the contraction of unit-cell volume at low temperatures.

The low-temperature (77 K) photoluminescence decay-time
curves of the Ce3+-activated BLSO phosphors were measured at
monitored emission wavelengths of 360, 380, 420 (emission of
Ce3+ occupying Ba2+ sites), and 600 nm (emission of Ce3+

accommodated in Lu3+ crystallographic sites). Under 330 nm
excitation (PLE of Ce3+ occupying Ba2+ sites), the decay times
(Fig. 6g) of both the Ce3+ occupying Ba2+ and the Ce3+ occupying
Lu3+ sites deviate from the single exponential model, but
efficiently fit in the double exponential function. The obtained
results suggest that the decay times monitored at 360, 380, and
420 nm emission wavelengths reveal a slow-decay component,
ranging from 24.1 to 37.0 ns, which is consistent with the typical
slow-decay component of the low-wavelength emission from the
UV to blue color. Similarly, the decay-time profile at a monitored
emission wavelength of 610 nm shows a slow decay component
of around 60.6 ns, which is similar to the decay time of a longer
wavelength emission in the green color range of the visible
spectral region. The observed fast decay time of the shorter
wavelength emission of the Ce3+ occupying Ba2+ sites and the
slow decay time of the longer wavelength emission of the Ce3+

occupying Lu3+ crystallographic sites also confirm the energy

transfer from the Ce3+ occupying Ba2+ to Ce3+ occupying Lu3+

crystallographic sites.
A white LED was fabricated by coating the optimized

BLSO:Ce3+ and a commercially available CaAlSiN3:Eu2+ red-
emitting phosphor on a 395 nm emitting near-UV LED chip
to evaluate the performance of the Ce3+-doped BLSO phosphors
in white LEDs for commercial applications of efficient white
light emitting sources for general illumination. The electro-
luminescence emission spectrum along with optical character-
istics of the fabricated white LED is shown in Fig. 6h. Efficient
white light was obtained with a high CRI value of 90.6 and a low
CCT at around 4913 K. The white light showed (0.3496, 0.3730)
for CIE (x, y) color coordinates at an open circuit of 20 mA.
These excellent characteristics reveal that the single and
broadband cyan-emitting BLSO:Ce3+ phosphors, in contrast to
multi-color blue and green phosphors, result in high-quality
white light. More interestingly, the cyan/red-emitting
phosphor-converted white LED leads to high luminous
efficiency, which reached a value of 32.2 lm W�1, which is the
maximum value for multiple blue/green/red phosphors coated
on near-UV LED chips.

3.3 Bi3+ occupation in multiple crystallographic sites

Similar to various rare-earth (RE) ions (activators), such as
the Eu2+ and Ce3+ that have a 5d–4f spin-allowed transition,
bismuth (Bi3+) also has ns2-type luminescent centers, which are
sensitive to the surrounding environment governed by the
crystal field of the host lattice. It exhibits tunable broadband
emission, ranging from the UV to visible and near-infrared
spectral regions, as a result of the 6s6p–6s2 transition.108,109

Y. Guo110 and his team reported on the luminescence tuning
and crystal-site engineering of Bi3+-activated BLSO phosphors.
They obtained tunable white-light emission from single-phase
phosphor-converted white LEDs taking into account the Bi3+

occupation in multiple crystallographic sites.
The photoluminescence characteristics measured suggest

that the prepared Bi3+-doped BLSO phosphors display different
luminescence features under various excitations. The photo-
luminescence excitation that is monitored at 410/485 nm and
photoluminescence emission under 335/370 nm excitation of
the BLSO:0.05Bi3+ phosphors depicted in Fig. 7a show that
there is no luminescence in the case of the non-doped sample.
Thus, the obtained luminescence characteristics should be
attributed to Bi3+ ions doped in BLSO phosphors.

The sample BLSO:0.05Bi3+ exhibits broadband blue emission
in the range of 380–500 nm with a dominant peak at 410 nm
under 370 nm UV light excitation. By monitoring the emission at
410 nm, this phosphor exhibits double-band excitation, peaking
at 335 and 370 nm with a long tail in the high wavelength region.
Under 335 nm UV light irradiation, the trivalent Bi3+-activated
BLSO phosphors show broadband emission in the range of 350–
650 nm, having various emission peaks, at 365, 410, and 485 nm.
The excitation spectrum measured at a monitored emission
wavelength of 485 nm (Fig. 7b) can be well fitted into three
asymmetric absorption peaks located at around 3.905 eV
(317.5 nm), 3.807 eV (325.7 nm), and 3.616 eV (342.9 nm).
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Similarly, the emission spectrum measured under 335 nm UV
light excitation (Fig. 7c) was perfectly fitted into four Gaussian

bands, having maximum peaks at 3.45 eV (359.4 nm), 3.07 eV
(403.9 nm), 2.69 eV (461.0 nm), and 2.45 eV (506.1 nm).

Fig. 7 (a) DRS (diffuse reflectance spectra) of the undoped and Bi3+-doped samples along with the PLE and PL spectra of BLSO:5%Bi3+ at various monitored
emission and excitation wavelengths, (b and c) the Gaussian deconvolution and fitting of excitation and emission spectra with lem = 485 nm and lex = 335 nm,
respectively, (d) Gaussian deconvolution and fitting of the emission spectra at various excitation wavelengths in the range of 315–370 nm, and (e) CIE
coordinated diagrams at various excitation wavelengths in the range of 315–370 nm.110 (Reproduced with permission from ref. 110, copyright 2017 Nature.)
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This fitting suggests that the activated Bi3+ ions occupy four
available crystallographic sites. These four luminescent centers
are termed Bi(1), Bi(2), Bi(3), and Bi(4). According to the previous
discussions and investigations, it is concluded that the broad-
band blue emission, having a maximum at 403.9 nm, is ascribed
to the emission of the Bi(4) luminescent center, which is the
emission of Bi3+ ions occupying the 6-coordinated Lu3+ crystal-
lographic sites. The other three emission bands are attributed to
the substitution of Bi3+ in the other three available Ba2+

crystallographic sites.
According to previous studies,105,111 an efficient energy

transfer occurs among the various Ce3+-luminescent centers,
which occupy various crystallographic sites. In order to investigate
the energy transfer among the four Bi3+-luminescent centers,
Gaussian deconvolution and fitting was performed in the
measured emission of BLSO:0.05Bi3+ phosphor excited over a
wide range of excitation wavelengths (315 to 370 nm UV light in
increasing steps of 5 nm). The obtained results, plotted in Fig. 7d,
reveal various trends as far as the enhancement of the intensity of
the Gaussian peaks is concerned. More specifically, the emission
spectra over the excitation wavelength range of 315–355 nm show
four dominant Gaussian bands, centered at 363.3 nm (3.413 eV),
403.1 nm (3.077 eV), 437.7 nm (2.833 eV), and 494.5 nm
(2.518 eV). A further increase of the excitation wavelength to
360, 365, and 370 nm causes changes to the emission spectra
and the fitting was achieved by one dominant Gaussian peak,
ascribed to the emission of the Bi(4) luminescent center. These
results indicate the occurrence of the dominant energy transfer
from various luminescent centers, i.e. from Bi(1), Bi(2), and Bi(3)
to Bi(4).

