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Human-centric lighting can reduce the proportion of harmful short-wave blue light, relieve visual fatigue, and
regulate the normal physiological rhythm of human beings. However, the development of healthy lighting is
stringently restricted because few blue phosphors can be efficiently pumped by violet LED chips (395-405 nm).
Herein, we have developed a blue-emitting phosphor Srl_glMgo_66AlzzA33O36:Eu2+ with high internal quantum
efficiency under 395 nm excitation, which contains more cyan and fewer blue components. Surprisingly, the
material shows zero-thermal-quenching even when the temperature is as high as 200 °C. The defect related
thermal quenching mechanism was demonstrated through thermoluminescence and electron paramagnetic
resonance analysis. Moreover, the phosphor exhibits good long-term stability when it is exposed to air for
2.5 years. Finally, a blue light weakened warm white light-emitting diode (WLED) has been achieved by
packaging commercial phosphors and Sl’l_glMgo_66A122_33O36:EU2+ on a 395 nm LED chip, with a low corre-
lated color temperature of 3919 K and a high color index of 90.2. Al results indicate that the
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1. Introduction

The daily routine and lifestyle habits of human beings are
closely related to the spectral components of sunlight." For
example, bright white light during the morning and midday
makes it easier to get excited and stay in good working condi-
tion, due to the higher blue light component in white light that
suppresses the secretion of melatonin. Conversely, white light
in the afternoon or evening has a lower blue content, which is
more likely to make people sleepy due to increased melatonin
secretion.”” However, the most mature solid-state lighting
solution today still combines a blue light-emitting GaN chip
with a yellow light-emitting phosphor (YAG:Ce®") to obtain
white light.**® Unfortunately, the cold white light produced by this
combination inevitably contains a high blue component, and pro-
longed exposure to a strong blue light environment not only causes
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Sr1_91Mg0_66A122_33036:Euz+ phosphor has the ability to promote sustainable and human-centric lighting.

sleep disorders, but also induces irreversible eye diseases,
which seriously affect human life and health.'*™"> Therefore,
it is necessary and urgent to develop human-centric sustainable
and healthy lighting technology.

The current study shows that, as a new alternative strategy,
combining long-wavelength ultraviolet (LWUV) LED chips with
red, green, and blue phosphors not only achieves full spectrum
emission but also greatly reduces the intensity of blue
light.'**® Nevertheless, limited by semiconductor chip technol-
ogy, the efficiency of UV-LED chips decreases with the decrease
of excitation wavelength and there are few reports on high
efficiency blue phosphors that can be excited by LWUV-LED
chips.'® Therefore, it is urgent to develop trichromatic (red/
green/blue) phosphors that can maintain high efficiency and
long-term stability under LWUV light excitation. Unfortunately,
until now the inherent Stokes loss has resulted in few blue
phosphors having high internal quantum efficiency (IQE)
under LWUV excitation compared with red and green phos-
phors.?”?" Although the currently reported blue phosphors,
such as SrzMgSi,0g:Eu*" and Cas(PO,);CL:Eu*, have a wide
absorption range in the ultraviolet region, their thermal stabi-
lity and efficiency cannot well meet the requirements of prac-
tical applications.?>>* Although the commercial blue phosphor
BaMgAl,(O,,:Eu”" (BAM:Eu”") has high IQE, its thermal
quenching behavior leads to a decrease in the luminescence
efficiency of the device in practical applications.>*** In
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addition, when exposed to air for a long time, the valence state
of rare earth ions is easily changed from Eu** to Eu®*, resulting
in a further decrease in the luminescence efficiency of the
device.?®?” Therefore, the development of blue phosphors with
high IQE, zero-thermal-quenching and long-term stability
under LWUV (395-405 nm) excitation is the key to achieving
sustainable and human-centric lighting.

