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Explorations of narrow-band green-emitting phosphors have
attracted much attention due to their great application potential
in wide color-gamut wLED backlight displays. Herein, a high-
performance narrow-band green-emitting phosphor LaMgg 7,A-
111016:0.28Mn?* (LMAO:0.28Mn?*) was synthesized with a high
activator doping content. The LMAO:0.28Mn>* green phosphor
exhibits an ultra-narrow-band green emission peaking at 517 nm
with an intriguing full width at half maximum of ~24 nm. The
LMAO:0.28Mn?* not only has a good internal quantum efficiency of
97.6% but also has an excellent low thermal quenching perfor-
mance (92.3% peak intensity @423 K), especially an excellent
resistance to color drifting (3.82%, @423 K). A wLED device fabri-
cated using LMAO:0.28Mn?*, K,SiFg:Mn** phosphors and a blue
chip shows a wide color-gamut of 131% National Television System
Committee (NTSC) standard, making LMAO:0.28Mn?* a highly pro-
mising candidate for wide color-gamut wLED backlights. The new
strategy can be easily expanded to other systems and boost the
development of efficient narrow-band emitting phosphors.

1. Introduction

In recent decades, phosphor-converted white LEDs (pc-wLEDs)
have been mainstream candidates for liquid crystal display
(LCD) backlights due to their outstanding properties such as
low power consumption, high brightness, low heat emission,
environment-friendliness and long lifetime.' Compared with
other display technologies, narrow-band phosphors have been
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recognized as key enablers for color gamut backlights in
LCDs.”® Many high-efficiency narrow-band green emitters
have been developed to realize wide color-gamut backlight
displays. CdSe/ZnS and perovskite quantum dots (QDs)
CsPbBr; are promising candidates due to the super-narrow
FWHM of ~20 nm, but Cd and Pb are toxic, and CsPbBr;
has limited moisture resistance and poor thermal stability,
which inevitably restricts their practical application.” Further-
more, many lanthanide activated (e.g,, Eu®", Tb*") efficient
narrow-band green emitting phosphors have been developed,
such as B-SiAlON:Eu®>" (FWHM ~ 55 nm), y-AION:Mn**, Mg**
(FWHM ~44 nm), Ba[Li,(ALSi,)Ns:Eu>" (FWHM ~57 nm),
Ba,LiSi;AIN;,:Eu*" (FWHM ~61 nm), SrGa,S,;Eu’" (FWHM
~47 nm), RbLi(LizSi0,);:Eu** (FWHM ~42 nm) and
RbNa(Li;Si0,),:Eu”" (FWHM ~41 nm).**"* However, these
materials all suffer from the problems of high cost, harsh
synthesis conditions and poor stability. To achieve cheaper
and more stable narrow green-emitting phosphors, some
transition-metal-activated (e.g., Mn>") silicate and aluminosili-
cate phosphors have been investigated, such as Zn,SiO,:Mn”**
(FWHM ~42 nm), MgAl,O3Mn** (FWHM ~35 nm), BaZnA-
1,001Mn** (FWHM ~31 nm), BaAl;,0;0:Mn*" (FWHM
~26 nm) and Sr,MgAl,,036:Mn>" (FWHM ~26 nm).”'*"7 It
is a great possibility to achieve a wide color-gamut (>120%
NTSC) wLED device by using a suitable Mn>" based phosphor as
the green emitter. However, the absorption and emission of
Mn** belong to the spin-forbidden d-d transition and depend
strongly on the host lattice."® It is a fundamental challenge to
obtain a cheaper and highly efficient Mn>" based narrow-band
green emitting phosphor.

