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white light-emitting diodes

Shaoying Wang, Qi S
and Xiaoyong Huang ‘&

Balaji Devakumar, Jia Liang, Liangling Sun
*

In this paper, we report on highly efficient Mn“**-activated double perovskite LizMgoSbOg (LMS) red-
emitting phosphors. These LMS:Mn** phosphors can be efficiently excited over a broad wavelength
band from 235 nm to 600 nm peaking at 344 nm and 469 nm, and exhibited an intense red emission
band with a range from 600 nm to 800 nm centered around 651 nm. The optimal Mn** doping
concentration of LMS:Mn** was 0.6 mol% and its internal quantum efficiency can reach as high as 83%.
Besides, the thermal quenching effect on the optical property was also analyzed. Finally, a warm white
light-emitting diode (WLED) lamp was fabricated by using a 454 nm InGaN blue LED chip combined with
a blend of YAG:Ce®* yellow phosphors and the as-prepared LMS:0.6% Mn** red phosphors, which
showed bright white light with CIE chromaticity coordinates (0.4093, 0.3725), correlated color
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1. Introduction

In the past decade, the research on white light-emitting diodes
(WLEDs), which show numerous merits including low energy
consumption, long working time, low cost, small volume, and
environmental compatibility, is becoming a hotspot in the
lighting and display fields."”® WLEDs are considered to replace
the traditional fluorescent and incandescent lamps as the next-
generation solid-state lighting source. Currently, the popular
method to fabricate the commercial WLEDs is using the InGaN
blue LED chips combined with YAG:Ce?" yellow phosphors.**3
Unfortunately, owing to the absence of red phosphors, such
WLEDs exhibit cold white light accompanied with low color
rendering index (CRI) as well as high correlated color temper-
ature (CCT), which is unfavorable for their further application
in indoor lighting."*¢ Hence, it is of great theoretical value and
practical significance to seek red-emitting phosphors with good
luminescent performance for fabricating warm WLEDs.

Up till now, the most studied red-emitting phosphors were
activated by rare earth ions Eu®*" and Eu”* owing to their pref-
erable properties."”” However, there are some limitations in
those red phosphors, for example, Eu*" activated phosphors
exhibit sharp excitation peaks in the near-ultraviolet (UV) and
blue light region owing to its parity-forbidden 4f-4f transi-
tions,'®'® while the preparation process of Eu”" doped (oxy)
nitrides is quite harsh, and the rare earth ions are normally
expensive.’®** In order to obtain the low-cost and -easily
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temperature (CCT = 3254 K), color rendering index (CRI = 81) and luminous efficacy (LE = 87 Im/W).

available red-emitting phosphors with good luminescent prop-
erties, the transition metal ions Mn*" with 3d® electronic
configuration are regarded as alternative activators because the
Mn**-activated phosphors can be prepared on a mild condition
and show broad absorption band in the near-UV or blue light
region accompanied with deep red emission due to the spin-
forbidden *E; — *A,, transition, the energy of which is highly
dependent on the hybridization of Mn*"-ligand.?>** Mn"* ions
are normally stable by occupying the cation sites in octahedral
environments of the host materials such as fluorides and
oxides.>?® Recently, many Mn""-activated fluorides (ie.,
AMFg:Mn*", A = Na, K, Rb, and Cs; M = Si, Ti, Ge, and Zr) have
been investigated and they present a potential application for
warm WLEDs, due to the suitable red emission peak locating at
620-640 nm because of the weak hybridization effect.””**
Unfortunately, during the preparation process, the excessive
use of hydrofluoric acid, which is harmful to the environment
and health, limits their economic applications and industrial
productions.® As an alternative, the environmentally friendly
and chemically stable Mn*" doped oxides (such as: Ba,-
GdSbOg:Mn**,"” Ca,YSbOg:Mn***® and Mg, TiO;:Mn*" (ref. 31))
have been discovered to be outstanding red converters for
application in warm WLEDs, even if the red emission of Mn*'-
doped oxides shifts to the deep-red region (>650 nm) due to the
strong hybridization effect.®> As a double perovskite-type oxide,
the compound Li;Mg,SbOs (LMS) possesses [SbOg] octahedron
and Mn*" ions are expected to substitute the cationic sites of
Sb>" ions. However, so far the synthesis and luminescence
properties of LMS:Mn"* phosphors have not been reported.
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In this work, a series of novel high-efficiency Mn**-activated
LMS phosphors were successfully synthesized. Under excita-
tions by the near-UV light and blue light, the LMS:Mn*" can
exhibit intense red emission with high internal quantum effi-
ciency (IQE). Furthermore, the crystal structure and optical
properties of LMS:Mn** samples were investigated in detail.
Finally, a prototype warm WLED lamp which generated bright
white light was also successfully fabricated.

