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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini The cyan-emitting BaSisOaNg:Eu?* phosphor is a promising narrow-band and high-efficiency luminescent ma-

terial used in wide-color-gamut white light-emitting diodes (WLEDs). However, its serious degradation under

Keywords: thermal attacks hinders its practical applications and needs to be improved. Herein, we proposed to deposit a
Pll‘]’;[ﬁ)’hor nano-sized Al,Os film around each BaSioOoNo:Eu?™ particle through atomic layer deposition (ALD) in a fluidized
Wi

bed reactor to improve its thermal stability. Thermal gravimetric analysis results showed that the Al;O3 layer
with a thickness of only 11 nm had an obvious anti-oxidization effect, by which the oxidation temperature in air
of the Al,O3 coated phosphor was largely increased from ~550 to ~750 °C. Moreover, the Al;O3 coated
phosphor remained 93% of its luminescence intensity in comparison to 73% of the uncoated one when degraded
under water-steam at 200 °C for 24 h. The oxidization of both the BaSi;O2N2 host matrix and the doped Eu®* ions
was reduced by the Al;,O3 layer. Meanwhile, the wLEDs fabricated with the AlyO3 coated phosphor showed a
luminous flux of 3 times higher than that of the uncoated one when aged under 100 mA for 300 h. The greatly
improved thermal degradation property of BaSiz0,No:Eu®t phosphor and the reliability of the wLEDs indicate
that the ALD approach could be a feasible route to produce uniform and nano layers on phosphors and enhance
their stability.

Thermal stability
Atomic layer deposition

or moisture attacks. Different from thermal quenching, thermal degra-
dation of BSON is an irreversible deformation, which makes it hard to be

1. Introduction

Phosphors play an irreplaceable role in energy-saving wLEDs [1-3].
Generally, phosphors applied to wLEDs need to have high quantum ef-
ficiency, suitable excitation and emission spectra, and good thermal
quenching properties [4-6]. Besides, the phosphors should be robust
under thermal, moisture, and irradiation attacks [7-11].

Eu2+-doped MSiz09Ny (M = Ca, Sr, Ba) phosphors show excellent
photoluminescence properties and good chemical stabilities [12-14].
They emit visible light from cyan to yellow depending on the species of
alkaline earth metals and dopants [15-17]. Among them, BaSizO2Ns:
Eu®" (BSON) has a narrow-band cyan emission, a full-width at half
maximum (FWHM) of only ~40 nm, and high quantum efficiency of
~85%, which can be used to fabricate super-high color rendering wLEDs
[18-20]. However, BSON shows obvious thermal degradation under air

* Corresponding author.
** Corresponding author.

practically used in wLEDs with high reliability and longevity.

Many efforts have been devoted to investigating the thermal degra-
dation mechanisms and reliability of MSioOsNy phosphors [21,22].
Wang et al. found that the photoluminescence intensity of the
SrSiz0,N2:Eu’* (SSON) phosphor decreased when baked at 200-600 °C
in air, which is mainly due to the oxidation of Eu*" induced by its
layered structure [23]. At the same time, SrSiO3 was formed on its
surface due to the oxidation of the host lattice. The oxidation of both the
host lattice and the activator decreases the luminous intensity of SSON.
Zhang et al. observed that the deterioration of SSON was mainly caused
by the oxidation of the host lattice when calcined at 400 °C in air [24].

As to BSON, it has a similar layered structure as SSON, yet the co-
ordination environment of Ba is different from Sr [15]. Therefore, the
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BSON phosphor also has the problem of thermal degradation that needs
to be solved [25-27]. Wu et al. found that the thermal quenching and
thermal cycling degradation of BSON caused by the oxidation of Eu*
were reduced by 11.4% and 6.1% through SiC doping in the lattice,
respectively [28]. Zhang et al. reported that the thermal quenching
stability at 150 °C was increased by 2.4% and the thermal degradation
after being calcinated at 500 °C was decreased by 15% when a SiO,
coating was applied on BSON [29]. Generally, coating a protective layer
on the phosphor surface is a feasible approach to improve its stability.
However, due to the rather high SiO, coating thickness, the emission
loss is quite significant, and there is still much room left to improve the
thermal stability of BSON phosphor by applying a much thinner but
nevertheless closed coating.

