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ABSTRACT: New non-rare-earth-based oxide red phosphor discovery is of great interest in ~ *| s
the field of energy-efficient LED lighting. In this work, a novel blue-light activated os o

Warm white.

CaMg,Al;,0,,:Mn*" (CMA:Mn*") phosphor, showing strong red emission peaked at ~655 , O Q
nm under 468 nm excitation, is prepared by a solid-state reaction route. The microstructure (> O
and luminescent performance of this red-emitting phosphor are investigated in detail with the O O -

05 80

aids of X-ray diffraction refinement, diffuse reflection spectra, steady-state photoluminescence
spectra and temperature-dependent PL/decay measurements. The crystal field strength (Dq)
and the Racah parameters (B and C) are carefully calculated to evaluate the nephelauxetic ;|
effect of Mn*" suffering from the CMA host. After incorporating CMA:Mn*" and YAG:Ce**  |* =
phosphor microcrystals into the glass host via a “phosphor-in-glass (PiG)” approach, warm

white-light is achieved in the assembled high-powered w-LED device, thanks to the improved
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correlated color temperature and color rendering index.
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1. INTRODUCTION

White light-emitting diodes (w-LED), as promising candidates
to replace conventional incandescent and fluorescent lamps,
have received increasing attention in recent years due to their
admirable merits of high luminous efficiency, low energy cost
and robustness.'® The current leading commercial w-LED
technology is based on a “blue chip + yellow phosphor”
strategy, i.e., the yellow phosphor converter YAG:Ce®"
dispersed in epoxy or silicone is directly packed on the blue
InGaN chip. When driven by a certain current, the emitted
yellow light from YAG:Ce®* pluses the transmitted blue light,
jointly constituting white luminescence. However, in practical
application such design suffers some technical weaknesses. One
big problem is the innate deficiency in red components, which
leads to high correlated color temperature (CCT) and low
color rendering index (CRI) for the white light.”® The other
one is the notorious poor thermal stability and weak thermal
conductivity of the organic binders, which result in luminous
decay and color-shift of the phosphors under long-term heat
radiation.”'® To circumvent the above drawbacks, an additive
red phosphor with ideal luminescent performance is highly
demanded; besides, developing optimal inorganic encapsulating
materials for accommodating the phosphors is of vital
importance.

Among the state-of-the-art red phosphors, the Eu*', Ce®*
doped nitrides (such as CaAlSiN;:Eu** and M,SisNg:Ce** (M =
Ca, Sr, Ba)) are most commercialized;'"'> however, their
weaknesses are also obvious, mainly due to the critical synthetic
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requirements (typically prepared under 1800 °C, 0.5 MPa N,
pressure) and serious photon reabsorption phenomenon (the
photons emitted from the yellow or green phosphor can be
absorbed by the red one, causing color change and luminous
reduction).” As an alternative, the non-rare-earth Mn** doped
red phosphors offer important advantages in these respects and
thus have gained increased attention recently."*™'® Mn** is
featured by the 3d electron configuration with electrons
located in an outer orbit, which causes its optical property
heavily affected by the matrix; in the other words, the red
emitting wavelengths of spin-forbidden Mn*": ZEg - 4A2g,
consisting of R line and the associated vibronic sidebands, are
highly dependent on the covalency of the “Mn*'-ligand”
bonding.'””'® Fluoride compounds are appropriate hosts for
Mn*, in which Mn*" exhibits the most intense excitation band
locating at ~460 nm and very sharp red emission lines peaking
at ~630 nm.'® However, its sustainability under moisture
environment seems to be a problem and should be further
examined; moreover, in the synthesizing process, the required
toxic HF solution is very harmful to environment.'” In contrast,
oxide compounds show much high chemical stability with an
eco-friendly preparation procedure. Up to date, the Mn**
doped oxides, including CaAl,O, Sr,Al1,0,;, CaAl},O,,,
CaZrO;, LaAlOj; and so on, have been extensively investigated,
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showing gromlslng capabilities as good red converters for w-
LED.™

