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ABSTRACT

Efficient cyan phosphors are needed for filling the cyan cavity in the spectra of
phosphor converted white light-emitting diodes (pc-WLEDs). In this paper, we
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6 June 2022 reported a strategy to enhance the emission of cyan BaSi,O,N,:Eu*" phosphor
by adding Ho®" to promote conversion from Eu®* to Eu*". External quantum
© The Author(s), under efficiency reached up to 68.9%, excited by 405 nm, based on the observation of

emission intensity decrease of Eu*" and absorption enhancement of Eu** with
addition of Ho*. Using the luminescence-enhanced cyan phosphor, commercial
yellow, and red phosphors, full-color WLEDs with high color rendering at
various color temperatures were packaged on blue LED chips. A WLED with
ultra-high color rendering index (CRI =98) and high luminous efficiency
(95 Im/W) at correlated color temperature of 5112 K was achieved.
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important [1]. The WLEDs are mostly realized by
coating phosphors, mainly including cyan BaSi,O,.
Ny:Eu®* (BSON:Eu®"), yellow YAG:Ce®*, and red

1 Introduction

Good lighting should not only provide the needed
level of visual performance but also protect people’s
physical and mental health [1]. Bright light can be
used in the treatment, sleep conditioning, emotion
improving, and the circadian clock regulation. Hence,
the concepts of full-spectrum lighting [2] and human
centric lighting [3] have been proposed one after
another in lighting field. Therefore, spectral distri-
bution design of white-light-emitting diodes
(WLEDs) for visual comfortable is extremely

CaAlSiN3:Eu** phosphors, on blue LED chips [4-7].
The latest research reported a new kind of receptor of
human, which can control biological rhythms via the
effect of melatonin secretion [1]. The most sensitive
wavelength of the receptor was located in cyan
region. Therefore, cyan BSON:Eu®* phosphor has
attracted much attention [8]. Different from some
other cyan light-emitting materials like LiBaBOj:-
Eu*[9], BaZrSizOo:Eu" [10], and (Sr, Ba)s7Eugs(-
PO,);CLEu*" [7], BSON:Eu*" can be -effectively
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excited by blue light. However, the conversion effi-
ciency of cyan BSON:Eu** phosphor needs to be
improved.

Luminescent properties of BSON:Eu®* were first
reported by Li et al. [11]. After that, plenty of work
have been done in the synthesis method and the PL
properties of it [12-20]. It is well known that it is
difficult to obtain the pure phase of BSON. Yun et al.
[13] and Pan et al. [14] proved the validity of the two-
step method (using Ba,SiOy Eu*" as a precursor),
compared with the conventional solid-state reaction.
To enhance the emission intensity of BSON phos-
phor, Song et al. [18] obtained a rod-like single-phase
BSON:Eu?" phosphor, using Eu,0O;@B,0; core-shell
structure as an activator; Wang et al. [19] improved
the optical performance of BSON:Eu®" by incorpo-
rating La®" and Y**; Wang et al. [20] improved the
optical performance of BSON:Eu** by partial Ge*"
substitution for Si**.

In this paper, we report the realization of emission
enhancement of cyan BSON:Eu®" phosphor, by
adding Ho’* to promote the conversion of Eu’" to
Eu”*. The mechanism of the enhancement is studied.
Using the improved cyan phosphor as well as com-
mercial yellow and red phosphors, full-color WLEDs
with high color rendering at various color tempera-
tures are packaged on blue LED chips.

2 Experiment
2.1 Synthetic process

The phosphors BSON:xEu**, xHo"" are synthesized
via a high-temperature solid-state reaction of two-
step method. At the first step, appropriate amounts of
BaCO; (99.99%), SiO, (AR), and Eu,O3 (99.99%) are
fired at 1200 °C for 6 h in a reducing gas flow of
95%N,/5%H, to make a precursor, Ba,SiO:xEu?t.
Secondly, the precursor is ground and mixed with
SizNy (99.99%), Li,CO; (99.99%), and Ho,03(99.99%)
in a stoichiometric ratio and then fired again at
1100 °C for 1 h and 1450 °C for 6 h, in the same
reducing gas flow. Finally, the samples are cooled
down to room temperature under the same atmo-
sphere. The synthesis process has been presented in
detail with a flow chart for easy understanding
(Figure S1). To satisfy the requirement of charge
balance, the substitution of Ho®* for Ba®" is con-
ducted by adding equivalent concentrations of Li".
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And the concentration of Li" is changed with the
Ho>" concentration, as a 1:1 weight ratio.
2.2 Characterization