The widening of the wavelength range of excitation is an
index for enhancing the efficient energy transfer to the Bi(4)
luminescent centers. This is because of the extensive over-
lapping of the broad band excitation spectrum with a long tail
of Bi(4) with the emission spectrum of Bi3+ occupying the three
crystallographic sites of Ba2+ ions (Fig. 7a). The energy transfer
among the Bi(1), Bi(2), and Bi(3) luminescent centers was
also observed under excitation in the wavelength range of
315–355 nm. The energy transfer from Bi3+-doped ions in
various available crystallographic sites to the co-doped Eu3+

ions is discussed in the present work and its explanation is
presented in the next section.

The CIE (Commission Internationale de l’Eclairage) chro-
maticity coordinates of the Bi3+-activated BLSO phosphors at
various excitation-wavelengths between 315 and 370 nm UV
light in increasing steps of 5 nm were measured. The results,
plotted in Fig. 7e, show that the emission color is efficiently
tuned from blue (0.1721, 0.2268) to bluish-green (0.1800,
0.2636) upon adjusting the excitation wavelength from
315 nm to 340 nm. Nonetheless, the photoluminescence
emission color displays a dramatic variation, changing from
bluish green (0.1795, 0.2596) to dark blue (0.1950, 0.0968), as
the photoluminescence excitation-wavelength increases from
345 to 370 nm UV light. These results qualify these phosphors
with tunable-luminescence as potential materials for use in
white LEDs.

3.4 Tb3+ occupation in multiple crystallographic sites

Trivalent Tb3+-activated phosphors are broadly used in the
development of plasma display panels (PDP) and fluorescent
lamps on account of their characteristic highly-efficient narrow-
band green emission and the solid vacuum-ultraviolet/ultravio-
let (VUV)/(UV) light absorption of the doped Tb3+ ions. Most of
these narrow-band emitting phosphors are fluorides, with
quantum efficiencies higher than 90%, which are low in
comparison with the theoretical generation of visible photons
(one VUV/UV photon converted to two or more visible photons),
whereby a quantum efficiency of up to 200% can be reached as
a result of the quantum cutting (QC) phenomenon. Oxides
usually exhibit higher quantum efficiency (QE) than fluorides.

Y. Liu112 and co-workers synthesized a novel Ba9Lu2-

Si6O24:Tb3+ (BLSO:Tb3+) oxide phosphor. The BLSO:Tb3+ phosphor
exhibits efficient green color emission having a dominant peak at
552 nm under 251 nm VUV light excitation with cross-relaxation
energy transfer occurring between Tb3+ ions. Quantum efficiency,
calculated by using direct and indirect methods, showed values
of 171% and 144%, respectively, much higher than those of
commercially available phosphors that are about 90%. This reveals
the high potential of BLSO:Tb3+ phosphors for use in PDP
and fluorescent lamps. The study of luminescence spectra and
decay-time profiles shed light on the cross-relaxation energy
transfer.

Photoluminescence excitation measurements were made for
the BLSO:2%Tb3+ phosphor at monitored wavelengths of
380 and 552 nm. The PLE spectra shown in Fig. 8a display a
highly intensive excitation band, having a maximum peak at
around 251 nm, along with weak photoluminescence excitation
peaks at 282 and 302 nm, at both the monitored emission
wavelengths. Weak excitation peaks at longer wavelengths
range from 325 to 552 nm (enlarged graph in the inset of
Fig. 8a) at the monitored emission wavelength of 552 nm.
These excitation bands (251–302) and peaks (325–552) are
attributed to the spin-allowed f–d transition and the spin-
forbidden f–f transition of Tb3+ ions.

The photoluminescence emission spectra of the Tb3+-doped
BLSO phosphors at various concentrations of Tb3+ ions (x =
0.02, 0.06, 0.1, 0.15, 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2) under 251 nm
VUV excitation are depicted in Fig. 8b. Various peaks in the
blue to green spectral region are observed. The emission peaks
ranging from 350 to 475 nm are attributed to the corresponding
emission of the 5D3 to 7FJ (J = 6, 5, 4, and 3) transition of Tb3+

ions. The emission peaks in the range of 475–700 nm are
ascribed to the photoluminescence emissions of the 5D4 to
7FJ transition (where J = 6, 5, 4, 3, 2, 1, and 0) of the activated
Tb3+ ions.

At a low content (x = 0.02) of the activated trivalent Tb3+ in
the synthesized BLSO phosphors, the blue emission has a
maximum at 380 nm, and due to the 5D3 to 7FJ transition, the
emission spectra have dominant peaks in the blue color region.
The blue emission peaks decrease with increasing concen-
tration of Tb3+ ions, whereas the emission peaks in the green
spectral region become stronger, and the corresponding green
emission at 552 nm (5D4 to 7F5) becomes dominant for x = 0.10.
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At larger Tb3+ concentrations (x 4 0.40), the emission peaks in
the blue spectral region nearly disappear, while the green
emission peaks remain in the spectra of the Tb3+-doped BLSO
phosphors. This behavior is a result of the cross-relaxation
energy-transfer process among multiple Tb3+ ions. The
phenomenon of quantum cutting has been investigated in
multiple Tb3+-doped phosphors.113–122

Most of these phosphor host lattices have the trivalent Gd3+

cation as one of the main constituents. A unique feature is that
the emission ratio of 5D4 to 5D3 transition is higher when the 5d
energy-level of the doped Tb3+ ions is excited, compared with
the ratio when the 6IJ level of the trivalent Gd3+ ion becomes
excited. The photoluminescence spectra of the BLSO:xTb3+

(x = 0.02–1.20) phosphors under 352 nm UV light excitation

are shown in Fig. 8c. The emission intensity of 5D3 to 7F6 was
kept as a normalized standard. It is clearly observed that the
green color emission of 5D4 is dominant for all the Tb3+-dopant
concentrations. The results are different from the photo-
luminescence emission spectra shown in Fig. 8b obtained
under 251 nm UV light irradiation, where the blue emission
of 5D3 was dominant at the lower Tb3+-dopant concentrations
(x = 0.02 and 0.06). It is also observed (Fig. 8c) that the green
emission, ascribed to the magnetic dipole transition of 5D4 to
7F6, is split into two emission peaks, having maxima at 544 nm
and 552 nm, owing to the Stark splitting of the doping Tb3+ ions.

The peak intensity of the green color emission around
552 nm is the dominant emission peak at all the concentrations
of Tb3+ ions under excitation with 251 nm VUV light. On the

Fig. 8 Features and properties of BLSO:Tb3+ phosphors, such as (a) PLE spectra monitored at 380 nm and 552 nm emission wavelengths, PL spectra
with various concentrations of Tb3+ (x = 0.02–1.20) under (b) 251 nm and (c) 352 nm excitation, (d) emission peak intensities at 380 nm and 552 nm, (e)
internal and external quantum efficiencies under 251 nm excitation as functions of Tb3+ concentration, (f) mechanisms of cross relaxation, and (g) CIE
color coordinate diagram with digital photographs of phosphor samples under 365 nm UV light.112 (Reproduced with permission from ref. 112, copyright
2016 American Chemical Society.)
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other hand, under 352 nm UV light excitation, the green
emission peak has a maximum at 544 nm at lower contents
of Tb3+ (x = 0.02–0.40) ions. The maximum position shifts to
552 nm at higher concentrations (x = 0.60–1.20) of Tb3+ ions.
The value of r, shown in Fig. 8c, illustrates the ratio of the
highest photoluminescence peak intensity (544 or 552 nm) to
that of the standard emission peak intensity at 380 nm. It is
clearly shown that the value of r increases upon increasing the
concentration of the Tb3+ ions from x = 0.02 to 1.00, but it is
reduced for x = 1.20.