As known, only Mn*" in octahedral crystal field can emit red
light;ls’lé’18 therefore, searching for a host providing abundant
octahedral sites for Mn** would be critical to achieving efficient
red emissions. This inspires us to synthesize CaMg,Al;O,,
(CMA) compound, which belongs to a magnetoplumbite-
related family, has never been studied as a luminescent host
before, to our best knowledge. As displayed in Figure 1, the
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Figure 1. Schematic illustration of crystal structure in CMA, showing
the stacking sequence of (MS),, and the coordination environment of

the [AlO,] tetrahedron, [AlOg] octahedron and [MgO,] tetrahedron.

crystal unit cell of CMA is composed of two types of structural
units, ie, M (CaAl,0,5, magnetoplumbite unit) and S
(Mg,Al, Oy, spinel unit), stacking in a sequence of
(MS),.>> > In such a big unit cell, there are huge amounts
of the [AlO4] octahedral coordinated sites, offering great
capacity to accept Mn*" substitutes. It is also found that the
Mn*"-preferred [AlOg] layer is regularly separated by the Mn*'-
unoccupied [AlO,] or [MgO,] layer in the direction along the
c-axis. Such a layered-structure is favorable to isolate Mn** ions
from the local perturbations, thereby hopefully enabling the
high efficiency of luminescence, as pointed out by Peng et al.'®

To overcome the adverse effect of applying organic material
as the encapsulant in w-LED, the lately developed phosphor-in-
glass (PiG) technique has been proved to be a good solution.
PiG is a composite of phosphors and several carefully selected
glass components fabricated via a viscous sintering process at an
optimal temperature (<1000 °C). During sintering, the glass
components are totally melted while the phosphors remain
solid and distribute uniformly in the glass matrix as much as
possible.*™> Tt is expected that the excellent luminescent
performance deriving from phosphors can be retained, and the
inorganic glass matrix affords advantageous thermal/chemical
stability. Previously, our group has innovatively reported the
fabrication of YAG:Ce* PiG color converter for w-LEDs,
which exhibits a luminous efficacy (LE) of 124 Im/W, a
correlated color temperature (CCT) of 6674 K and a color
rendering index (CRI) of 70.*° Herein, the synthesized
CMA:Mn*" red phosphors were successfully introduced into
the YAG:Ce* PiG composite to tune the CCT and CR],
aiming to achieve high-powered warm w-LED lighting sources.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. A series of CaMg,Al;¢,0,,:xMn*" (x =
0.016, 0.032, 0.08, 0.16, 0.24 and 0.48) powder samples were
synthesized by the conventional high-temperature solid-state reactions.
The starting materials of CaCO; (99.9%), MgO (99.9%), ALO,
(99.9%) and MnCO; (99.9%) were weighted according to the
stoichiometric ratio. 3.5 wt % H3BO; (99.9%) was used as a flux. The
mixed powders were ground in an agate mortar for 40 min, prefired at
800 °C for 1 h and subsequently sintered at 1550 °C for 6 h in the air.

To achieve the luminescent PiG, previously reported precursor glass
with composition of 10-30 B,O3, 10-30 Sb,03, 5-30 TeO,, 10-25 ZnO,
5-20 Na,O, 0-10 La,0;, 0-10 BaO were first fabricated via the
conventional melting—quenching route.*® Then, the obtained glass
were crushed and milled into powders and mixed well with the
phosphors of CMA:Mn*" and commercial YAG:Ce** by using a ball
grinder. The mixing weight ratio (%) of precursor glass powder:
CMA:Mn*:YAG:Ce** was 95 — y3:5 (y = 1, 3, 5, 7 and 9,
respectively). The mixture was sintered in a platinum crucible at 570
°C for 20 min with stirring. Subsequently, the melt was poured into a
preheated copper mold to form the PiG composite, which was further
annealed at 260 °C for S h to relinquish inner stress, cut into the
desired dimensions (¢ 12 mm disks with thickness of 0.4 mm) and
polished for optical characterization.