In this work, we report a zero-thermal-quenching blue-
emitting Sry.0;Mgo.66Al22.33036:Eu>" (SMAO:Eu>") phosphor that
can be excited at 395 nm and exhibits high IQE and long-term
stability. The SMAO:Eu®>" phosphor exhibits zero-thermal-
quenching behavior at 200 °C and contains fewer blue light
and more cyan light components compared to the commer-
cially available BAM:Eu®>" phosphor. More satisfactorily, the
phosphor still sustains a stable phase structure and high IQE
when exposed to air for more than 2.5 years. Finally, a prototype
device driven by a 395 nm LED employing SMAO:Eu®" generates
a warm white light. It can effectively reduce the intensity of blue
light and compensate the defects of cyan light without signifi-
cantly suppressing the melatonin production. The high effi-
ciency SMAO:Eu”** blue phosphor reported in this paper not
only reveals an excellent zero-thermal-quenching phenomenon,
but also demonstrates broad prospects in sustainable and
human-centric lighting.

2. Results and discussion

2.1 Crystal structure and morphology analysis

The X-ray diffraction (XRD) patterns of the SMAO:xEu** (0 <
x < 0.02) phosphors are presented in Fig. 1a. All XRD patterns
are consistent with the Inorganic Crystal Structure Database
(ICSD#82105) with the increasing concentration of Eu®*, indi-
cating that the Eu®" ion successfully enters the host. Besides,
the Rietveld refinement of SMAO:0.015Eu®" was carried out
through the General Structural Analysis System (GSAS) pro-
gram, as shown in Fig. 1b and Fig. S1 (ESIt). The crystal-
lographic parameters of the refined SMAO:0.015Eu®>" sample
are listed in Table S1 (ESIt). SMAO:0.015Eu®* samples belong
to the space group Pém2, a = b = 5.583 A, ¢ = 22.116 A and
V = 598.832 A%, The phase purity of the prepared sample is
confirmed by the convergence factor R, = 9.94%, R, = 13.86%
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and y” = 1.68, and the associated atomic positions and thermal
vibration parameters are listed in Table S2 (ESIt). The spatial
structure of a unit cell of SMAO is shown in Fig. $2 (ESI{). Sr**
ions have two different coordination environments, Sr10,, and
Sr20,. In the SMAO host, Eu®" ions are most likely to occupy the
Sr** ion position due to the same valence state and approximate
ionic radius (Rs;2- = 1.44 A for CN = 12, Rg2- = 1.31 A for CN = 9,
Rgy2+ = 1.30 A for CN = 9, and Ryge: = 0.72 A for CN = 6, where R
stands for the ionic radius and CN is the coordination
number).”®

To further confirm the phase component, the morphology of
the prepared SMAO:0.015Eu”> phosphor is studied via field
emission scanning electron microscopy (FE-SEM), as shown in
Fig. 2a. Interestingly, the morphology of the samples prepared
by a high temperature solid-state method no longer shows
irregular particles but regular hexagonal sheets with a side
length of about 3 pm, indicating high phase purity and good
crystallization properties. Fig. 2b shows the energy dispersive
X-ray spectra (EDS) mapping images. It is found that the sample
contains evenly distributed Sr, Mg, Al, O and Eu elements,
further confirming the successful doping of Eu** into the SMAO
host. Moreover, the atomic percentage analysis of the
SMAO:0.015Eu”" sample is quite close to the theoretical ratio,
as shown in Fig. 2c. Fig. S3(a and b) (ESIt) show the high-
resolution transmission electron microscopy (HR-TEM) pattern
and the TEM image of the sample, respectively. The plane
spacing is measured to be 0.319 nm, corresponding to the
(012) crystal plane of SMAO. Fig. S3c (ESIT) is a fast Fourier
transform (FFT) image of the selected region, which shows that
the (012) and (025) crystalline planes of a hexagonal SMAO
crystal. These results further verify the successful synthesis and
high crystallinity of SMAO:Eu®>" and are consistent with pre-
vious XRD results.