Due to the energy transfer interaction between lumines-
cence centers and luminescence killer centers,®2°*? there is
optimal doping content for an activator in a phosphor. When
the activator content exceeds its optimal value, the
concentration-quenching effect can occur and the emission
intensity can decrease.”>>* While the energy transfer can be
reduced between long-distance luminescence centers and the
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phosphor can achieve efficient emission in spite of high
activator content.”® If there is only one site for the activator
to occupy, it will contribute to the narrow band emission for the
phosphor.?® Thus, designing activator doping at independently
remote isolated sites can not only be beneficial to the narrow
band emission but also enlarge the optimal doping content of
the activator to realize high content activators inducing highly
efficient emission for phosphors. LaMgAl;;,0,9 (LMAO) crystal-
lizes in a slightly distorted magnetoplumbite PbFe;,0,9 (M-
type) structure with hexagonal space group P63/mmc.*” There is
only one Mg*" site. In particular, the distances between isolated
Mg>" sites are remote. In this work, a high-performance narrow-
band green-emitting phosphor LaMgo,nAanlg:0.28Mn2+ (LMAO:
0.28Mn*") was synthesized with a high Mn®" doping content.
LMAO:0.28Mn>" exhibits an impressive ultra-narrow-band emission
peaking at 517 nm with a fwhm of ~24 nm and a high internal
quantum efficiency (IQE) up to 97.6%. Furthermore, LMAO:
0.28Mn*" shows an outstanding thermal quenching resistance,
maintaining 92.3% peak intensity and 110.1% integrated intensity
at 423 K, which is superior to commercial narrow-band green-
emitting phosphor B-SiAION:Eu*". A pc-wLED device fabricated by
LMAO:0.28Mn>", K,SiFaMn*" (KSF:Mn*") phosphors and a blue
InGaN chip exhibits a wide color gamut up to 131% NTSC and
97.8% Rec. 2020. This work opens a new path to develop high-
performance narrow-band green emitting phosphors for wide color-
gamut wLED backlight displays.

2. Results and discussion

The crystal structure of LMAO is shown in Fig. 1a. There is one
La and one Mg crystallographic site and five distinct Al crystal-
lographic sites. Mg1 and Al3 are co-occupied with a ratioof 1:1
and exhibit 4-fold coordination with neighboring O atoms. The
independent Mg site exhibits a highly symmetric tetrahedron
coordination environment, which is in favor of small Stokes
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Fig.1 (a) The crystal structure of LMAO. La atoms (green); Mg atoms
(brown); Al atoms (light gray); O atoms (red). (b) The isolated [MgO,]
tetrahedra in the crystal structure. (c) The connection of the nearest
isolated [Mgl/Al30,] tetrahedra by a six-membered ring from different
directions. (d) The Rietveld refinement XRD pattern of LMAQ:0.28Mn?".
(e) i—iii: Optical microscopy images of LMAQ:0.28Mn?* in bright field (i),
under the polarized lens in bright field (ii) and excited by a 365 nm UV lamp
in dark field (iii), respectively; iv—ix: SEM image and SEM-EDS element
mapping images of LMAQO:0.28Mn?*.