2. Experimental

Li;Mg,Sb(;_)Os:xMn*" (abbreviated as: LMS:xMn*") phosphors
were synthesized by a high-temperature solid-state reaction
procedure. As the raw materials, Li,COj; (analytical reagent, AR),
MgO (AR), Sb,O5 (99.9%), and MnCO; (AR) were weighed in
stoichiometric proportions and ground in an agate mortar.
Then, the obtained powders were transferred into the alumina
crucibles. Finally, the phosphors can be finally obtained after
pre-firing at 600 °C for 5 h and sintering again at 1200 °C for4 h
in the air.

The phase purity was studied by X-ray diffraction patterns
recorded on a diffractometer (Bruker D8) with Cu Ka radiation
(A = 1.54 A) in the 20 range of 10-80° at a step rate of 0.02°.
Crystal structure was analyzed according to the Rietveld
refinement performed using the FullProf program. The photo-
luminescence (PL) and PL excitation (PLE) spectra were
measured with the excitation and emission slit width of 0.9 nm
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as well as the dwell time of 0.1 s by a spectrometer (Edinburgh
FS5) which was designed with plane gratings and equipped with
a 150 W Xenon lamp. The decay curves were recorded on the
spectrometer (Edinburgh FS5) with a pulsed Xenon lamp. The
IQE and EQE were determined by the same spectrometer with
an integrating sphere coated with BaSO,. The temperature-
dependent PL spectra were also obtained on the spectrometer
(Edinburgh FS5) equipped with a temperature controller. WLED
devices were fabricated by coating the obtained phosphor-
silicone on the surface of the LED chip. The as-fabricated
WLEDs were operated by 3 V forward voltage with a driven
current of 20 mA, and their electroluminescence (EL) spectra,
luminous efficacy (LE), color rendering index (CRI), and corre-
lated color temperature (CCT) were recorded by using an
integrating-sphere  spectroradiometer system (HAAS2000,
Everfine).

3. Results and discussion

The XRD patterns of the LMS:xMn*" phosphors (x = 0.2%,
0.6%, and 1.2%) agreed well with the standard PDF card (JCPDS
#36-1019) of the LMS host, shown in Fig. 1(a), indicating that
Mn*" ions were well incorporated into the LMS without any
significant effects on the host crystal structure. In order to
characterize the crystal structure of LMS:Mn*" phosphors, the
XRD Rietveld refinement for LMS:0.6% Mn*" sample was
carried out and shown in Fig. 1(b).**** The refinement results
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Fig.1 (a) The XRD patterns of LMS:xMn** (x = 0.2%, 0.6%, 1.2%) phosphors and the standard PDF card of the host LMS (JCPDS #36-1019). (b) The
XRD Rietveld refinement for LMS:0.6% Mn**. (c) The crystal structure of LMS:0.6% Mn*".
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including the cell parameters of LMS:0.6% Mn*" determined to
be a = 8.6393(5) A, b =5.9262(4) A, c =17.8170(1) A, a = f =y =
90°, and V = 912.20(17) A® were achieved with the residual
factors of R, = 9.36%, and R,, = 13.72%. Accordingly, the
crystal structure of the LMS:0.6% Mn"" was a partially ordered
rock salt structure belonging to orthorhombic crystal system
with a space group Fddd (see Fig. 1(c)).** The crystal structure of
LMS included four types of octahedrons, where Sb>" ions
completely occupied a group of octahedral sites and Li/Mg
distributed non-randomly over other three groups of octahe-
dral sites.*® Here, it was more reasonable for Mn*" (r = 0.53 A) to
substitute the Sb®* (r = 0.6 A) than Li" (r = 0.76 A) and Mg*" (r =
0.72 A) ions because of the closer radius.”

Fig. 2(a) shows the PLE spectrum of LMS:0.6% Mn*" phos-
phors. In the range of 235-600 nm, the PLE spectrum consisted
of two broad excitation bands peaking at 344 nm attributed to
the Mn-O charge transfer band (CTB) and the Ay, — *Ty,
transition, as well as 469 nm owing to *A,, — T, transition of
Mn*" ions with a monitoring wavelength of 651 nm, respec-
tively,*** indicating that the phosphors can be excited by near-
UV and blue light. Besides, there were some sharp PLE lines in
the range of 450-500 nm due to the Xe lamp excitation source.
The PL spectra of LMS:0.6% Mn** phosphors under 344 nm and
469 nm excitations were shown in Fig. 2(b). Evidently, the
emission spectrum excited at 344 nm had the similar profile but
the stronger emission intensity compared with that excited at
469 nm, and the PL spectra were composed of broad red
emission bands in the range of 600-800 nm centered at around
651 nm, owing to the *E, — *A,, transition of Mn*" ions.**
Furthermore, the CIE chromaticity coordinates of LMS:0.6%
Mn*" under the excitation 344 nm and 469 nm were both
calculated to be (0.724, 0.276), which located in red region.
Moreover, the phosphors also exhibited bright red light under
365 nm UV lamp, as shown in the inset in Fig. 2(b).