2.2 Photoluminescence properties and Eu®* site preference
analysis

As we all know, the light absorption capacity of phosphors plays an
important role in luminescence materials. Here, we measured the
diffuse reflectance spectra (DRS) of the samples and the corres-
ponding results are shown in Fig. 3a. Significantly, all samples
exhibit a broad absorption band in the range of 230-430 nm and

% Measured Data
Calculated
Difference
Bragg Positions

SMAO: 0.015Eu**

—~
o
~

R,,= 13.86 %
R,=9.94%

Intensity (a.u.)

x|! L |
20

10 30 40 50 60 70 80

2-Theta (degree)

T T
10 20 30 40 50 60 70 80
2-Theta (degree)

Fig. 1 (a) XRD patterns of the SMAO:xEu?* (0 < x < 0.02) samples and (b) Rietveld structure refinement patterns of SMAQ:0.015Eu?*.
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Fig. 2 (a) The SEM images of the SMAQO:0.015Eu?* phosphor; (b) EDS mapping images of elements; and (c) the content of the corresponding elements.

can be attributed to the 4f — 5d transition of the Eu®" ion.
Fig. 3b shows the photoluminescence excitation (PLE) and
photoluminescence (PL) spectra of the SMAO:xEu®* (0.0025 <
x < 0.02) samples. The maximum peak position of the PLE
spectra is at 332 nm, and the spectral range is consistent with
the above DRS. The maximum emission peak position of
SMAO:xEu>" (0.0025 < x < 0.02) is around 458 nm, attributed
to Eu”* ion transition from 5d — 4f, The emission intensity of
the SMAO:xEu®" (0.0025 < x < 0.02) samples increases with
increasing x, and the optimal doping concentration is deter-
mined to be 0.015 (Fig. S4a, ESIf). The interaction types
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between Eu®" can be obtained using eqn (S1) and (S2) (ESI?).
Fig. S4b (ESIt) gives the linear relationship between log (I/x)
and log (x). Accordingly, the value of 0 is 3.172, which is closest
to 6, indicating that the d-d interaction plays a dominant role
in the energy transfer process.”” Fig. 3c presents the decay
curves of SMAO:xEu®" (0.0025 < x < 0.02) phosphors, which
can fitted by the double exponential eqn (S3) (ESIf). The
average decay times of SMAO:xEu>* (0.0025 < x < 0.02)
samples are calculated to be 1.217, 1.213, 1.209, 1.205, 1.194
and 1.179 ps for x = 0.0025, 0.005, 0.0075, 0.01, 0.015 and 0.02,
respectively, gradually decreasing the lifetime from 1.217 to
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Fig. 3 (a) The DRS of the SMAO:XEU?* (x = 0, 0.005, 0.01 and 0.015) phosphors; (b) the PLE and PL spectra (inset: photograph of the SMAO:Eu®*
phosphor) and (c) decay curve of the SMAO:XEu?* (0.0025 < x < 0.02) phosphors; and (d) the IQE of the SMAQO:0.015Eu?* phosphor at different

excitation wavelengths and when placed in air for various years.
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1.179 ps with increasing Eu”* concentration. The slight change
in the lifetime indicates weak non-radiative energy transfer
between Eu®" ions, which is beneficial for obtaining highly
efficient phosphors.>®

So far, few works have focused on the long-term stability of
phosphors. However, long-term stability is crucial for the
practical application of LED devices. In this study, the environ-
mental stability of SMAO:0.015Eu>" was investigated by placing
the phosphor in air for 2.5 years and analyzing the XRD, PL and
IQE. Incredibly, it exhibits just 5% loss of IQE after being
placed in air for 2.5 years (the blue line in Fig. 3d). The XRD
analysis of SMAO:0.015Eu®" indicates that SMAQ:0.015Eu*"
retains a stable phase structure (Fig. S5a, ESIt). The PL spectra
reveal virtually no change in the peak shape and position upon
332 nm excitation (Fig. S5b, ESIt). The commercial BAM:Eu**
after industrial post-processing and material optimization
shows incredible oxidation resistance (x15 years).>® Similar
techniques could be applied to SMAO:0.015Eu** to improve
chemical stability further. Although a preliminary analysis
of the optical properties of this material is beneficial, SMAO:
0.015Eu”** must effectively convert an UV-LED chip (lex ~
395 nm) into blue light to be suitable for human-centric
lighting.>® The IQE of SMAO:0.015Eu>" under different violet
excitations provided in Fig. 3d (red line) and Fig. S6(a-d) (ESIt),
respectively. The IQE of SMAQ:0.015Eu>" gradually decreases
with the increase of the excitation wavelength from 332 nm to
395 nm, but the IQE remains at 70.76% under the excitation at
395 nm. Table 1 compares the IQE of SMAO:0.015Eu®" and
other blue luminescent materials excited at 395 nm. We found
that our samples have a higher quantum efficiency than most
blue luminescent materials. The excellent IQE values and long-
term stability demonstrate that the designed blue-emitting
phosphor has powerful potential for application in sustainable
and human-centric lighting.