7444 | J Mater. Chem. C, 2022,10, 7443-7448

View Article Online

Journal of Materials Chemistry C

shift and narrow-band green emission.>® The structure frame-
work of LMAO is composed of [Mg1/Al30,] tetrahedra and
[AlOg] octahedra, which connect each other by corner-sharing
and edge-sharing to form a three-dimensional structure
(Fig. 1a). This rigid structure feature could reduce the structural
relaxation of the luminescence center in the excited state and
prefer a narrow-band emission.”®*® Furthermore, it could also
be of benefit to obtain a phosphor with low thermal quenching.
It is worth noting that the [Mg/AlO,4] tetrahedra are isolated and
they can’t connect each other. Viewing along the ¢ axis direction
(Fig. 1b), there are two distances between Mg1/Al3 atoms, the
short distance d = 9.7876 A and the long distance d = 12.1774 A.
These distances far outweigh the usual distances between Mg
atoms observed in other known Mg-containing phosphors,”*”
contributing to reducing the energy transfer between activator
ions doped at the Mgl site and boosting the highly efficient
narrow-band emission.>> Meanwhile, the nearest distance
between isolated Mg1/Al3 atoms is d = 3.4426 A (Fig. 1b). There
is a six-membered ring connected by corner-sharing of six
[AlO¢] tetrahedra between the nearest [Mg/AlO,] tetrahedra
(Fig. 1c), which contributes to reducing the interactions
between the activator ions doped at the nearest Mgl site and
induces a positive effect on the narrow-band emission. Con-
sidering the valence state and effective ionic radius with
different coordination number (cn) (AI**: cn = 4, r = 0.39 A,
en=6,r=0.535A; La*: cn = 12, r = 1.36 A; Mg*": ecn = 4, r =
0.57 A; Mn*": cn = 4, r = 0.66 A, cn =6, r=0.67 A) and green
emission of LMAO:0.28Mn”" (Fig. 1e(iii), Fig. 2a),?° it is rational
that Mn** tends to occupy the Mg** site. The as-synthesized
sample LMAO:0.28Mn** was investigated on XRD Rietveld
refinement by Topas 5. The observed and calculated X-ray
powder diffraction patterns for LMAO:0.28Mn*", as well as the
difference profile of the Rietveld refinement are illustrated in
Fig. 1d. The results of Rietveld refinement for LMAO:0.28Mn>"
are summarized in Table S1 (ESIY). All refined crystallographic
parameters well satisfy the conditions, and good fits are
obtained with R;, = 3.86, R,,, = 5.16 and GOF = 1.60. The refined
crystallographic parameters are slightly bigger than the host,””
indicating the substitution of Mg>" by Mn>". Furthermore, the
LMAQ:0.28Mn** microcrystal sample exhibits a spindle shape
in the optical microscopy (Fig. 1e(i)), which shows a bright
shine under the polarized lens (Fig. 1e(ii)), indicating the good
crystallization. Under 365 nm excitation, the LMAQO:0.28Mn>*
sample shows bright green light in the dark environment
(Fig. 1e(iii)). The spindle shape of LMAO:0.28Mn">" particles is
also seen in the SEM image with a size ~ 50 pm (Fig. 1e(iv)). The
SEM-EDS element mapping results demonstrate that the as-
prepared sample contains La, Mg, Al, O and Mn elements
(Fig. 1e(v-ix)), which are homogeneously distributed in the
phosphor particles. Moreover, the uniform Mn element distri-
bution further supports that Mn>" penetrates the LMAO struc-
ture and the substitution of Mg>". The typical selected-area
electron diffraction (SAED) image and the high resolution TEM
(HRTEM) image taken from a fragment of the spindle sample
demonstrate that the as-prepared LMAQ:0.28Mn>" is a single
crystal, as shown in Fig. S2 (ESIT).

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) PLE and PL spectra of LMAO:0.28Mn?* powder (green solid line)
and the commercial green emitting phosphor B-SIAION:Eu®* (red dotted
line), respectively. (b) The CIE chromaticity coordinate diagram for
LMAQ:0.28Mn?* (inset figure: a digital photograph of the LMAQ:0.28Mn?*
sample under excitation at 365 nm and 452 nm). (c) The decay curve of
LMAO:0.28Mn?* under excitation at 452 nm, monitored at 517 nm.
(d) Excitation line of BaSO, and the emission spectrum of the
LMAQ:0.28Mn?* phosphor collected by using an integrating sphere, the
inset shows the magnification for the excitation line of BaSO4 and
the emission spectrum of the LMAQ:0.28Mn?*.

The optimal Mn** content is x = 0.28 for LMAO:xMn>"
(x = 0.04-0.68) (Fig. S3, ESIt), which is a considerably higher
value than that of usual phosphors. Thanks to the substitution
of Mg** by Mn** at the Mg1 site, LMAO:0.28Mn>" exhibits an
exciting ultra-narrow-band green emission peaking at 517 nm
with a FWHM of ~24 nm under 452 nm excitation (Fig. 2a).
The as-prepared LMAO:0.28Mn** sample shows an intense
green light under 365 nm and 452 nm lamp irradiation
(Fig. 2b inset picture). The photoluminescence excitation
(PLE) spectrum of LMAO:0.28Mn>" monitored at 517 nm exhi-
bits a broad band from 275 to 500 nm, indicating that it can be
excited by UV and blue light. Compared with the LMAO host,
LMAO:0.28Mn>" shows a characteristic absorption of Mn>" in
the range of 250-500 nm (Fig. S4, ESIT), corresponding to its
PLE (Fig. 2a). Surprisingly, the self-reduction phenomenon of
Mn is discovered and the emission intensities are equal for
LMAO:0.28Mn”" synthesized in air conditions and a 10%H,/
90%N, atmosphere (Fig. S5, ESIt), indicating that it has an
extremely low preparation cost and a very great commercial
potential. The commercial B-SiAlON:Eu** is chosen as a refer-
ence to compare the optical performance. B-SiAlON:Eu>* shows
a narrow-band emission peaking at 541 nm with a FWHM
~55 nm under 452 nm excitation (Fig. 2a). LMAO:0.28Mn>"
shows a much narrower emission band than B-SiAION:Eu",