Fig. 3(a) exhibits the emission spectra of LMS:xMn*" phos-
phors (x = 0.1%, 0.2%, 0.4%, 0.6%, 0.8%, 1.0% and 1.2%)
under 344 nm excitation. All the PL spectra exhibited similar
emission profiles except that the PL intensities were different.
Intuitively, the emission intensity of LMS:xMn** as a function of
Mn*" concentration was shown in Fig. 3(b). When x increased
from 0.1% to 1.2%, the emission intensity first increased to the
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maximum with the optimal Mn*" doping concentration x =
0.6% and then gradually decreased due to the concentration
quenching effect.”*** The concentration quenching effect was
caused by the nonradiative energy transfer among Mn** ions.*
And the critical distance (R.) can be evaluated by the following
equation to determine the energy transfer mechanism among
Mn*" ions for the concentration quenching:*>*

3V

1/3
R =2
(4TEXCZ>

where x., V, and Z represent the critical content, the volume of
unit cell, and the number of cations that can be substituted by
Mn*" ions per unit cell, respectively. For LMS:0.6% Mn**, x, =
0.6%, Z = 8, and V = 912.20 (17) A%, and thus the R. was
calculated to be around 33.11 A. The exchange interaction will
take place when R, value is shorter than 5 A. Therefore, the
electric multipolar interaction played an important role in
concentration quenching effect for LMS:Mn** phosphors. It is
worth noting that the actual R, value should be smaller than the
calculated one because clustering will occur when Mn** show
concentration quenching at a low concentration.

The specific type of the energy transfer mechanism can be
further deduced using the following formula:*"*®

(1)

log(Ilx) = A — (6/3)log x (2)
where I refers to the emission intensity, x represents the
concentration of dopants, 4 is a constant, and the electric
multipole index § = 3, 6, 8, and 10 corresponds to the mecha-
nism: nonradiative energy transfer among the nearest-neighbor
ions, electric dipole-dipole, dipole-quadrupole, and quadru-
pole-quadrupole interaction, respectively.**>* The relation
between log(Z/x) and log(x) was shown in Fig. 3(c), in which the
experimental data can be well fitted to a straight line with R?
value of 0.998 and a slope (—6/3) of —1.27. Hence, § was
calculated to be 3.81, which approached to 3, indicating that the
primary type of the energy transfer mechanism among the Mn**
activators in LMS:Mn"** phosphors was the nonradiative energy
transfer among the nearest-neighbor ions.

Fig. 3(d) illustrates the decay curves of the 651 nm emissions
of LMS:xMn*" phosphors excited at 344 nm. The decay curves
can be well fitted by a single-exponential function as below:*

—_
LY
e
>
1]
(=2}
(3]
-
3
3

Intensity (a.u.)

(b)le

A

9 29

-1, =344 nm
=2, =469 nm

Intensity (a.u.)

Wavelength (nm)

200 250 300 350 400 450 500 550 600 600

700 750
Wavelength (nm)

650 800

Fig.2 (a) The PLE spectrum of LMS:0.6% Mn** phosphors monitored at 651 nm. (b) The PL spectra of LMS:0.6% Mn** phosphors (ie, = 344 and

469 nm) and the digital photograph under 365 nm near-UV lamp.
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Fig. 3 (a) The PL spectra of LMS:xMn** phosphors under 344 nm excitation. (b) The diagram for emission intensity of LMS:xMn** depending on

Mn** doping concentration. (c) The plot of log(//x) versus log(x). (d)
monitored at 651 nm.

I, = Iy + A exp(—tlt) (3)
where I, and I, refer to the initial emission intensity as well as
the emission intensity at time ¢, respectively, A represents
a constant, and t refers to the lifetime. The lifetimes of the
LMS:xMn** phosphors with the Mn*" concentrations of 0.1%,
0.2%, 0.4%, 0.6%, 0.8%, 1.0%, and 1.2% were determined to be
around 0.662, 0.638, 0.627, 0.619, 0.597, 0.586, and 0.570 ms,
respectively. Clearly, when the concentration of Mn*" ions
increased, the lifetimes showed a downward tendency, because
that the enhanced Mn*" concentration made the distance
between activators become much closer, thus raising the
probability of energy transfer between Mn** ions.>
Importantly, the IQE and EQE of the LMS:0.6Mn*" phos-
phors can be determined by the following expressions:**>*