Atomic layer deposition is a gas phase deposition technique that has
been applied to deposit passivated layers in many areas for superiorly
stable materials [30,31]. In our previous work, a uniform Al,O3 thin
layer was deposited on the SrySisNg:Eu* phosphor surface by using ALD
in a fluidized bed reactor (FB-ALD), and the relative photoluminescence
intensity of the coated phosphor after degraded under 200 °C in air for 2
h was improved from 80% to 95% in comparison to the uncoated one
[32]. Based on cyclic self-limiting reactions, ALD allows controlling the
thickness of the Al;03 layer down to atomic levels with high uniformity
and conformity [33,34]. In this work, we attempted to enhance the
thermal degradation stability of BSON by coating an ultra-thin Al;O3
layer on the phosphor surface. The influence of the Al,O3 layer on the
photoluminescence property and thermal stability of BSON, as well as
on the reliability of the fabricated LED devices was investigated.

2. Experimental section
2.1. Starting materials

The BaSiz0,N2:Eu?" phosphor powders were purchased from Beijing
Nakamura Yuji Science and Technology Co. Ltd. Trimethylaluminium
(TMA, select semiconductor grade) supplied by Akzo-Nobel HPMO
(Amersfoort, The Netherlands) was used as Al-precursor, and O3 was
chosen as the oxidizer. High-purity nitrogen gas (grade 5.0) with a flow
rate of 1 L/min was provided as the carrier gas to introduce the Al-
precursor and oxidizer into the reactor and purge the system.

2.2. Aly03 ALD in a fluidized bed reactor

The ALD of Al,O3 was carried out using a home-built FB-ALD system
reported in our previous work [32]. During the deposition process, 4g
BSON phosphor powders were filled into a glass column which was
placed on a single motor Paja PTL 40/40-24 vibration table to assist the
fluidization. A controllable infrared lamp parallel to the column was
used to adjust the temperature of the reactor chamber. The reactor was
kept at atmospheric pressure and the deposition temperature was set at
100 °C. The feeding sequence is TMA - N5 - O3 — N3 with a dosing time of
60 s-240 s - 60 s-240 s, and the number of the coating cycles was set as
5, 10, and 20, respectively.

2.3. Characterizations

An X-ray diffractometer (XRD, Bruker D4 Endeavor, Germany) was
used to examine the phase composition of the phosphor. Scanning
electron microscopy (SEM, TM3000, Hitachi, Japan) and particle size
analysis by laser diffraction (LS-POP(6), OMEC, China) were employed
to study the morphology and particle size of the phosphor. Transmission
electron microscopy (TEM, JEOL JEM2100, Japan) operating at a
voltage of 200 kV was used to observe the coating layer. X-ray photo-
electron spectroscopy (XPS) analysis was obtained from a Thermo Sci-
entific K-Alpha + spectrometer (Thermo Fisher Scientific, USA)
equipped with an Al Ka monochromated X-ray source. The photo-
luminescence spectra were collected using a fluorescence spectrometer
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(F-4600, Hitachi, Japan). The quantum efficiency was measured on a
fluorescence spectrophotometer (FLS980, Edinburgh Instrument, UK)
equipped with visible photomultiplier tube detectors (Hamamatsu
R982P, Japan). The UV-Vis diffuse reflection spectra were measured on
a UV-3600 Plus spectrometer (Shimadzu, Japan). A thermogravimetric
analyzer (TGA/SDTA 851e Mettler Toledo, Switzerland) was used to
study the thermal oxidation stability of the phosphor powders. The
weight change of the samples in flowing air was recorded by heating
them from 25 to 120 °C and holding for 10 min, then to 1000 °C and
holding for 30 min at a heating rate of 10 ‘C/min.