A similar trend is further observed in the enhancement of
the intensity of the 5D3–7F6 transition (Fig. 8d) and in the
quantum efficiency upon increasing the concentration of the
Tb3+ dopant (Fig. 8e). The value of r is greatly increased upon
increasing the concentration of the Tb3+ dopant under 352 nm
excitation. The enhancement of the value of r should be
assigned to the cross-relaxation energy transfer occurring
among the Tb3+ dopants in the BLSO phosphor host lattice
through 5D3 to 5D4 and 7F6 to 7F0 transitions.

The energy levels of the Tb3+ ions in the BLSO phosphor
matrix plotted in Fig. 8f elucidate the cross-relaxation of the
energy-transfer phenomenon. More specifically, when an
electron is excited into an excited state of the 5D3 energy level
(process 1), blue emission of 5D3 occurs (process 2), as a result
of multi-photon relaxation. The cross-relaxation can also
populate the 5D4 energy state (process 3). The energy gap between
5D3 and 5D4 is B5800 cm�1, which is similar to the difference
between 7F0 and 7F6 (B6000 cm�1) in the Tb3+-doped BLSO
phosphors, resulting in the green emission of 5D4 (process 4).

When the two Tb3+ dopants are close together, a resonance
condition will occur, in which the transfer of an electron from
the 5D3 to 5D4 energy state is balanced by the promotion of an
electron from the 7F6 to 7F0 energy state (process 3). The excited
electron to the 7F0 energy level can then move to the ground
energy level via the non-radiative process. The energy difference
between 5D3 and 7F0 is B20 300 cm�1, which is very close to
B20 500 cm�1 of the energy difference between the 5D4 and 7F6

energy states. Accordingly, another cross-relaxation (process 5)
can also occur at the higher concentration of Tb3+ ions, which
brings the Tb3+ ions close enough in the BLSO-phosphor host
lattice. Consequently, further efficient green emission of 5D4 is
obtained (process 6).

When the Tb3+ concentration is further increased, the
distance between the Tb3+ dopants becomes smaller. This
facilitates the occurrence of resonance energy transfer through
cross-relaxation. A close observation of the emission intensity
ratios in Fig. 8c supports the influence of the enhancement of
cross-relaxation on the photoluminescence characteristics of
the BLSO:Tb3+ phosphors, and manifests the enhancement
of the efficiency of resonance energy-transfer with 5D3 excitation.

The photoluminescence quenching at higher concentrations
of the Tb3+ dopant in BLSO phosphors is attributed to the
interactions of cross-relaxation of energy transfer. The electrons
are excited to the 7DJ energy state (process 7) under 251 nm
light excitation. Some of these excited electrons are relaxed to
the 5D3 energy level by the relaxation of the multiphoton

process (process 8) and are further moved to follow processes
2 to 6, leading to blue and green color emission. The energy
separation between the lowest 7DJ energy level and 5D4 is
B19 300 cm�1, which is close to B20 500 cm�1 of the energy
difference between the 5D4 and 7F6 energy levels. Therefore,
when the excited electrons move from the 7DJ energy level to
5D4 energy level, the electrons in the 7F6 ground energy state are
also excited to the 5D4 energy state by resonance energy
transfer, following the path of processes 9 to 5, provided that
the doped trivalent Tb3+ ions are close enough to one another.
Furthermore, when the cross-relaxation as shown in processes
9 to 5 takes place, one electron of the 7DJ energy state produces
two excited electrons in the 5D4 energy state, which generates
two green-emitting photons, on account of processes 6 and 10.

These phenomena enhance the quantum efficiency of the
Tb3+-doped phosphors to 100% or even more, enabling 200%
enhancement. The cross-relaxation energy-transfer process
which results in quantum cutting in the trivalent Tb3+-doped
BLSO phosphors is not on the basis of transitions that occurred
from 7DJ to 5D1,2,3 and 7F6 to 5D4, but it is due to 7DJ to 5D4 and
7F6 to 5D4 transitions. Similar phenomena have also been
realized in Tb3+/Gd3+-activated CsCdBr3 crystals; however, these
transitions are very rare in these systems.123

It has been observed that the BLSO phosphors with various
Tb3+-dopant concentrations display tunable color emission
from light blue to efficient green. The tunable color emission
is depicted in the CIE chromaticity coordinate diagram in
Fig. 8g. The digital photographs show the tuning of the
coordinates from (0.223, 0.237) for 0.02 Tb3+ content to
(0.337, 0.598) at a higher concentration of Tb3+ ions (x = 1.20).

4. Photoluminescence tuning via
energy transfer in BLSO phosphors

The transfer of energy among various dopants is the most
powerful and efficient strategy for broadening the luminescence
spectrum of single-phase phosphors in order to cover the whole
visible spectral region. This section reports on characteristic and
promising cases of both double and triple doping in BLSO
phosphors.

4.1 Double doping in the BLSO phosphor host

4.1.1 Eu2+–Mn2+. As discussed above, a single activator can
occupy various crystallographic sites of BLSO phosphors,
enabling tunable emission of different colors. The achievement
of broadband adjustable and tunable emission, deriving from
various energy-transfer processes which are facilitated by various
co-dopant activators, reveals the potential of inorganic materials
for use in various applications, like solid-state lighting, erasable
optical data storage, and temperature sensors.124–127

Among several rare-earth and transition-metal dopants, the
efficient Eu2+–Mn2+ combination is very popular. The divalent
Mn2+ dopant is a transition metal that exhibits various color
emissions, such as green and red emissions, ascribed to the
Mn2+ occupation in the tetrahedron and in the octahedron-field
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environment, respectively. The photoluminescence excitation
spectra of the divalent Mn2+ dopant are often located in the
blue and green spectral regions.128–130 Hence, the photo-
luminescence spectra of the divalent Mn2+ ions mostly overlap
with the blue or green emission of the divalent Eu2+ activators.
The energy transfer from Eu2+ to Mn2+ leads to tunable broad-
band emission in a single-phase phosphor.

Our previous work38 reports on the development of Eu2+/
Mn2+-co-doped CaxBa9�xLu2Si6O24 (CBLSO) single composition
phosphors with white light emission, developed by a conven-
tional solid-state reaction route. The addition of Mn2+ ions as a
co-dopant resulted in red color emission with a dominant
peak at around 618 nm, through efficient energy transfer
from the divalent Eu2+ (sensitizer) to divalent Mn2+ (activator)

ions following a dipole–dipole interaction. More interestingly,
the substitution of the Ca2+ and Mn2+ ions also leads to
improvement in the thermal stability of the CBLSO phosphors.
These properties qualify the synthesized CaxBa(9�x)Lu2Si6O24:
Eu2+/Mn2+ phosphors as promising candidates for single-phase
ultraviolet excitable white-light-emitting phosphors.