The crystal structure of phase formation is detected

by X-ray diffraction (XRD) (Bruker D8 Focus
diffractometer, in the 20 range from 10° to 70° with
Cu Ko radiation (1 = 1.54056 A) operating at 40 kV,
30 mA). The Photoluminescence excitation (PLE) and
photoluminescence emission (PL) spectra are mea-
sured by FLS900 spectrometer (Edinburgh Instru-
ments, U.K.). The measurements of diffuse reflection
spectra are performed by Hitachi F-7000 spectrome-
ter, equipped with a 150 W xenon lamp. A process
controller (OMEGA CN76000), equipped with a
thermocouple, is used to measure the temperature
and control the heating rate. In fluorescence decay
measurements, an optical parametric oscillator (OPO)
is used as an excitation source, and the signal is
detected by Tektronix digital oscilloscope (TDS 3052).
The quantum efficiency is measured by Hitachi
F-7000 spectrometer, equipped with an integral ball.
Prototype LEDs are fabricated by applying an inti-
mate mixture in weight of the phosphor powder and
transparent silicone resin on blue InGaN LED chips
(ex = 450 and 460 nm). The chromaticity coordinates,
Ra, CRI, and CCTs of white LEDs are measured by
Ocean Optics USB4000 spectrometer.

3 Results and discussion
3.1 Observation of Eu®" in BSON

Figure 1a shows the XRD pattern of BSON:Eu**,
xHo>* with different x. The main diffraction peaks
agree well with that of BSON reported in previous
work [11, 12]. BSON:Eu®* has been proposed to have
an orthorhombic crystal structure with a space group
Pbcn. Ba®* is surrounded by O®™ in the inter-layer of
SiON; tetrahedron (Figure S1). Eu*" and Ho"
occupy the position of Ba®* by virtue of having an
atomic radius similar to Ba®>*. And due to the smaller
atomic radius of Eu*" and Ho®', the XRD peaks
shows a left shift as the increase of x. Figure 52 shows
a same left shift at the higher doping of Eu®".
Figure 1b shows the scanning electron microscopy
(SEM) mapping of BSON:Eu**. Some rod-like type
morphologies are observed. Lee et al. considered that
these rods are BSON:Eu®" rather than BSON:Eu*".
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Fig. 1 a The X-ray diffraction (XRD) pattern of BSON:0.04Eu>*, xHo®" (x = 0, 0.02, 0.03, 0.04, 0.05) and b Scanning electron

microscopy (SEM) mapping of BSON:Eu>*

The rod-like type morphology is a preference orien-
tation, which is common in BSON. [21]. An intensity
change about the XRD peak can be seen at 24.9° and
25.7°, which is because the crystal plane diffraction
intensity is caused by preferred orientation. To pre-
cisely determine the degree of reduction of Eu" to
Eu”", the X-ray photoelectron spectroscopy is mea-
sured. However, as shown in Figure S3, the peak with
Eu?" and Eu®? in the XPS is not founded [22, 23].

The PL and PLE spectra of BSON:Eu*" are shown
in Fig. 2a. The PLE spectrum shows two broad exci-
tation bands, covering 260—485 nm, which is origi-
nated from 4f°-4f5d transition of Eu®" [15]. The PL
spectrum of BSON:Eu?", excited at 405 nm, shows a
narrow cyan band at 495 nm, originated from the
transition from the lowest lying 4f5d state to the
ground state of Eu”". In addition, emission lines with
the main peak at 612 nm is also detected, under
532 nm excitation, which is assigned to °Dy—F;
(J = 0,1,2,3,4) transitions of Eu®", compared with the
emission spectrum of BSON:Eu’" as shown in
Fig. 2c. The PLE spectrum of the 612 nm emission
(Fig. 2b) shows a O>~ —»Eu’" charge transfer band at
302 nm and a series PLE lines for the transitions of
"Fo—°D; (J =1,2,3) [24]. The observation of Eu’*
emission indicates that Eu’" is not reduced com-
pletely to Eu*" in the preparation of the BSON:Eu*".
The vacancy and non-equilibrium potential are
formed in the synthetic process, due to the similar
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radius between O and N°". And N° with a
smaller radius is easy to occupy the O*~ case for the
formation of excess negative charge. This will lead to
a result that Eu®* is not reduced completely to Eu**
in the preparation. Therefore, the luminescence
intensity of BSON:Eu** will be improved by con-
verting the residual Eu®* to Eu*".