2.4. Degradation of the samples

The moisture-assisted thermal degradation was done by loading 0.2
g of the phosphor powders into a flat-bottomed silica glass cell that was
placed in a Teflon lining and immersed in 5 mL of distilled water. The
Teflon lining was then enclosed by a stainless-steel reactor and heated to
200 °C for 24 h, followed by naturally cooling to room temperature. The
degraded phosphor powders were dried in an oven at 60 °C for 12 h. The
pH value of the surrounding water outside the silica glass was recorded
by a pH meter (Cnoble, China).

2.5. Fabrication of LEDs

The BSON and Al;O3 coated BSON (BSON@AI;O3) phosphor pow-
ders were fabricated into LEDs by combining them with a blue InGaN
LED chip, respectively. 0.1 g phosphor powder was mixed with 1.5 g
organic resin and then mounted on the InGaN chip to fabricate cyan
LEDs. The fabricated LEDs were naturally solidified overnight. The lu-
minous flux and chromaticity coordinates of the fabricated LEDs driven
at 100 mA for different times were measured by an ATA-500 auto-
temperatured LED opto-electronic analyzer (EVERFINE Corporation,
China).

3. Results and discussion
3.1. Characterizations of the coated phosphors

SEM images of BSON and BSON@AIl»O3 are shown in Fig. la. It
shows that the BSON particles are irregular and have a particle size of
5-20 pm. The median diameter (Dsp) of the BSON particles is deter-
mined to be 8.5 pm. No obvious difference in the sample surface be-
tween the BSON and BSON@AI,O3 is observed since the coated
transparent AlyOs layer is conformal and ultra-thin as confirmed by
TEM.

XRD patterns of BSON and BSON@AI»,O3 with different numbers of
coating cycles were examined to investigate the impact of the Al;O3
coating on the phase composition. As seen in Fig. 1b, the diffraction
peaks of BSON are consistent with the standard card of BaSi;O2N5 (PDF
# 17-3758), and some diffraction peaks of BaSigNgO (PDF # 41-5472)
are also detected as an impurity phase. Compared with BSON, no peak
shifts or secondary phases were detected in BSON@AIl,O3, indicating
that the deposition process has no obvious influence on the phase or
structure of the BSON phosphor. Diffraction peaks of crystalline Al,O3
are not detected in any of the BSON@AI1,03 samples, which is consistent
with the literature reports that the Al,O3 layer deposited through ALD
below 300 °C is generally amorphous [35].

The layer thickness of AloO3 on the phosphor surface was observed
by TEM. As can be seen in Fig. 2a, a nano-sized coating layer was suc-
cessfully deposited on the surface of the phosphor particles. The Al,O3
layer is quite uniform and conformal, which has a narrow distribution of
44+ 0.5,6 +1,and 11 + 1 nm for the samples coated with 5, 10, and 20
cycles, respectively. There is a linear relationship between the thickness
of the Al;O3 layer and the number of coating cycles, demonstrating that
the coating thickness can be well controlled by adjusting the number of
coating cycles (Fig. 2b). One can also find that the growth rate of the
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Fig. 1. SEM images (a) and XRD patterns (b) of the BSON and BSON@AI,O3 with different numbers of deposition cycles.
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Fig. 2. (a) TEM images of BSON and BSON@AI,O3 with different numbers of coating cycles, and (b) the relationship between the coating thickness and the number
of coating cycles. Gray vertical error bars indicate the TEM variation of the coating thickness.

Al,O3 layer is a little higher in the first 5 cycles, which may be due to the
intrinsic substrate-enhanced growth nature of the ALD process [36,37].
In addition, the growth per cycle in the present work is calculated to be
~0.5 nm, which is larger than the reported one for ideal Al;O3 ALD
(generally 0.1-0.2 nm), since the deposition of Al;Os3 is affected by the
working pressure, deposition temperature, reactor-type and so on [33].