Fig. 4a shows the PL spectrum of the sample at 80 K. In fact,
the asymmetric blue emission bands of the SMAQ:0.015Eu**
phosphor can be fitted with two Gaussian components, and it

Table 1 Comparison of the luminescence properties of SMAO:0.015Eu%*
and some blue and commercial phosphors

Jex  Jem IQE  EQE

Phosphors (nm) (nm) (%) (%)  Ref.
K,SiFa:Mn** 468 635 96.92 30.84 8
Y;Al50,,:Ce™* 460 530 89 46 11
K;AIP;0N:Eu®* 395 454 583 245 15
Sr;MgSi,Og:Eu*" 395 460 2312 — 22
Cas(PO,);CL:EU*" 395 456 25 11 23
BaMgAl,,0,7:Eu** 395 450 90 682 25
Na,MgPO,F:Eu** 395 456 60 35 26
CaoNaScy ¢67(PO,),:Eu®" 395 480 14 — 30
Na;Ba,Ca(PO,);:Eu** 395 445 27 — 31
CagZnGag 4Lag6(PO,);:Eu*" 395 470  14.31 — 32
CaYGaO4:Bi*" 395 435 37 — 33
Sr;Lu,Ge;0;,:Bi*" 395 466 49.6 27 34
SrSigNg:Eu’* 395 450 38 — 35
NazSc,(PO,);:Eu” 395 458 21 — 36
BaHfSi;09:Eu?* 395 470 475 18 37
SMAOQ:0.015Eu** 395 458 70.76 19.76 This work
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suggests that there may be two different Eu®* luminescent
centers in the SMAO lattice. The maximum value is located at
450 nm (Eul) and 480 nm (Eu2), respectively. Moreover, the
luminous energy of Eu®>" ions is related to their coordination
environment, which can estimate by the eqn (S4) (ESI).*® In
this case, the emitted energy is directly proportional to the
values of n and r. In other words, if the values of n and r are
larger, the emission energy is larger. The coordination numbers
(n) of the Sr1 and Sr2 sites are 12 and 9, and the ionic radius (7)
is 1.44 A and 1.31 A, respectively. It is clear that the emission
peak of high energy is attributed to the Eu®>* occupied Sr1 (Eu1)
site, while the emission peak of low energy is attributed to Eu**
in the Sr2 (Eu2) site. Fig. 4b shows the temperature-dependent
normalized PL spectra of SMAQ:0.015Eu®>" phosphor in the
range from 80 to 290 K. The normalized PL spectra are
gradually blue-shifted with increasing temperature, which is
caused by lattice thermal expansion resulting in a smaller
crystal field splitting on the one hand and a phonon-assisted
excitation from a lower-energy to a higher-energy sub-level of
the excited states of Eu*>" on the other.?*°

The normalized PLE and PL spectra of SMAO:0.015Eu>"
under different excitations and emissions are shown in
Fig. 4c. The difference between PLE and PL further suggests
that Eu** should have two different luminescence centers. To
further prove this conjecture, the decay curves of the emissions
at 420 nm and 560 nm under 332 nm excitation are recorded,
respectively, as shown in Fig. 4d. The decay curves can be well
fitted by the double exponential model, and the lifetime values
are determined to be 0.93 ps (420 nm) and 1.21 ps (560 nm),
respectively. Therefore, the differences of the lifetimes further
verify the two emission centers.*® Fig. S7 (ESIt) clearly shows
that the emission spectrum of the SMAO:Eu®" phosphor has
more cyan and fewer blue components, and a wider full width
at half maximum compared with the BAM:Eu®>" phosphor,
which confirms its advantages as a sustainable and human-
centric full-spectrum WLED.