This journal is © The Royal Society of Chemistry 2022
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indicating that LMAO:Mn>" is more suitable for wide color-
gamut display backlights. The Commission Internationale
del’Eclairage (CIE) chromaticity coordinates of LMAO:0.28Mn>*
are determined to be (0.149, 0.766) (Fig. 2b). The color purity of
LMAO:0.28Mn>*" is calculated to be 83.0%, which is much
higher than that of B-SiAION:Eu”* and even Sr,MgA-
1,,056:Mn*","” indicating that LMAOQ:0.28Mn>" can help to
achieve a larger color gamut for wLED backlights. The lifetime
of LMAO:0.28Mn*" is calculated to be 4.72 ms (Fig. 2¢), which is
less than 5 ms and could avoid the smear signal in LCD
displays. Furthermore, under 452 nm excitation, LMAO:
0.28Mn”" shows a high IQE up to 97.6% at room temperature
(Fig. 2d), and the calculated absorption efficiency (AE) and
external quantum efficiency (EQE) are 26.4% and 25.8%,
respectively. Under 426 nm excitation, the IQE of the
LMAO:0.28Mn>" phosphor is up to 99.6%, and the calculated
AE and EQE are 16.1% and 16.0%, respectively (Fig. S6, ESIT).

Thermal stability is a key factor for phosphors in practical
WLED applications. The temperature-dependent PL properties
of LMAQ:0.28Mn>" are investigated under 452 nm excitation in
the temperature range of 298-473 K (Fig. 3a and b). The relative
peak intensity of LMAQ:0.28Mn>* drops from the original 100%
at 298 K to 92.3% at 423 K (Fig. 3c), while the integrated
intensity does not show any decrease when the temperature
increases from 298 K to 473 K and can increase to 110.1% at
423 K, which can be ascribed to the temperature-induced
emission band broadening (FWHM increasing from 24 to
33 nm, Fig. 3c). The results indicate that LMAQO:0.28Mn>"
exhibits an excellent thermal quenching resistance property,
which even is better than that of B-SiAlON:Eu>" (Fig. S7, ESIt).*?
Interestingly, the emission peak position of the LMAO:
0.28Mn>" phosphor barely shifts (Fig. 3b). As the temperature
increases, the color coordinates of LMAO:0.28Mn** show a tiny
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Fig. 3 (a) Temperature-dependent emission spectra of LMAQ:0.28Mn?*
recorded at temperatures from 298 to 473 K. (b) The temperature-
dependent emission intensities of LMAQO:0.28Mn?* in the wavelength
range of 475-625 nm. (c) Normalized integrated intensities, peak inten-
sities, and the variation of the FWHM of LMAQ:0.28Mn?* depending on
increasing temperature. (d) Chromaticity coordinate values and (e) chro-
maticity shift of LMAO:0.28Mn?* at different temperatures. (f) The decay
curves and the decay times (inset figure) of LMAO:0.28Mn?* at various
temperatures.
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Fig. 4 (a) Electroluminescence spectrum of the wLED fabricated by the
as-prepared LMAO:0.28Mn?*, KSiF:Mn**, and 450 nm blue chip under a
current of 20 mA. (b) Color gamut of the NTSC value, and Rec. 2020 value
for the fabricated LED device in the 1931 CIE system. (c) Electrolumines-
cence spectra and (d) current-dependent emission intensities of the
fabricated LED device in the current range of 25-300 mA.