IQE = [Lg/([Er — [Es) (4)
EQE = ¢ x IQE (6)

where [Lg is the integrated value of emission spectrum of
LMS:0.6% Mn*"; [Es and [Eg are the integrated values of the
spectra for excitation light with and without sample in the
integrating sphere, respectively; ¢ represents the absorption
efficiency. Therefore, both the IQEs of LMS:0.6% Mn”*" phos-
phors excited at 344 nm and 469 nm were found to be about
83%. Furthermore, under 344 and 469 nm excitations, the
corresponding EQEs were calculated to be 58% and 26%,
respectively.
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The decay curves of LMS:xMn** phosphors excited at 344 nm when

Fig. 4(a) shows the temperature-dependent emission spectra
of LMS:0.6% Mn*" phosphor with the temperature range of
303-443 K under the 344 nm excitation. There were no shifts in
the emission peaks, while the emission intensity decreased
a little rapidly with increasing the temperature, owing to the
severe thermal quenching effect. The activation energy (AE) can
be calculated based on the Arrhenius equation:*

In(ly/I — 1) =In C — AEIKT (7)
where I, and I correspond to the integrated values of emission
spectra at initial temperature and operated temperature (7),
respectively. C refers to a constant and k is the Boltzmann
constant. The plot of In(Z,/I — 1) versus 1/kT was exhibited in
Fig. 4(b), which was well fitted to a line with R> = 0.9983 and
a slope of —0.3725. Therefore, the AE for thermal quenching
was determined to be 0.3725 eV.

Consequently, the potential application of LMS:Mn*" red
phosphors were evaluated by comparing two types of WLED
devices. Fig. 5(a) and (b) exhibit the electroluminescence (EL)
spectra of the two as-fabricated WLED lamps. Owing to the
absence of red phosphors, the LED device fabricated by using
a 454 nm InGaN blue chip combined with only YAG:Ce*" yellow
phosphors possessed a lower R, (i.e., the value of CRI) of 74.8 than
that fabricated by using InGaN blue chip combined with a blend of
YAG:Ce** yellow phosphors and LMS:0.6% Mn** red phosphors (R,
= 81). More importantly, the addition of LMS:0.6% Mn*" red
phosphors into the WLED device resulted in warm white light with
CIE chromaticity coordinates (0.4093, 0.3725) and CCT = 3254 K,
as shown in Fig. 5(c). Normally, the LE decreased when mixing the

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) The temperature-dependent PL spectra of LMS:0.6% Mn** phosphor ranging from 303 to 443 K. (b) The dependence of In(lo// — 1) on 1/kT.
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Fig. 5 EL spectra of the fabricated (a) cold WLED lamp (InGaN chip + YAG:Ce*" yellow phosphors) and (b) warm WLED lamp (InGaN chip +
YAG:Ce®* yellow phosphors + LMS:Mn** red phosphors) driven by 20 mA current. (c) CIE chromaticity diagram of the fabricated WLED lamps.

The insets are photographs of the WLED lamps.

red components into the LED devices due to the Stokes shifting
and the weak sensitivity of human eyes to red light, which can
explain that the LE of the cold white LED lamp (LE = 158 Im W)
was much higher than that of the warm WLED lamp (LE = 87 Im
W 1).5 Even so, the LE value was higher than that of some warm
WLEDs fabricated using the Mn*" activated oxides or fluorides red
phosphors which were reported before such as Sr,MgGe,0,:Mn**
(LE =78.7 Im W 1),%® Ca,,ZnsGa; (035:Mn*" (LE = 64.83 Im W),
Gd,ZnTiOgMn*" (LE = 1.8 Im W™ 1), Na;AlFe:Mn*" (LE = 70 Im
W 1), NazGaFg:Mn*" (LE = 56.73 Im W '),% and K,LiGaFs:Mn**
(LE = 53.3 Im W 1).* These results confirmed that the LMS:Mn**
red phosphors had a promising application in warm WLEDs.

4. Conclusions

To sum up, in this work, we reported novel highly efficient red-
emitting LMS:Mn"** phosphors. When excited at 344 nm and
469 nm, the LMS:Mn"*" phosphors can generate red emission

This journal is © The Royal Society of Chemistry 2019

with the peak locating at around 651 nm in the range of 600-
800 nm, corresponding to the *E;, — A, transition of Mn*"
ions. This LMS:Mn*" phosphor with the optimal concentration
0.6 mol% possessed high IQE up to 83%. And the impact of
temperature on the luminescence property was also investi-
gated. Moreover, the fabricated WLED lamp by using the InGaN
blue chip coated with a blend of YAG:Ce*" yellow phosphors and
the as-prepared LMS:0.6% Mn*" red phosphors showed warm
white light with a higher CRI value (~81) and lower CCT value
(~3254 K) than that fabricated without the red phosphors (R, =
74.8, CCT = 6496 K). All the results exhibited above indicated
that LMS:Mn"* phosphors were promising red components for
warm WLEDs.
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