2.3 Zero-thermal-quenching behavior and defect-related
thermal quenching mechanism analysis

As one of the critical factors for evaluating the properties of
phosphors, the thermal quenching behavior of the SMAO:
0.015Eu”* sample was measured as shown in Fig. 5a. As the
temperature increases, the integral emission intensity exhibits
an anomalous anti-thermal-quenching characteristic, that is,
the emission intensity does not decrease but increase with the
rise of temperature.*”*> Surprisingly, when the temperature
rises to 150 °C, the integral emission intensity is enhanced to
112% of its initial intensity at room temperature and even
remains at 102% at 200 °C. However, for commercial BAM:Eu*",
the integral emission intensity drops to 86% and 77% at 150 °C
and 200 °C, respectively.*> Moreover, a slight blue-shift of the
emission peaks can be observed with the increase of tempera-
ture, which is for the same reason as that given in Fig. 4b. In
addition, the non-radiative process of charge carriers coupled
to phonons caused by rise of temperature leads to the FWHM of
the emission peak from 2716 (0.113 eV) to 3068 cm ™" (0.150 €V)

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Gaussian fitting spectrum of SMAO:0.015Eu* at 80 K; (b) normalized PL spectra of SMAO:0.015Eu* from 80 K to 290 K; (c) normalized PLE
and PL spectra for SMAO:0.015Eu* under different excitations and emissions; and (d) decay curve of the SMAQ:0.015Eu?* sample monitored under
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as shown in Fig. 5b, which can be well fitted using the formula
S(5) (ESIt). Here, the calculations results are S (Huang-Rhys
parameter) = 14.8, fio (phonon energy) = 0.021 eV. Strong
electron-phonon coupling occurs when § > 5,% indicating

This journal is © The Royal Society of Chemistry 2024

the strong electron-phonon coupling (EPC) effect in SMAO:
Eu®" phosphors. Notably, the expected zero-thermal-quenching
luminescence properties of the material seem inconsistent with

the strong EPC

effect, as shown in Fig. 5a. Lots of works have
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reported that the zero-thermal-quenching behavior at high
temperatures can be assigned to the thermally activated lumi-
nescence of the electrons trapped by the defect levels.** How-
ever, most of the research work lacks sufficient evidence to
prove the characteristics of defects.”>™*° In this work, the defect
types in the sample are analyzed in detail by measuring
thermoluminescence (TL), X-ray photoelectron spectra (XPS)
and electron paramagnetic resonance (EPR). The TL technology
is employed to ensure the existence and distribution of defects,
as shown in Fig. 5c. The TL curve of the SMAO host is almost a
horizontal line compared with that of Eu”* doped samples,
indicating that continuous defects are introduced after doping
Eu®'. Then the TL curve of the SMAO:0.015Eu>" sample is well
fitted to three peaks centered at around 97 °C (trap 1), 167 °C
(trap 2) and 282 °C (trap 3), respectively, and the corresponding
trap depth can be evaluated to be 0.74, 0.88 and 1.11 eV based
on the following equation Er (trap depths) = T'(kelvin)/500 eV.>°
Considering that SMAQ:0.015Eu®>" and SMAO are synthesized
in a reducing atmosphere, the defect centers may be related to
intrinsic oxygen vacancies.”® To further elucidate the defect
characteristics, XPS analysis of SMAO:0.015Eu>" is carried out
as shown in Fig. S7a (ESIt).

The doped Eu detected in the XPS survey spectrum indicates
that the Eu®" ion is successfully introduced into the lattice. The
XPS of the Eu 3d orbitals for the SMAO:0.015Eu** phosphor is
shown in Fig. S7b (ESIt).>> The atomic percentages of experi-
mental and theoretical values for each element are shown in
Table S3 (ESIt). The results show that the composition of the
O element is higher than the theoretical value, while the other
element can correspond well. Moreover, the XPS peaks of the