2.2. Characterizations. Phase identification of all the as-obtained
samples were carried out by using a powder diffractometer (Rigaku,
Ultma IV), operating at 3 kW. The continuous scanning rate for phase
determination was S5°/min, while the scanning rate for Rietveld
analysis was 8 s per step with a step size of 0.02°. The microstructures
of CMA:Mn* powders and PiG were studied using a scanning
electron microscopy (SEM, JSM-6700F) instrument equipped with an
energy-dispersive X-ray spectroscopy (EDS) system. The diffuse
refection spectra (DRS) of powder samples were measured by an UV—
vis-NIR spectrophotometer (PerkinElmer, Lambda 900), using BaSO,
as a standard reference. The photoluminescence (PL), photo-
luminescence excitation (PLE), temperature-dependent PL spectra
and decay curves were recorded by a spectrophotometer (Edinburgh
Instruments, FLS920) equipped with both continuous (450 W) and
pulsed xenon lamps as the light source. The quantum efficiency (QE)
measurements were performed using a barium sulfate coated
integrating sphere that attached to the spectrophotometer. The
internal QE (1;,.), defined as the ratio of the number of photons
emitted (I,,,) to the number of photons absorbed (I,y,), is expressed as

n =m o /L
" e [E- [E (1)

where Lg is the emission spectrum of the sample, Eg and Ey are the
spectra of excitation light with and without the sample in the
integrating sphere. The external QE (7]y) is expressed as e = 7ine X

€.y Where €, represents absorption efficiency of the sample. The
values for LE, CCT, CRI and chromaticity coordinate of the PiG-based
w-LED were measured in an integrating sphere of 50 cm diameter,
which was connected to a CCD detector with an optical fiber (HAAS-
2000, Everfine Photo-E-Info Co. Ltd.).

3. RESULTS AND DISCUSSION

3.1. Crystal Structure Analysis of CMA:Mn**. Figure 2a
exemplarily shows the XRD pattern of CMA:0.08Mn*" along
with the corresponding Rietveld structure refinement con-
ducted by a general structure analysis system (GSAS) program.
The refinement was proceeded by adopting the crystallographic
data of CaMg,Al;cO,, (ICSD #81081) as an initial model and
converges to R, = 8.9%, R, = 7.3% and y* = 2.86%, which
indicates the refined atom position, fraction factors and
temperature factors of the sample well satisfy the reflection
conditions.®" The final refined results confirm the single phase
nature of the CaMg,Al O, that is crystallized in a hexagonal
P6mc space group with lattice parameters of a = b = 5.603 A, ¢
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Figure 3. Representative diffuse reflection spectra of CMA:xMn** (x =
0, 0.016, 0.08, 0.16).
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Figure 2. (a) Experimental XRD data, the corresponding Rietveld
refine results, the Bragg reflections and the profile difference between
experimental and calculated values of CMA:0.08Mn*" sample; (b)
XRD patterns of CMA:xMn** (x = 0.016—0.48), and the standard data
of CMA phase (PDF #52-0656) as a reference; (c) magnified XRD
curves in the range of 35.5—37.5°.

= 31.355 A. The calculated unit cell volume (V = 851.66 A%) is
slightly larger than that (V = 851.5 A%) of pure CMA crystal,
probably caused by the preferable substitution of Mn*" for AI**
in octahedral sites, because the effective ionic radii (r) of Mn*"
(r = 0.535 nm, CN 6) is larger than that of AP* (r = 0.530
nm, CN = 6).** Figure 2b displays the XRD patterns of
CMA:xMn* (x = 0.016, 0.032, 0.08, 0.16, 0.24 and 0.48). All
the diffraction peaks in these samples can be exactly assigned to
the pure CaMg,Al;4O,, (PDF #52-0656), indicating Mn*"
doping does not influence the crystal structure significantly.
With the increase of Mn*" concentration, the peaks show a
gradual shift toward the smaller 26 angels compared to that of
pure CMA, ascribing to that more Mn*" occupy AI** sites. To
achieve the charge balance, Mn** may form pairs by trapping an
interg‘gitial O’ ions and replace a couple of neighboring AI**
ions.