variation (Fig. 3d). Correspondingly, the chromaticity shifts of
LMAO:0.28Mn*" exhibit a surprisingly and extremely tiny
change, 3.82%o at 423 K and 6.63%. at 473 K (Fig. 3e), which
are much better than that of other reported phosphors.**¢
The results indicate that the LMAQ:0.28Mn>" phosphor exhibits
an excellent resistance to temperature-dependent color drift-
ing. The luminescence lifetimes of the phosphors usually
shorten when temperature-dependent quenching occurs due
to an additional nonradiative contribution to the decay
process.”® Interestingly, the lifetime of LMAQ:0.28Mn>" barely
changes from 4.72 to 4.55 ms with the temperature increasing
from 298 K to 473 K (Fig. 3f), confirming the excellent
temperature-dependent PL properties of LMAO:0.28Mn>*.”
The ultra-narrow-band green emission and excellent
temperature-dependent PL properties make LMAO:0.28Mn>" a
desirable candidate for wide color gamut backlight displays. To
demonstrate the potential application in backlight displays, a
white LED device is fabricated by combining the green phos-
phor LMAO:0.28Mn**, the commercial red phosphor KSF:Mn**
and a blue GaInN chip (lem = 450 nm). At a driven current of 20
mA, the LED device produced white light emission with a
correlated color temperature (CCT) of 6667 K and the CIE
chromaticity coordinates of (0.312, 0.314) (Fig. 4a). Further-
more, conventional commercial RGB color filters were used to
filter the white light. After passing through the color filters, the
color coordinates of RGB are (0.6979, 0.3020), (0.1385, 0.7782),
and (0.1502, 0.0284), respectively, which exhibits a wide color
gamut of 131% NTSC and 97.8% Rec. 2020 in CIE 1931
(Fig. 4b), which is higher than other previous reported
pc-wLEDs and even some QLEDs (Table S2, ESIt). Benefiting
from the excellent temperature-dependent PL properties of
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LMAO:0.28Mn”", the luminescence intensity of the fabricated
WLED device continuously increases when the driving current
increases from 25 to 300 mA (Fig. 4c and d), indicating that
LMAO:0.28Mn>" can be applied in high power pc-wLEDs. The
results indicate that LMAO:Mn”" is a promising next-generation
narrow-band green phosphor for wide color-gamut backlight
displays.

3. Conclusions

In summary, we put forward a new strategy by doping an
activator at remote isolated sites with high content to develop
a high-performance ultra-narrow-band green emitting phos-
phor LMAO:0.28Mn”*. LMAQ:0.28Mn>" is successfully synthe-
sized by an easily operated solid-state reaction method, which
exhibits an inspiring ultra-narrow-band green emission peak-
ing at 517 nm with a FWHM ~24 nm under excitation at
452 nm and a high IQE up to 97.6%. The intriguing highly
efficient narrow-band emission is related with the high content
Mn>" occupying independently remote isolated Mg?" sites. As
for the LMAO:0.28Mn** phosphor, the CIE coordinates are
(0.149, 0.766), and the color purity is 83.0%, and the fluores-
cence lifetime is 4.72 ms. More importantly, the as-prepared
LMAQ:0.28Mn** phosphor exhibits an outstanding thermal
quenching resistance property (remaining 92.3% peak intensity
and 110.1% integrated intensity at 423 K compared to the
corresponding intensity at 298 K) and an excellent resistance
to color drifting with chromaticity shifts of 3.82%. at 423 K and
6.63%o at 473 K. Exhilaratingly, the emission intensity is equal
for LMAO:0.28Mn”" synthesized in air conditions and in a
10%H,/90%N, atmosphere, indicating that LMAO:0.28Mn**
has extremely low preparation cost and very great commercial
potential. By combining ultra-narrow-band green emitting
LMAQ:0.28Mn*" and narrow-band red emitting KSF:Mn** with
blue InGaN chips, a wLED device is fabricated with a wide color
gamut of 131% NTSC and 97.8% Rec. 2020 in CIE 1931. The
luminescence intensity continuously increases for the fabri-
cated wLED device when the driving current increases from 25
to 300 mA, making LMAO:0.28Mn>" a promising candidate for
wide color-gamut and high-power pc-wLED backlight applica-
tions. In this work, it is inspiring to develop high-performance
narrow-band green emitting phosphors by a new design strat-
egy and accelerate the speed of discovering many new materials
for wide color-gamut backlight displays.
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