View Article Online
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O 1s orbital of the SMAO host and SMAQ:0.015Eu®" can be
Gaussian fitted to two peaks at 531.2 eV and 533.1 eV as shown
in Fig. 5d. Accordingly, the relatively low binding energy peak is
mainly associated with the lattice oxygen (L), while the peak
located at 533.1 eV is associated with the oxygen vacancies
(Vo).”? After doping with Eu®" ions, the area ratio of Vo to Lo in
the SMAO:0.015Eu** sample significantly increased compared
to the SMAO host sample, indicating that the Vo concentration
is significantly increased after doping Eu’*, which coincides
with the change of Vo, concentration in the reported oxide
materials.>*>° The EPR spectra of the SMAO:Eu>* samples are
shown in Fig. 5e, and the signal g = 1.98 can be assigned to
Vo.”” By comparing the EPR signals of the SMAO host with that
of the SMAO:0.015Eu®" sample, it can be found that more Vo
are formed in the SMAO:0.015Eu®>" sample when both types of
samples are sintered in a reducing atmosphere simultaneously.
Therefore, sufficient evidence proves that the defects of zero-
thermal-quenching behavior are ascribed to Vo in the sample.
The zero-thermal-quenching behavior can be further illustrated
by the mechanism diagram in Fig. 5f. The ground state elec-
trons are excited to the 5d orbital under external excitation, and
some electrons are captured by traps under the conduction
band and then escape from the traps as the temperature
increases. In this process, the number of emitted photons
exceeds the number of photons attenuated due to thermal
quenching; hence, the overall emission intensity exhibits an
increasing trend. The aforementioned studies indicate that the
excellent thermal stability of the SMA0:0.015Eu”* phosphor can
be attributed to the continuous thermal defects within the
system.
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2.4 Human-centric WLED fabrication and electroluminescent
property investigation

In order to reveal the potential application of the SMAO:Eu**
phosphor in human-centric lighting, a prototype device was
fabricated using a violet (Zex & 395 nm) LED chip and a blend
of the SMAO:Eu”" blue phosphor, commercial (Ba,Sr),Si0,:Eu”*
green phosphor, and commercial CaAlSiN3:Eu®>* red phosphor
(Fig. 6a), with the corresponding luminescence photograph
shown in Fig. 6b. The prototype “LED” device emits a bright
warm white light and the corresponding CIE coordinates of
WLED are (0.382, 0.375); the correlated color temperature
(CCT) is 3919 K with an Ra value of 90.2. Finally, the production
of human-centric warm WLEDs is analyzed through the
wavelength-dependent melatonin suppression curve (dashed
line). The blue light intensity produced by the device is signifi-
cantly lower than the blue light intensity of the blue LED chips
in commercial WLEDs.>° This means that warm WLEDs pack-
aged with the 395 nm chip and SMAO:Eu** blue phosphor can
effectively reduce the blue light component without signifi-
cantly interfering with the melatonin production. In addition,
the thermal images of the WLED device under different driving
currents taken using a thermal imaging camera are shown in
Fig. 6¢c. The operating temperature is 57.9 °C at 280 mA, which
indicates that SMAO:Eu®" is promising for use in high power
WLEDs. These results indicate that prototype devices based on
the SMAO:Eu>" phosphor as blue emitters have good prospects
for sustainable and human-centric healthy lighting, while
maintaining a high color rendering index and warm white light.

3. Conclusions

We have obtained a blue-emitting SMAO:Eu** phosphor that
can be excited by LWUV light (Zex & 395 nm), which contains
more cyan light and fewer blue light components compared
with commercial BAM:Eu”". The optimal doping concentration
of Eu*" has been determined to be 0.015. The IQE of the
SMAO:0.015Eu>" phosphor under 395 nm excitation has been
determined to be 70.76%, which is better than those of most of
the blue luminescent materials that have been reported. More
importantly, the IQE value of SMAO decreased by only 5% after
prolonged exposure to air for 2.5 years, which is consistent with
the concept of sustainable development. The SMAQ:0.015Eu>"
phosphor exhibits better thermal stability than commercial
BAM:Eu**, and the zero-thermal-quenching behavior of the
SMAO:0.015Eu>" phosphor can be attributed to the distribution
of continuous traps generated by Vo in the SMAQ:0.015Eu”*
sample. More satisfactorily, the incorporation of the SMAO:
Eu”* phosphor as a blue emitter in 395 nm LED chip pumping
prototype devices can significantly reduce the intensity of blue
light without noticeably affecting the melatonin production.
This paper presents an excellent SMAO:Eu** blue phosphor,
which not only promotes sustainable and human-centric light-
ing but also effectively will promote the future development of
WLED lighting.

This journal is © The Royal Society of Chemistry 2024
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