The influence of the concentration of Mn2+, as a co-dopant,
on various characteristics of CBLSO was also investigated. The
photoluminescence emission spectra of Ca1.5Ba7.38�yLu2Si6O24:
0.12Eu2+/yMn2+ single-phase phosphors (for y = 0–1) under
343 nm excitation are shown in Fig. 9a. These spectra show
that doping with divalent Eu2+ and Mn2+ as a co-dopant in
the produced CBLSO phosphor host can produce tunable
white light, since a broad band spectrum with the bands of

Fig. 9 (a) PLE and PL spectra of CBLSO:0.12Eu2+/yMn2+ (y = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1) at lex = 343 nm and lem = 484 nm, (b) PL spectra of CBLSO:0.3Mn2+/
zEu2+ (z = 0.04–0.15), (c) fluorescence decay-time profiles of CBLSO:0.12Eu2+/yMn2+ (y = 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1) at lex = 343 nm and lem = 484 nm,
(d) energy-transfer efficiency, (e) CIE chromaticity diagram with digital photographs under ordinary light and 365 nm UV light, and (f) thermal stability of BLSO:Eu2+,
CBLSO:Eu2+, and CBLSO:Eu2+/Mn2+ phosphors.38 (Reproduced with permission from ref. 38, copyright 2017, American Chemical Society.)
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blue-greenish and red-emission, peaking at 484 and 500 nm
(due to the 4f65d1–4f7 transitions of the doped Eu2+ ions), and
also at 618 nm (as a result of the 4T1(4G)–6A1(6S) transitions of
the divalent Mn2+ ions), was observed. The broad and
symmetric-emission bands of Ca1.5Ba7.5Lu2Si6O24:Eu2+/Mn2+

are attributed to the transitions of Eu2+ and Mn2+ occupying
the three crystallographically distinct Ba2+ sites in the host
structure. The photoluminescence intensity of Eu2+ decreases
with the increase of Mn2+ content (y), and the intensity of the
red color emission attributed to Mn2+ increases with the
increase of Mn2+ concentration (y) up to the appearance of
concentration quenching at Mn2+ content y = 0.7, which
witnesses the energy transfer from Eu2+ to Mn2+ ions.

The photoluminescence emission spectra of CBLSO
phosphor samples for fixed Mn2+ concentration (y = 0.3) and
for various Eu2+ concentrations (z = 0.04, 0.08, 0.1, 0.12, and
0.15) are plotted in Fig. 9b. The intensity of the red emission
of Mn2+ in CBLSO is increased with the increase of Eu2+

concentration up to z = 0.12. A further increase in Eu2+

concentration results in a decrease in the emission intensity,
ascribed to concentration quenching. The increase in PL
emission of Mn2+ with increasing content of Eu2+ by keeping
the Mn2+ content at a fixed value also confirms the effective
energy transfer from the Eu2+ (sensitizer) to Mn2+ (activator) in
the CBLSO phosphor host.

The above results validate that transfer of energy from
the divalent Eu2+ to Mn2+ co-dopants efficiently occurs. The
measurement of decay time profiles is a parameter of great
importance since it can effectively validate this hypothesis.
The photoluminescence decay-time curves of the synthesized
CBLSO:0.12Eu2+/yMn2+ were measured under 343 nm UV
light excitation at 484 nm monitored emission wavelength.
The results were fitted well to the sum of the following second
order exponential decay time components:

I(t) = A1 exp(�t/t1) + A2 exp(�t/t2), (2)

where t1 and t2 are the decay-time constants, while A1 and A2

are the exponential constants. Therefore, the average photo-
luminescence decay times (t*) can be found by the formula38

t� ¼ A1t12 þ A2t22

A1t1 þ A2t2
: (3)

The results obtained for the average photoluminescence decay
time (t*), measured using the above eqn (3), are exhibited in
Fig. 9c. The photoluminescence decay time shows a decreasing
trend from 161 to 133, 105, 93, 70, 68, and 64 ns for the increase
of y = 0–1, respectively. The decrease of the photoluminescence
decay time with increasing Mn2+ concentration validates the
existence of efficient energy transfer from the divalent Eu2+

(sensitizer) to Mn2+ (activator) ions in the Eu2+/Mn2+ co-doped
CBLSO phosphors.

To further understand the transfer of energy from Eu2+ to
Mn2+ ions, the energy transfer efficiency (Z) for various Mn2+

concentrations was calculated by eqn (4):

Z = 1 � Is/Is0 (4)

where Is and Is0 are the luminescence intensities in the
presence and absence of the activator Mn2+, respectively.
The energy transfer efficiency (Z) of the activated divalent
Eu2+ (sensitizer) ions to the co-doped Mn2+ (activator) as a
function of Mn2+ content is shown in Fig. 9d. The efficiency of
energy transfer is increased with the increase of Mn2+ concen-
tration and reaches 67% for the optimized concentration of the
Mn2+ (y = 0.7) co-dopant.

The color-coordinate tuning of CBLSO:0.2Eu2+/yMn2+ co-
doped phosphors (where y = 0–1) under UV light (343 nm)
excitation is depicted in Fig. 9e. The emission color is tuned
from blue-greenish (wide-band) to white and yellow (i.e. from
point A to B respectively). The emission-color points, including
the white-light points (i.e. the points named C, D, and E), are
also seen in this diagram. Accordingly, a controllable emission
color can be achieved by adjusting the Mn2+ content.
This qualifies the produced color-tunable CBLSO:Eu2+/Mn2+

phosphors as efficient candidates for single-phase white-light-
emitting diodes, where the tuning ability can be easily achieved
by simply adjusting the content of the Ca2+ and Eu2+/Mn2+

constituents. The photographic images of these phosphors are
shown on the right side of Fig. 9e. The produced CBLSO:Eu2+/
Mn2+ phosphor sample is colorless under ordinary daylight, but
it emits white light with high brightness under 365 nm UV light
excitation.

The influence of temperature on the emission spectra of
CaxBa(9�x)Lu2Si6O24:Eu2+/Mn2+ phosphors under 343 nm excitation
for the samples with x = 0 and 1.5 is plotted in Fig. 9f. The
comparison of these two samples (x = 0 and x = 1.5) along with the
red emission of the Mn2+ co-doped CBLSO phosphor shows
that the stability against increasing temperature is increased by
increasing the Ca2+ content in the CBLSO:0.2Eu2+ phosphor host
lattice. The excellent improvement of thermal stability can be
mainly attributed to two reasons. One reason is related to the
contraction produced in the unit volume. As a result of this, the
interactions between the doped Eu2+ and O2� (which are crystal-
field effects and the nephelauxetic effect in the 5d orbital of Eu2+)
vary. The other reason is linked to the fact that the activator Eu2+ is
moved from the Ba(1) site to the Ba(2) and Ba(3) sites when the
content of Ca2+ ions is increased. This, consequently, creates
various surrounding environments for the activated Eu2+ ions.