To investigate the effect of the Al,O3 coating on the surface char-
acteristics of the BSON phosphor, XPS analysis was carried out (Fig. 3).
The Al signal at a binding energy of ~74.6 eV in the spectra of BSO-
N@AIl,O3 was detected while not in the spectra of uncoated BSON
(Fig. 3b), which is in accordance with the Al-O bond and again dem-
onstrates that the Al;Os is successfully deposited on the surface of BSON
particles [38,39]. Compared with the pristine BSON, the signal in-
tensities of Ba and N elements decrease in the BSON@AIl,O3 sample
(Fig. 3cand d), which is ascribed to the signal block by the Al,O3 film. As
expected, the signal intensity of O increases after the Al,O3 deposition
(Fig. 3e). Moreover, the signal of Eu with a binding energy of ~1135.5
eV is detected in the BSON sample (Fig. 3f), which is assigned to Eu®*
that is already appeared on the surface of bare BSON particles [40,41].
The detectable intensity of Eu is also reduced in the BSON@AI;O3
sample due to the presence of the Al,O3 film.

3.2. Photoluminescence properties

The BSON and BSON@AI;O3 samples exhibit similar profiles of
excitation and emission spectra (Fig. 4a and b), and the deposited AloO3
film has no significant influence on the peak position of the BSON
phosphor. The excitation and emission intensities decrease slightly after
the AlyO3 coating, which is dependent on the number of the coating
cycle (i.e. coating thickness). Moreover, the quantum efficiency (QE) of
BSON@AIL,O3 decreases slightly (Fig. 4c). The internal and external
quantum efficiencies (IQE and EQE) of BSON@AI,O3 with various
deposition cycles are decreased by 4-7% and 2-5%, respectively. This
can be attributed to the following reasons, i.e., (i) damage of the inter-
face between BSON and Al;O3 by the highly reactive TMA and O3 and
the co-effect of the generated H,O during the deposition process; (ii) the
reduction of absorption of the incident photons at 275 nm (excitation
wavelength) by the deposited Al,O3 layer, verified by the UV-Visible
diffuse reflectance spectra (Fig. 4d).

3.3. Thermal degradation stability
The thermal stability of BSON and BSON@AIl;O3 was studied by

monitoring their thermal gravimetric plots in air atmosphere. As shown
in Fig. 5a, the BSON@AI,O3 samples show an obvious weight loss as the
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Fig. 3. XPS spectra of BSON and BSON@AI1,03 with a deposition number of 20 cycles.
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Fig. 4. Excitation spectra (a), Emission spectra (b), Quantum efficiency (c), and UV-Vis diffuse reflectance spectra (d) of BSON and BSON@AIl,O3 with different

numbers of deposition cycles.

temperature goes up to ~500 °C, which is ascribed to the desorption of
water, hydroxyl groups, and carbon groups that are present in the Al,O3
layer [32,42,43]. A larger number of deposition cycles leads to a higher
weight loss of the samples. Besides, the weight of the uncoated BSON
particles starts to gain at ~550 °C and keeps rising at higher

27426

temperatures, indicating the oxidization of the host material. Compared
with the uncoated BSON, BSON@AI,O3 shows a higher temperature at
which the weight gain starts, which is ~630, ~695, and ~750 °C for the
samples deposited with 5, 10, and 20 cycles, respectively. This signifies
that the BSON@AI,O3 is well-protected by the Al;O3 layer against the
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thermal attack in air, thus its anti-oxidization property is then greatly
improved.

In addition, the moisture-assisted thermal degradation of BSON and
BSON@AI1,03 was conducted at 200 °C for 24 h. As seen in Fig. 5b, both
phosphors show permanent loss in photoluminescence after degrada-
tion, but this loss is effectively reduced by the Al,O3 coating. The un-
coated BSON losses as high as 27% of the luminescence intensity,
whereas the BSON@AIl;O3 with 20 deposition cycles losses only 7%.
Therefore, the stability of the BSON phosphor under moisture-assisted
thermal conditions can also be greatly enhanced by the Al,O3 coating.
During the moisture-assisted thermal degradation test, ammonia gas is
released and dissolved into the surrounding water owing to the
decomposition of the BSON matrix, which will cause an increase of the
pH value. After the degradation test, the pH value of the aqueous solu-
tion around the BSON particles is ~9.5, but it decreases to ~7.3 for the
BSON@AI1,03 sample coated with 20 cycles of Al,O3 (Fig. 5b). It thus
means that the moisture-assisted decomposition of the BSON phosphor
is suppressed by the surface coating [44].