3.2. Luminescence Properties of CMA:Mn** Phos-
phors. The diffuse reflection (DR) spectra of CMA doping
with various Mn** contents are shown in Figure 3. One can see
two typlcal strong spin-allowed Mn**: *A,, — *T,, and Mn*":
4A2g - ng transitions peaking at ~345 nm (28 985 cm™') and
~468 nm (21367 cm 1) and a weak distinguishable spin-
forbidden Mn**: 4A2 - ng one locating at ~390 nm (25 641
cm™), Wthh are 51m11ar to the experimental results reported
previously.** As will be discussed hereafter, the broad band at
~345 nm, falling in the bandgap of CMA host, is composed of
the Mn*": 4A2g . 4Tlg and the Mn*'—0?" charge transfer
(CT) transitions, because it exhibits slight red shift with
increasing of Mn*" concentration.

Figure 4 demonstrates the typical PLE and PL spectra of
CMA:0.08Mn*". The PLE spectrum monitored at 655 nm
shows several excitation bands ranging from 250 to S50 nm that
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Figure 4. Room temperature PLE (4, = 655 nm) and PL (4., = 468
nm) spectra of the CMA:0.08Mn* sample. The solid blue line
represent data fit using Gaussian function. The vertical dashed lines are
a guide for the eye. The yellow line represents the referenced emission
spectrum of commercial YAG:Ce®" phosphor under 468 nm light
excitation.

can be fitted by three Gaussian curves, corresponding well with
the DR spectrum. It is worth noting that the spectral overlap
between the excitation of CMA:Mn* and the emission of
commercial YAG:Ce®" is rather small, thus the risk of photon
reabsorption, often occurring between nitride red phosphor and
YAG:Ce®** yellow phosphor, can be greatly reduced. On the
other hand, the phosphor shows intense red emission in the
wavelength range between 600 and 750 nm with a maximum
located at 655 nm (15267 cm™') upon blue-light excitation.
This red-emitting band consists of four distinguishable Stokes/
anti-Stokes sidebands at 642, 655, 665 and 671 nm respectively,
arising from the different vibrational modes of *E 2T2 4Azg
transitions for the 3d4° electrons in the [Mr106]§ octahedral
complex.®® Because of the spin- and parity-forbidden nature of
these transitions, the zero-phonon band is very weak and
therefore unable to be identified. The calculated coordinate
value (x, y) of the International Commission on Illumination
(CIE) is (0.7205, 0.2778), similar to that of the commercial
3.5Mg0-3.5MgF,-GeO,:Mn*" (MMG:Mn*) red phos-
3937 indicating its potential to enhance the color
rendering performance of w-LED.

A series of PL spectra curves for CMA:0.08Mn*" sample as a
function of temperature from 77 to 300 K are shown in Figure
Sa. Note that the integrated emission intensity of the PL
spectrum increases at first with increasing temperature and then
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Figure S. (a) Temperature-dependent emission spectra and (b) decay
curves of CMA:0.08Mn** under excitation at 468 nm; (c) dependence
of the average decay lifetime and the integrated emission intensity on
temperature in CMA:0.08Mn*".

decreases when temperature is beyond 220 K, as illustrated in
Figure Sc. The initial elevation is believed causing by the
thermal population of higher vibrational states and thus the
increase of the anti-Stokes sideband (e.g, 642 nm emission
band), which compensates and overtakes the intrinsic thermal
quenching effect.>® With further increasing the temperature, the
influence of nonradiative transition at elevated temperature
becomes most dominant, resulting in the weakening of
emission intensity. It is also found that a gradual peak red
shift occurs with increasing temperature (see Figure S,
Supporting Information). This phenomenon can be e)%)lained
by the Varshini equation of E(T) = E; — aT?/T + b,*>*° where
E(T) is the energy difference between excited states and ground
states at a temperature T, E, is the energy difference at 0 K, a
and b are fitting parameters. The fluorescence decay curves of
the Mn*": ZEg, szg - 4A2g also reveal a strong dependence on
the temperature, as presented in Figure Sb,c. As the

temperature increases, the calculated lifetime is gradually
decreased from 1.73 to 0.89 ms because the nonradiative
transition probability at a low temperature is lower than that at
a high temperature.