4.1.2 Ce3+–Mn2+. In the literature, there are reports on the
orange-red emission of Mn2+-doped phosphors. However, the
d–d absorption transitions for this ion are difficult to pump
(i.e. to excite this transition) due to the nature of the strongly
forbidden transitions. Interestingly, the trivalent Ce3+ dopants
have a spin-allowed transition among the 5d and 4f energy
levels. Hence, efficient broadband luminescence is obtained
owing to the spin allowed 4f–5d electric-dipole transition.
Therefore, trivalent Ce3+ dopants are often used in activator/
sensitizer phosphor systems with divalent Mn2+ ions used as
co-dopants.

The team of K. Song111 developed new highly-efficient
tunable bluish-cyan to red-emitting BLSO phosphors co-
doped with Ce3+ and Mn2+ activators, where efficient
energy transfer occurs from the trivalent Ce3+ to Mn2+ ions.
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More interestingly, the efficiency of energy transfer was further
intensified with self-charge compensation, due to the occupation
of the available crystallographic cation sites by Ce3+ activators.
This led to highly stable red emission peaking at 610 nm, and a
high internal-quantum efficiency of 70%, with 84% of the
quantum efficiency remaining at 160 1C.

The photoluminescence excitation and emission spectra of
Ce3+ occupying various crystallographic sites and Mn2+ single-
doped phosphors are shown in Fig. 10a. The bluish-cyan
emission is a result of the Ce3+ occupying the three crystal-
lographic sites of Ba2+, whose spectrum overlaps the excitation
spectrum of the divalent Mn2+ dopant. The overlapping of the
emission of the sensitizer with the excitation of the activator is
necessary for an efficient energy transfer.

A series of the photoluminescence spectra of BLSO phosphors
co-doped with Ce3+ and Mn2+ activators are presented in
Fig. 10b. Strong red emission at around 610 nm is observed in
the spectra of BLSO:10%Ce3+/xMn2+ (x = 0.00–0.20) co-doped
phosphors. The intensity of this red-color emission is increased
by increasing the content of the Mn2+ ions and reaches a
maximum for x = 0.15. A further increase of Mn2+ concentration
(Mn2+ 4 0.15) causes a decrease in the intensity of the red-color
emission, ascribed to concentration quenching.

An interesting and unusual phenomenon was the enhancement
of the bluish-cyan emission of Ce3+ occurring with increasing
concentration of Mn2+ dopant ions. This is ascribed to the

occupation by the activators on account of self-charge
compensation. As mentioned above, the trivalent Ce3+ ions can
occupy both the divalent Ba2+ and trivalent Lu3+ crystallographic
sites. Although the Ce3+ activator is smaller than the Ba2+ cation, in
Ce3+ singly-doped BLSO phosphors, the occupation of the site of
the divalent Ba2+ cation by the trivalent Ce3+ cation can be restricted
by the charge difference between Ce3+ and Ba2+. Nonetheless, when
the divalent Mn2+ is co-doped into the BLSO host lattice, the charge
difference can be compensated for by the replacement of the
divalent Mn2+ in the trivalent Lu3+ site. The inset of Fig. 10b shows
the photoluminescence excitation spectrum of the optimized
BLSO:10%Ce3+/15%Mn2+ phosphor, monitored at 610 nm
emission wavelength. The broadband photoluminescence
excitation spectrum, having a maximum at 333 nm, is similar to
the photoluminescence excitation spectrum of Ce3+ occupying
divalent Ba2+-crystallographic sites in the Ce3+-doped BLSO
phosphors.

The efficiency of energy transfer from the trivalent Ce3+ to
divalent Mn2+ activator is confirmed further by the fluorescence
decay-time profiles of the emission of the trivalent Ce3+-dopant.
The decay-time curves plotted in Fig. 10c reveal that the decay
becomes faster with increasing concentration of the divalent
Mn2+ co-doped ions. The luminescence decay time (t) was
recorded by integrating the normalized photoluminescence
decay profiles. The decay time (measured for the emission of
Ce3+) in BLSO:10%Ce3+,xMn2+ phosphors decreases from 26 ns

Fig. 10 (a) PLE and PL spectra of BLSO phosphors with 10%Ce3+ excited at 333 nm, at 400 nm, and with 10%Mn2+, (b) PL spectra with 10%Ce3+/xMn2+

(x = 0.00–0.2) co-doping along with the PLE spectrum in the inset, (c) fluorescence decay-time profiles for 10%Ce3+/xMn2+ (x = 0.00–0.2) co-doping at
333 nm excitation and 380 nm monitored emission wavelengths, (d) CIE color coordinate tuning with digital photographs under 365 nm UV light,
(e) internal-quantum efficiency for 10%Ce3+/xMn2+ (x = 0.00–0.2) co-doping, and (f) diagrams for evaluating thermal stability.111 (Reproduced with
permission from ref. 111, copyright 2015 American Chemical Society.)
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to 21, 18, and 16 ns with x = 0, 0.04, 0.12, and 0.20, respectively.
This decrease supports the occurrence of the transfer of energy
from Ce3+ to Mn2+ in the BLSO phosphor host.

The efficient emission-color tuning, from cyan to red, by
co-doping with divalent Mn2+ ions is depicted in the CIE
chromaticity coordinate diagram in Fig. 10d. The efficient
emission-color tuning under a 365 nm UV emitting lamp by
co-doping with various concentrations of Mn2+ ions in the co-
doped BLSO:Ce3+ phosphors is also shown in the digital
photographs in the inset of Fig. 10d. The internal-quantum
efficiency and the thermal stability of the activated Ce3+/Mn2+

co-doped BLSO phosphors are shown in Fig. 10e and 10f,
respectively.

4.1.3 Bi3+–Eu3+. The trivalent Bi3+ dopant acts as an
effective sensitizer for activating the trivalent Eu3+ ion in the
multiple-phosphor host lattice.131,132 The team of Y. Guo110

investigated the multi-centered photoluminescence
characteristics and the crystal-site engineering of Bi3+/Eu3+-co-
doped Ba9Lu2Si6O24 single-phase phosphors in order to obtain
efficient and tunable white light. Due to the complex
mechanism of the energy transfer, the tuning of the multi-
centered photoluminescence was attained by efficiently
adjusting the photoluminescence excitation-wavelength or by
controlling the concentration of the rare-earth ions.

The photoluminescence emission spectra of BLSO:0.07Bi3+/
yEu3+ (y = 0.0025–0.025) co-doped phosphors were recorded under
344 and 370 nm excitation, see Fig. 11a and b, respectively. The
intensity owing to the Bi3+ ions is decreased and the intensity
of the red-emission peak, ascribed to the co-activated Eu3+ ions,
is increased with the increase of the concentration of Eu3+

ions. However, no concentration quenching on account of Eu3+

was observed in the range of y = 0.0025–0.0250, which confirms
the existence of efficient energy transfer from Bi3+ to Eu3+ ions in
the BLSO phosphor host lattice.

The characteristic CIE chromaticity coordinate diagrams of
the BLSO:0.07Bi3+/yEu3+ (y = 0.0025–0.0250) phosphors are
presented in the insets of Fig. 11a and b for the two excitation
wavelengths. The position of the color coordinates (x, y) shifts
from bluish-green to pink across the entire visible white-light
region under 344 nm and 370 nm UV light excitation,
respectively.