To reveal the moisture-assisted thermal degradation mechanism of
BSON, SEM observation and XPS analysis were performed (Fig. 6). One
can find that the surface of the uncoated BSON particles was destroyed
and a lot of tiny particles appear after degradation, whereas it remains
clear for the BSON@AI,O3 particles (Fig. 6a). The XPS spectra of the

BSON and BSON@AI»O3 samples show that the signal intensity of O
increases but that of N decreases after degradation, indicating the
oxidation of the host. However, the changes in the signal intensities of O
and N for the BSON@AI,O3 sample are much smaller than those of
BSON, which implies that the Al;O3 layer well protects the phosphor
against the moisture and thermal attacks. Moreover, XPS peaks of Eu 3d
located at ~1125.5 and ~1156.5 eV are assigned to Eu?*, but those of
~1135.5 and ~1164.4 eV are attributed to Eu3+, respectively [24,40,
41]. For the uncoated BSON, the signal intensity of Eu>" is increased
after degradation, indicating that the Eu?* ions were partially oxidized
to Eu®*. It is difficult to identify the signal of Eu 3d in BSON@AI»O3 due
to the shielding effect of the Al;O3 layer. Based on the above observa-
tions, the degradation mechanism of BSON and the protection effect by
the Al;O3 thin layer are schematically shown in Fig. 6c.

3.4. LED aging tests

The BSON and BSON@AI,03 powders were combined with a com-
mercial 450 nm InGaN chip to fabricate cyan LEDs, respectively. As
shown in Fig. 7a, the luminous flux of the cyan LEDs using uncoated
BSON decreases severely from 17 to 3.8 Im after aging for 300 h, and
only 22% of its initial value can be maintained. On the other hand, the
luminous flux slowly decreases from 16.4 to 11.9 Im for the LEDs
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Fig. 6. (a) SEM images, (b) XPS spectra of BSON and BSON@AI1,03 deposited for 20 cycles before and after the moisture-assisted thermal degradation test, and (c)
the schematic diagrams representing the degradation mechanism of BSON and the protective effect of the Al,O3 coating.

27427



Y. Zhao et al.

(2)

—o— BSON
—o— BSON@ALO,

150 200 250 300
Time (h)

50 100

20.351
£0.30
'§(l25-
£0.20-
2:0.15]
20.101
<
£ 0.051
£0.00;
50.05-
-0.10

Ceramics International 49 (2023) 27423-27429

——BSON
—o— BSON@ALD,

BSON@ALLO, X

N

0 50 100 150 200 250 300

Time (h)

Fig. 7. Luminous flux (a) and chromaticity coordinates (b) of the LEDs fabricated with BSON and BSON@AI,O3 deposited for 20 cycles, as a function of the

aging time.

fabricated using BSON@AI,03, remaining 73% of the initial value. The
LEDs using BSON@AI,O3 show a luminous flux of 3 times higher than
those of the LEDs using the uncoated BSON after aging for 300 h.
Simultaneously, the chromaticity coordinates of the cyan LEDs fabri-
cated using BSON@AI»O3 nearly maintain unchanged with aging time
(Fig. 7b). Therefore, it demonstrates that the Al,O3 protective layer
enables to effectively improve the reliability of LEDs using the coated
BSON phosphor.

4. Conclusions

In this work, the thermal degradation stability of the BSON phosphor
was greatly enhanced by coating an ultra-thin Al,O3 layer on its surface
through the FB-ALD technique. The coating thickness was precisely
controlled by changing the cycles of deposition. The photoluminescence
intensity and QE of BSON@AI,O3 slightly decreased as compared to
those of the uncoated phosphor, while the oxidization resistance of the
BSON@AI,03 matrix was greatly improved. Under the moisture-assisted
thermal treatment condition at 200 °C, the degradation of BSON was
ascribed to the oxidation of both the host lattice and Eu?*. On the other
hand, the Al,O3 coating largely prevented the moisture-assisted thermal
degradation of the phosphor. The cyan LEDs fabricated with BSO-
N@AI»O3 showed considerably higher reliability, indicating the positive
role of the ultra-thin Al;O3 layer prepared by the FB-ALD technique.
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