Tanabe—Sugano energy-level diagram (Figure 6) illustrates
the dependence of energy levels of Mn*" on the octahedral

At L)
‘ “Tt,8)
CMA host |
60 -] A, (tle)
1 T, (t5e)
m A0 3 “T, (te)
o % T, )
) 22
1] By 3
A T, (1)
2804 %E (t3)
— 2
‘P 258

“F . . . ‘At

0 1 2 3 4

Dg/B

Figure 6. Tanabe—Sugano energy-level diagram for Mn*" in the
octahedral site of CMA host, wherein the ground electronic state
(4A2g) and the lowest excited state (ZEg) come from the £,
configuration, whereas the *T; and *T, levels arise from the t%e
electronic orbital.

crystalline field of CMA crystal, in which the values of crystal-
field strength (Dq) can be determined by the mean peak energy
(21367 cm™) of the *A,, — *T, transition:*'

Dq = E(*T,, — A,,)/10 @)
On the basis of the peak energy difference (7618 cm™)

between the 4A2g - 4T2g and 4A2g - 4TIg transitions, the
Racah parameter B can be evaluated from the expression®”

Dq _ 15(x —8)
B (x*— 10x) (3)
where the parameter x is defined as
x = E(‘tAZg - 4T1g) - E(AEAZg - 4T2g)
Dq 4)

According to the peak energy of 2Eg - 4A2g (15267 cm™)
derived from the emission spectrum, the Racah parameter C
can be calculated by the following expression:**

E(’B, — A,,)/B = 3.05C/B + 7.9 — 1.8B/Dq (s)

The values of Dq, B and C in the CMA:Mn*" are then
determined to be 2136, 754 and 3625 cm™, respectively, which
are similar to those reported in the Mn*:CaAl;,0,5." As
previously stated, the crystal structure of the CMA is composed
of the stacking sequence (MS), structure. Therefore, this result
indicates Mn*" probably occupies the AI’* sites in the M
(CaAl},0yy) layer other than the S (Mg,Al,Og) layer of CMA.
The nefhelauxetic ratio ﬁ (ﬂ = ﬂcomplex / Bfreeiion) Bfreeiion =1160
em ™), reflecting the effect of reducing electron—electron
repulsion via ligands, is calculated to be 0.65. This value is
similar to those reported in oxides, but higher than those in
fluorides, due to the more ionic Mn*"—F~ bonding than Mn*'—
o™ bonding.18

dx.doi.org/10.1021/am507316b | ACS Appl. Mater. Interfaces 2014, 6, 22905—22913
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The PLE and PL spectra of CMA:xMn* (x = 0.016, 0.032,
0.08, 0.16, 0.24 and 0.48) are shown in Figure 7a—c. Evidently,
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Figure 7. (a) PLE (4., = 665 nm) and (b) PL (4., = 468 nm) spectra
of the CMA:xMn*" samples (x = 0.016, 0.032, 0.08, 0.16, 0.24 and
0.48, respectively); (c) PL intensity of Mn* as a function of Mn**
doping concentration in the sample under excitation at 468 nm; (d)
dependence of log(I/x) on log(x) according to eq 7.

for all the samples, most of the spectral features are identical,
except for the excitation band at around 340 nm, which shows
obvious peak-shifting toward the long-wavelength side with
increase of Mn*" doping content (Figure S2, Supporting
Information). This band can not be simply assigned to the
Mn**: 4A2g - 4Tlg transition, but is strongly possible due to the
overlap between the Mn*": 4AZg — 4Tlg and the Mn*'—0*~ CT
bands. It is postulated that the lattice expansion and/or the
charge imbalance caused by gradual substitution of Mn** for
AP** might be responsible for the red-shifting of the Mn*'—0?*~
CT band, which is similar to the case of Mo®*—0>~ CT band in
Eu**:NaLa,(Mo;0,5)E.* With an increase of Mn* content
from 0.016 to 0.48, the PL intensity of Mn*" increases at first,
until it reaches a maximum at 0.08, then it decreases gradually,
which is ascribed to concentration quenching.