The photoluminescence excitation spectra monitored at
611 nm emission wavelength of the Bi3+/yEu3+ (for 0.07Bi3+

and y = 0.0025–0.025) co-doped BLSO phosphors are depicted
in Fig. 11c. The photoluminescence excitation shows a broad-
band ranging from 200 to 500 nm. The 200–280 nm range and
the small peak at 464 nm are attributed to the charge-transfer
band (CTB) of Eu3+–O2 and to the 7F0 to 5D2 transition of the
Eu3+ ions. The broadband from 300–400 nm is associated with
the trivalent Bi3+ ions. The inset of Fig. 11c shows the fitting
of the photoluminescence excitation to four deconvoluted Gaus-
sian peaks. This supports that four kinds of Bi3+ luminescent
centers contribute to the red emission of the trivalent Eu3+ ions.

In order to shed more light on the contribution of the
different Bi3+ centers to the luminescence of Eu3+, the emission
spectra of the optimized BLSO:0.07Bi3+/0.0075Eu3+ phosphor

were measured under excitation in the range of 330–370 nm
(UV light) in steps of 5 nm (Fig. 11d). Their corresponding
chromaticity coordinate diagram is shown in Fig. 11e. A variety
of color emissions, due to Bi3+ and Eu3+, as well as of intensities
was recorded. The emission color was efficiently tuned from
white to reddish-purple upon increasing the photoluminescence
excitation wavelength from 330 to 370 nm. Thus, the emission
color can efficiently be tuned by adjusting the concentration of
Eu3+ and the excitation wavelength.

The energy-transfer mechanism and the generation of tunable
and efficient white light are related to the luminescence char-
acteristics of Bi3+ and Eu3+ in the co-doped BSLO phosphors
under UV light irradiation. Indeed, under 344 nm UV light
excitation, the three luminescent centers Bi(I), Bi(II), and Bi(III)
are excited, resulting in broadband blue/green emission (Fig. 11f).
The efficient energy transfer from these three Bi3+ luminescent
centers to Eu3+ ions also results in generating warm white light.
Under 370 nm UV light irradiation, the energy is trapped in the
Bi(IV) luminescent center, leading to strong blue emission, which
further transfers its energy to the co-doped Eu3+ ions, and, as a
result, tunable photoluminescence emission from blue to the red
spectral region is attained (Fig. 11g).

The thermal stability of phosphors is of great importance as
far as their potential application in white LEDs is concerned.
The stability against the temperature of the optimized
BLSO:0.07Bi3+/0.0075Eu3+ phosphor under 344 and 370 nm
excitation was recorded over a wide temperature range of
299–503 K (Fig. 11h and i, respectively). The intensity in both
cases decreases with increasing temperature. The remaining
intensity at 423 K (150 1C) was 66.1% and 72.8% (under 344 and
370 nm excitation, respectively) of the value recorded at room
temperature.

4.2 Triple doping in BLSO phosphors

Compared with double doping in activated BLSO phosphors,
the triple doping originating from different emission centers
and their efficient energy transfer provides more opportunities
for photoluminescence tuning. In the following sections, two
interesting cases are reported.

4.2.1 Ce3+–Mn2+–Tb3+. Doping with divalent Mn2+ and
trivalent Tb3+ ions in various phosphor-host lattices leads to
characteristic color emission in the red and green spectral
regions, ascribed to the d–d and f–f transitions, respectively.133,134

However, the d–d and f–f absorption transitions of these activators
are crucial to excite over a wide range of UV light. Dopants such as
Eu2+ and Ce3+, having a 5d–4f spin-allowed transition, are used as
sensitizers to be co-doped with Mn2+/Tb3+, whereby they efficiently
transfer some of their energy to activate Mn2+ and Tb3+ ions in
order to emit their characteristic color. Our previous work61 reports
on the successful development of novel full color-emitting
BLSO:Ce3+/Mn2+/Tb3+ single-phase phosphors by using a high-
temperature solid-state reaction route.

The influence of the divalent Mn2+ content on the photo-
luminescence excitation (PLE) and emission (PL) spectra of the
Ce3+/Mn2+ co-doped BLSO phosphors is shown in Fig. 12a.
The enhancement of Mn2+ concentration (i.e. the decrease of
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Fig. 11 Photoluminescence emission spectra (along with their corresponding CIE chromaticity coordinate diagrams in the insets) of BLSO:7%Bi3+/yEu3+

(y = 0.0025–0.025) phosphors under (a) 344 nm and (b) 370 nm excitation, (c) photoluminescence excitation spectra monitored at 611 nm emission
wavelength (along with a Gaussian fitting of an excitation spectrum in the inset), (d) emission spectra and (e) CIE chromaticity coordinate tuning of the
optimized BLSO:0.07Bi3+/0.0075Eu3+ phosphor under excitation in the range of 330–370 nm, (f) the configurational coordinate diagram of the ground
and excited states of Bi3+ and Eu3+ activators, (g) schematic representation of the energy-transfer mechanism for generating tunable white light, and the
temperature dependence of the PL spectra of the optimized phosphor under excitation at (h) 344 nm and (i) 370 nm.110 (Reproduced with permission
from ref. 110, copyright 2017 Nature.)
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the Ce3+/Mn2+ ratio) causes a decrease of the blue color
emission peaking at 424 nm owing to the trivalent Ce3+

sensitizer, and an increase of the red color-emission peaking
at 605 nm, on account of Mn2+ co-dopant ions, which reaches a
maximum value for y = 0.4. A further enhancement of Mn2+

concentration (i.e., y 4 0.4) produces a decrease in the photo-
luminescence intensity of the red color emission because of
concentration quenching.

The gap between the band of blue color-emission peaking at
424 nm due to the trivalent Ce3+ sensitizer and the band of red
color-emission peaking at 605 nm due to the Mn2+ activator in
the host of BLSO results in a poor color quality with low CRI
values. Accordingly, a green color-emitting Tb3+ activator was
introduced in the BLSO:Ce3+/Mn2+ co-doped phosphors to
produce high-quality white-light emission. The PL spectrum of
the optimized triply-doped Ba8.63Ce0.09Mn0.2Tb0.08Lu2Si6O24

phosphor under 345 nm UV light excitation is shown in
Fig. 12b. The luminescence emission color of this tri-activated
phosphor appears white when it is examined with the naked eye.
The aforementioned experimental results show that the white-
light emission that appears can be efficiently tuned from
the blue to green and to the red spectral region simply by
appropriately adjusting the concentration of the activated ions
of the divalent Mn2+ and the trivalent Tb3+ in the BLSO host
phosphor with a fixed value of the trivalent Ce3+ concentration.