3.2 Emission enhancement of BSON:Eu?"
by adding Ho>*

It can be found that the cyan emission of
BSON:Eu®* can be enhanced by adding Ho>" in the
phosphor. As can be seen from Fig. 3, the cyan
emission (Fig. 3a) and UV blue absorption (Fig. 3b) of
Eu”* are both enhanced as the increasing of Ho>*,
while the Eu®" emission, at 612 nm, is weakened
(Fig. 3c). The cyan luminescent enhancement is
attributed to the increase of Eu2+, which is resulted
from the promotion of Eu®" to Eu®" conversion by
the increase of Ho’". There is a limit solubility of
trivalent cations to replace Ba®" sites in BSON host,
due to charge mismatch between Ba*" and trivalent
cation. Ho®" will occupy the limit sites, allowed to be
occupied by trivalent cations, as it introduced in
BSON. Therefore, there is a competition between
Eu’* and Ho®" for occupying these limit sites. The
luminescence characteristics of BaSi,O,N,:Eu®t,
Ho’* without Li" doping was presented in Figure S4.
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Fig. 2 PL and PLE spectra of BSON:Eu** (a), PLE spectrum (b), and PL spectrum (c) of BSON:Eu**"
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Fig. 3 PL spectra of Eu?" (a), powder diffuse reflection spectra (b), and PL spectra of Eu** (c) of BSON:Eu?>*, xHo>* (x = 0, 0.02, 0.03,
0.04, 0.05). Excited state decay curve of the BSON:Eu>", xHo>" (x = 0.03, 0.04, 0.05) monitoring at 495 nm excited by 450 nm

It can be seen a same enhancement by Ho®" doping.
Different from the previous report [25, 26], the effect
of the trace Li* is small in this paper. With the
increase of x, Eu’* fails to compete with Ho>*, and
they have to convert Eu** to occupy Ba®" site. In
addition, the cyan emission intensity reaches the

maximum at x = 0.03 (Fig. 3a and d) and it starts to
decrease, as x > 0.03. The decrease of cyan emission
intensity is attributed to the reduction of quantum
efficiency of the cyan emission, based on the experi-
mental observation that the cyan fluorescence life-
time becomes slightly shortening as the increasing of
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Fig. 4 Emission spectra of LEDs packaged by BSON and
Commercial ~ phosphors  yellow LuAG:Ce®* and  red
CaAlSiN;:Eu”"  phosphors on blue LED chip and the

x (Fig. 3d). The lifetime shortening may be due to
energy transfer to some unknown centers induced by
Ho’" co-doping. Moreover, it can be observed that all
of the BSON:xEu®* phosphors (x = 0, 2%, 3%, 4%,
5%, and 6%) show notable emission enhancement as
0.03Ho’* is added, as shown in Figure S5. Finally, the
EQE of Optimal sample is 68.9% and the IQE is
88.6%, upon 405 nm excitation. And its thermal sta-
bility is shown in Figure Sé.

3.3 Full-color WLEDs

Series WLEDs, that have emission spectra resem-
bling black body radiation curves for various corre-
lated color temperatures (CCTs), from 2000 to 4400 K,
are fabricated, using cyan BSON:Eu**, Ho’>" phos-
phors, and commercial phosphors (yellow
LuAG:Ce*" and red CaAlSiNs:Eu?"), which is based
on 460 nm blue LED chips, as shown in Fig. 4a and c.
And the emission spectra of LEDs, packaged by three
phosphors on blue LED chip, respectively, are shown
in Figure S7. It can be found that the CRIs are less
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figure online)

than 93 in Fig. 4a and c. This is because the spectra
components with the wavelength shorter than
450 nm are insufficient. Figure 4d shows a WLED
with an ultra-high CRI close to 98, at 5112 CCT, based
on 450 nm blue LED chips, with high luminous effi-
ciency of 95 Im/W. The spectrum of the high CRI
WLED shows a high blue emission intensity for
compensating the deficient shorter wavelength blue
components.

4 Conclusion

Efficient cyan emission BSON:Eu**, Ho>" phosphors,
suitable for blue LED excitation, are developed. Eu®*
emission of BSON phosphor is enhanced by co-dop-
ing Ho’*. As the competition between Eu’' and
Ho’* for occupying limited trivalent cations sites,
Ho®"-doped samples show the best performance
with EQE reach up to 68.9%. The WLEDs with dif-
ferent CCTs are encapsulated with excellent perfor-
mance. High-efficiency WLEDs with high CRI are
obtained by packaging the BSON:Eu®*, Ho’*. The
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CRI reaches up to 98, with the high luminous effi-
ciency of 95 Im/W. It initiates a new way to enhance
luminescent intensity of phosphors.
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