As for the concentration quenching phenomenon, it is due to
the occurrence of energy transfer within the nearest Mn*" ions
that is finally ended by a killer center. The involved energy
transfer mechanism is not radiation reabsorption because there
is no overlap between the PL and PLE spectra of Mn*". It
might be related to exchange interaction or multipole—
multipole interaction. To clarify this point, the critical transfer
distance (R.) needs to be calculated. Blasse*® pointed out that if
the activator is introduced solely on one site, there is, on
average, one activator ion per V/x.N (V is the volume of the
unit cell, x. the critical concentration, N the number of available
sites for the dopant in the unit cell). Upon that, R, is evaluated
to be approximately twice the radius of a sphere with this
volume:

1/3
R =~ 2( 3V J
4mx N (6)

In this case, V = 851.66 A3, obtained from Rietveld result, N =
32 and x, = 0.08 and the critical transfer distance of Mn*" in
CMA is then calculated to be ~8.6 A. Because the exchange
interaction is dominant only for short critical transfer distance
(typically, R, < 5 A), it is inferred that the concentration
quenching mainly takes place via electric multipolar interaction
between Mn** ions based on the Dexter theory.*” The type of
interaction between Mn*" ions can be reflected by the following
equation:48

I/x = K[1 + B(x)?*™ (7)

where x is the activator concentration, K and f are the
constants for each type of interaction in a given host lattice, 6 is
an indication of the electric multipolar character with 6 = 6, 8,
10 corresponding to dipole—dipole (d-d), dipole—quadrupole
(d-q) and quadrupole—quadrupole (g-q) interactions, respec-
tively. In Figure 7d, the experimental results of the relationship
between integrated emission intensity (I) and Mn* concen-
tration (x) are fit well by using eq 7. The dependence of log(I/
«x) on log(x) appears to be linear with a slope —(6/3) ~ —2;
therefore, the value 6 is calculated as approximately 6, which
indicates that the quenching mechanism is a d-d interaction for
the Mn** center. The fluorescence decay curves of CMA:xMn**
phosphors monitored at 655 nm with the excitation of 468 nm
were measured at room temperature, as displayed in Figure 8.
The decay process can be characterized by an average lifetime
Tavg Which is calculated by using eq 8:

Ty = /Om tI(t)dt/foooI(t)df (8)
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Figure 8. Decay curves of Mn*': ’E,, *T,, — *A,, in CMA:xMn*" (x =
0.016, 0.032, 0.08, 0.16, 0.24 and 0.48, respectively) red phosphors
when excited at 468 nm and monitored at 655 nm.

where I(t) is the luminescence intensity of the CMA:xMn*
sample at time t. The estimated lifetimes of Mn* are in a
microsecond range, which is indicative of the forbidden
character of the intra-d-shell transitions in Mn* ions. As
expected, with the increment of Mn** content, the decay curves
gradually deviate from a monoexponential decay mode and the
T4y monotonously decreases from 1.020 to 0.564 ms, ascribed
to the nonradiative energy migration among the Mn*" ions.

3.3. Performance of LED Devices Based on the PiG
Containing CMA:Mn** and YAG:Ce*" Phosphors. To
validate the availability of as-synthesized CMA:Mn*" red
phosphor for high-powered w-LED application, we introduced
it into the YAG:Ce’* PiG color converter innovatively
developed in our lab,*® aiming to solve the problem of red
deficiency of the product.

First, the PiG containing merely CMA:0.08Mn*" phosphor
(“1-phosphor” sample) was prepared and characterized by
using XRD, SEM and spectroscopic measurements to reveal the
influence of glass-melting procedure on the microstructure and
luminescent performance of CMA:Mn*" phosphors. As shown
in Figure 9a, the XRD pattern of CMA PiG exhibits identical
diffraction peaks as those of CMA powder, indicating successful
incorporation of CMA:Mn*' into the glass host. The
amorphous hump is originated from the glass matrix. The
SEM image of a casually selected PiG piece shown in Figure 9¢

(@) { | ——CNA:0.08Mn" PiG

Intensity (a.u.)