Indeed, the CIE color coordinates of the BLSO:0.09Ce3+/
yMn2+ and BLSO:0.09Ce3+/zTb3+ co-doped phosphors under
UV light excitation at 345 nm (Fig. 12c) efficiently move from
the blue color region (0.180, 0.119) to the orange-red color

region (0.243, 0.328) and to the green color region (0.436, 0.243)
upon increasing the values of y and z. Additionally, the CIE
color coordinates of the Ce3+/Mn2+/Tb3+ tri-activated BLSO
phosphors can efficiently shift towards the white-light region
(0.317, 0.275); this indicates that the concentrations of the
divalent Mn2+ and trivalent Tb3+ activators have appropriately
been selected. For instance, at the concentration y = 0.2, the CIE
color coordinates of the optimized BLSO:0.09Ce3+,0.2Mn2+,zTb3+

phosphors effectively move from the blue color region to the
white light region with the enhancement of the green color
component (the middle curve of Tb3+, Mn2+ in Fig. 12c). These
experimental results show that the developed BLSO:Ce3+/Mn2+/
Tb3+ phosphors demonstrate tunable luminescence characteristics
and, therefore, have superior potential as candidates for use in
single PC-WLEDs. In order to shed light on the efficient tuning
of the light emitting color in the entire visible region, a
schematic representation of the energy transfer is shown in
Fig. 12d. According to this scheme, the excitation at 345 nm
effectively excites the trivalent Ce3+ activator. Then, through a
radiative process, some Ce3+ dopant ions return to their ground
states of 2F7/2 or 2F5/2, while other excited Ce3+ ions transfer
their energy to the 5D2/5D3 state of Tb3+ and to the 4A1(4G) state
of Mn2+.

The high value of CRI and the stability of the light performance
against the temperature of phosphors are of crucial importance in
white LED applications. The influence of temperature on the
emission intensity of the produced BLSO:0.09Ce3+/0.2Mn2+/
0.08Tb3+ optimized phosphor was recorded over the wide tem-
perature range of 25–200 1C, where a white LED normally works

Fig. 12 (a) PLE and PL spectra of BLSO:9%Ce3+/yMn2+ (y = 0–0.8) phosphors at lex = 332 nm and lem = 424 nm, (b) emission spectrum of the optimized
BLSO:9%Ce3+/20%Mn2+/8%Tb3+ phosphor under 345 nm excitation and digital photographs under ordinary daylight and 365 nm UV, (c) CIE color
coordinate tuning for Ce3+/Mn2+/Tb3+ tri-activated BLSO phosphors under 345 nm UV light excitation, (d) schematic representation of energy transfer,
and (e) temperature-dependent emission spectra for the optimized BLSO:9%Ce3+/20%Mn2+/8%Tb3+ phosphor under 345 nm UV light irradiation.61

(Reproduced with permission from ref. 61, copyright 2017 Springer.)
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(Fig. 12e). The increase of temperature causes a decrease in
intensity of the photoluminescence emission and the remaining
intensity of the tri-activated BLSO phosphor is 77% of that at
room temperature when the temperature increases to 150 1C.

4.2.2 Ce3+–Eu2+–Mn2+. As has already been discussed, Eu2+,
Ce3+, and Mn2+ emit characteristic blue, green, and red colors
in singly and co-doped BLSO phosphors. C. Zhang106 and co-
workers synthesized tunable full-color emitting (410–750 nm)
single-phase BLSO phosphors by a high-temperature solid-state
reaction method. The red emission of the divalent Mn2+ was
effectively enhanced through an efficient energy transfer from
both Ce3+ and Eu2+ activators. The present paper reports on
BLSO:Eu2+/Ce3+/Mn2+ single-phase phosphors as potential
candidates for near-UV-based white LEDs.

In order to shed light on the efficient energy transfer and the
generation of white light by single-phase Eu2+/Ce3+/Mn2+ tri-
activated BLSO phosphors, the room temperature PLE and PL
spectra of the BLSO:5%Eu2+, BLSO:10%Ce3+, and BLSO:10%Mn2+

singly-doped phosphors were recorded (Fig. 13a). It is observed
that the excitation spectrum of the BLSO:10%Mn2+ overlaps with
both the emission spectra of BLSO:5%Eu2+ and BLSO:10%Ce3+.
This suggests the possibility of energy transfer from both the Eu2+

and Ce3+ to Mn2+ activators.
The concentrations of Eu2+ and Mn2+ were optimized as

x = 0.01 and z = 0.15. Then, the concentration of Ce3+ was
suitably adjusted to generate efficient white light. The PL
spectra of the BLSO:1%Eu2+/yCe3+/15%Mn2+ (y = 0.05–0.30)
are presented in Fig. 13b. Both the green and the red emission,
attributed to Ce3+ and Mn2+ ions, respectively, are improved

when y 4 0.1. Consequently, deficient green-color emission
is obtained in the BLSO:1%Eu2+ and 15%Mn2+ co-doped
phosphors, but the red-color emission of Mn2+ is enhanced
by efficient energy transfer from Ce3+ to Mn2+ in the
BLSO:1%Eu2+/30%Ce3+/15%Mn2+ tri-activated phosphor.

The CIE chromaticity coordinate diagram of the
BLSO:1%Eu2+/yCe3+/15%Mn2+ tri-activated phosphors is shown
in Fig. 13c. The photoluminescence emission color is efficiently
tuned to the white-light region and the CIE coordinates are
tuned from (0.284, 0.228) to (0.314, 0.375) upon increasing the
Ce3+ concentration from y = 0.05 to 0.30, respectively.

The temperature stability of the white-color emission of the
single-phase BLSO phosphors was measured in the temperature
range of 25–300 1C (Fig. 13d). The luminescence intensity is
strongly influenced by the temperature increase and only 58% of
the initial luminescence intensity at room temperature (RT)
remains at 160 1C. Nonetheless, the CRI and CCT values, shown
in the insets of Fig. 13d, remain unchanged with increasing
temperature, indicating good color stability for BLSO phosphors.

Finally, a white LED was fabricated by coating a 395 nm UV
emitting chip with the optimized single-phase white-light-
emitting Eu2+/Ce3+/Mn2+ tri-activated BLSO phosphor. The
electroluminescence emission spectrum of the fabricated
device is shown in Fig. 13e. High-quality white light, with a
6300 K CCT value and a high CRI of 85% due to full-color
emission, was produced (inset of Fig. 13e). These results
indicate the excellent performance of the Eu2+/Ce3+/Mn2+

tri-activated BLSO single-phase phosphors in near-UV-
based LEDs.

Fig. 13 (a) PLE and PL spectra of singly-doped BLSO phosphors with 5%Eu2+, 10%Ce3+ and 10%Mn2+, (b) PL spectra of BLSO:1%Eu2+/yCe3+/15%Mn2+

(y = 0.05–0.30) phosphors under 400 nm excitation, (c) CIE chromaticity coordinate diagram of BLSO:1%Eu2+/yCe3+/15%Mn2+ phosphors (y = 0.05–
0.30), (d) temperature dependence of the PL spectrum and the corresponding CRI and CCT in the insets, and (e) electroluminescence emission spectrum
of the fabricated LED along with its digital photograph.106 (Reproduced with permission from ref. 106, copyright 2016 Elsevier.)
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5. Other potential applications of
BLSO phosphors

Apart from the aforementioned applications, the excellent
photoluminescence properties and the tuning ability of BLSO
phosphors also qualify them for further consideration and
experimentation as well as potential use in several other
emerging technologies.

For instance, F. Chi135 and co-workers recently used
Zn2GeO4:Mn2+ phosphors as multimodal temperature-sensing
devices in a highly sensitive luminescence thermometer. As
discussed in the earlier section (Section 2.1), Eu2+-doped BLSO
phosphors show red emission at low temperatures. More
interestingly, changes appear in the photoluminescence
emission peaks of the Eu2+-activated BLSO phosphors at
various temperatures. Hence, a potential application as a
low-temperature optical thermometer is proposed.

Reversible photoluminescence switching based on
photochromism has also attracted great attention owing to
widespread potential application in anti-counterfeiting, photo-
switching, and optical information storage. Y. Lv136 and co-
workers successfully used Sr6Ca4(PO4)6F2:Eu2+ phosphors as
reversible photoluminescence switching materials. The BLSO
phosphors also provide various crystallographic sites for
occupation by various activators. Efficient energy transfer among
single activators doped in various crystallographic sites and in
various activators was also observed in these phosphors.
Accordingly, BLSO phosphors reveal their potential for use in
reversible photoluminescence switching applications.

A different aspect was presented by L. Dai137 and co-workers,
who investigated the influence of various compositions, as a
flux, on the luminescence spectra of BLSO phosphors. More
specifically, they demonstrated efficient color tuning by the
addition of Li2CO3 as a flux in BLSO phosphors. This study also
demonstrates the high potential of BLSO phosphors, within
a range of various compositions, for application in various
color-emission and detection systems.

6. Concluding remarks

Phosphors with a general chemical composition of Ba9Lu2-

Si6O24 (BLSO) constitute an important part of the family of
inorganic materials, where multiple cation substitutions can
be made to develop optimized compositions for use in the
different fields of lighting. Through this review, the concepts of
(a) crystal-site engineering, in order to achieve efficient tuning
of color emission, and (b) the increase and the tunability of
sensitizer emission, as a result of the efficient energy-transfer
phenomenon, via doping with different rare-earth (RE) and
transition metal (TM) ions, such as Eu2+, Ce3+, Bi3+, and Mn2+,
emerged.

In the light of this general consideration, the review
ultimately aims at highlighting the future aspects as far as
the substitution of various elements for Ba2+ and Lu3+ cations is
concerned. More specifically:

(1) Broadband yellow emitting YAG:Ce3+ phosphors are the
most commonly used and commercial materials for single-
phase phosphor converted white-LEDs. The unique broadband
emission of Ce3+ results from the strong crystal field splitting of
the 5d level of the trivalent Ce3+ activators. Furthermore, it is
noted that the temperature quenching of the Ce3+ doped YAG
phosphors is attributed to the higher concentration of activators.
The capacity of accommodating a higher concentration of the
doped activators in multiple crystallographic sites of single-
phase phosphors not only tunes the photoluminescence
excitation and emission but also efficiently enhances the
thermal stability of phosphors. Therefore, the application of
phosphors with multiple crystallographic sites in high-power
white LEDs is also possible.

New broadband white-light-emitting phosphors are still
highly required to replace traditional YAG:Ce3+ phosphors.
Crystal site engineering with substitution of various cations
and anions would enlarge the family of single-phase phosphor
converted white LEDs. The first general aspect in the model of
BLSO phosphors deals with the enhancement of the higher-
wavelength emission peak in the yellow to red spectral region
through various substitutions of cationic and anionic ions via
the approach of crystal-site engineering. Until recently, the
substitution with only smaller ionic radii elements has been
reported, which leads to contraction of the host lattice. Never-
theless, the expansion of the host lattice also leads to an
efficient tuning of the photoluminescence characteristics.
Thus, substitution with cations with bigger ionic radii is
proposed for Ba2+ and Lu2+ in BLSO phosphors for future
development. Furthermore, substitution with anions such
as S2�, N3�, and C4� is also an efficient possibility of
luminescence tuning and stability enhancement. This research
requires a strong background of theoretical and experimental
knowledge of the various features of the inorganic materials
involved.

(2) The packing of commercially available YAG:Ce3+ phosphors
in phosphor-converted LEDs is another considerable issue to
extract emission light, which attracts both scientific and techno-
logical attention. Various factors such as the particle size of
phosphors along with dispersion and the microstructure of
available packages are the important parameters that play effec-
tive roles in the performance in terms of light extraction efficiency
of phosphor-converted LEDs. Therefore, the second aspect of
this work is associated with the enormous challenge of
the development of novel single-phase phosphors with high
luminescence stability, an appropriate spectrum of absorption,
excitation, and emission bands in the desired visible spectral
region with high photoluminescence quantum efficiency, along
with efficiently high color purity over a broad temperature range
of 25–150 1C.

Motivation for the development of high-performance single-
phase phosphors is driven to exploit the possibility of low-cost
high quality warm white light generation. The surrounding
environment of the host lattice around the doped activators
(Eu2+/Ce3+) is the most essential component in the performance
of phosphors for white LEDs. Therefore, the computational
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design of phosphors could be first considered for selecting an
appropriate host lattice for the doping with a specific activator.
More specifically, the energy level of the specific activator in the
design of coordination environments could be first calculated
by using various simulation approaches. After optimization
with various simulation approaches the target phosphors
should be experimentally synthesized.

(3) Another approach for the generation of efficient white
light is the combination of various color emitting phosphors
(RGB phosphors) with a near-UV emitting chip. However, there
is also some big challenging issues in both the chips and
phosphors combination. More specifically, the near-UV
emitting chip suffers from lower efficiency, which leads to the
development of white LEDs with lower luminous efficacy. The
combination of various color-emitting phosphors also results
in degraded performance (i.e., lower luminous efficiency
and shorter operational lifetimes) due to the reabsorption
phenomenon. More specifically, it is rare to find red-emitting
phosphors that absorb only near-UV light and do not absorb
any visible light. Most of the popular red-emitting phosphors
are nitrides and oxynitrides doped with Eu2+/Ce3+ and Yb3+

activators respectively. However, these phosphors not only
absorb near-UV light but would also absorb some portion of
the blue and green spectral regions.

Furthermore, the development of near-UV pumped
phosphor converted LED devices implies the combination of
different multiple-color-emitting phosphors. Therefore, it is
beyond any doubt that this inevitable complexity of the devices
plausibly enhances the cost of the fabricated white-LED
devices. Moreover, the currently available single-phase
full-color white light-emitting materials have the superiority
of easy fabrication. However, they exhibit weak absorption with
low-energy transfer efficiency and show lower performance with
balancing of the high color rendering index (CRI) and
lower correlated color temperature. Both these factors, i.e.
device-development complications entailing the subsequent
increase in cost and the importance of luminescence efficiency,
are serious issues that have to be addressed, perhaps via the
development of single-phase phosphors doped with single
activators in order to generate full-color emission in the visible
light region.

(4) Although several types of phosphor converted white-LEDs
are commercialized for general illumination, there is still more
room for advancement in the production of broadband single-
phase white-light-emitting phosphors to increase lumen
performance and cost competitiveness. The photolumines-
cence behavior of phosphors is one of the most important
factors in enhancing the luminescence efficiency, and the
coating of single-phase phosphors is an easy and low-cost
method for the generation of white LEDs. A variety of novel
functional materials and concepts are still in the research
stage, with the potential to produce white-light with high
lumen efficiency and low cost. The development of highly
efficient broadband white-light-emitting single-phase phos-
phors and novel LED chips will efficiently trigger each other’s
development in the near future.
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