{PDF#52-0656
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Figure 9. (a) XRD pattern of CMA:0.08Mn** PiG; (b) and (c) SEM
images of the CMA:0.08Mn** powder and the PiG sample embedding
9 wt % CMA:0.08Mn*; insets in panels b and ¢ show photographs of
the corresponding samples.

reveals that the mean size of CMA particles is ~20 pm, in well
accordance with that of the presynthesized CMA:Mn**
powders exhibited in Figure 9b, suggesting the corrosion of
CMA:Mn*" particles by the glass melt at 570 °C is negligible. It
is also found that the CMA:Mn*" particles are distributed quite
homogeneously in the glass matrix. The insets of Figure 9b,c
present the digital photographs of the CMA:0.08Mn*" powder
and the corresponding PiG sample embedding 5 wt %
CMA:0.08Mn*". Because of the refractive index difference
between the mother glass and the CMA crystals, the PiG
appears to be semitransparent. As expected, the steady-state PL
spectrum (Figure 10a) and luminescent kinetic analysis (Figure
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Figure 10. (a) PL spectra and (b) decay curves of the CMA:0.08Mn**
powder and the corresponding PiG sample; insets in panel a show
photographs of the corresponding samples under blue-light excitation.

10b) of CMA:Mn** PiG keep almost unchanged in comparison
with those of CMA:Mn*" powder. Both of the CMA:Mn*
powder and the PiG present a sound eye-visible red-emitting
light upon driven by a blue chip (see the luminescent
photographs in the insets of Figure 10a). All these results
demonstrate the successful incorporation of CMA:Mn**
crystals into the glass host. The luminescence quantum
efficiencies of CMA:0.08Mn*" PiG and CMA:0.08Mn*" powder
were measured respectively, as demonstrated in Figure S3
(Supporting Information). The internal and external quantum
efficiencies for CMA:Mn*" powder are 35.6% and 16.0%,
whereas those for CMA:Mn** PiG are 33.8% and 15.4%.
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Evidently, the encapsulation of CMA:Mn*" powder in glass
influences the quantum efficiency insignificantly.

Then, we fabricated a “2-phosphor” PiG color converter by
incorporating y wt % homemade CMA:0.08Mn* (y=0,1,3,5,
7,9) and 5 wt % commercial YAG:Ce*" phosphors together
into the glass matrix. The typical internal quantum efficiency of
PiG sample embedded with S wt % CMA:0.08Mn*" and 5 wt %
YAG:Ce*" was measured to be 76.8%, as shown in Figure S4
(Supporting Information). The electroluminescent (EL)
spectra of such PiGs with varied weighted contents of
CMA:Mn*, driven under 350 mA current, are shown in
Figure 11. The measured photometric and chromaticity

CMA:0.08Mn*" weight ratio

2

5 ——9wit%

¢ 7 wt%

2 —5wt%

@ ——3wt%
— 1 wit%

CMA: 0.08Mn™

EL intensity (a.u.)

400 500 600 700
Wavelength (nm)

Figure 11. EL spectra of w-LED devices fabricated by coupling InGaN

blue chip with PiG color converters containing 5 wt % YAG:Ce*" and

y wt % CMA:0.08Mn* (y = 1, 3, 5, 7, 9) phosphors. The driven

current is 350 mA.

Table 1. Measured Photometric and Chromaticity
Parameters for the PiG-based w-LEDs

CIE coordinates

luminous

CMA:Mn* CCT efficiency

no. content (wt %) 5 y (K) R, (Im/W)
a 0 0.312 0.333 6674 70.0 124.6
b 1 0.332 0.347 6235 71.7 115.3
c 3 0347 0360 5511 74.2 94.7
d S 0.362 0.374 5057 77.8 80.8
e 7 0.378 0.394 4512 81.3 72.2
f 9 0395 0416 3896 855 58.3

parameters are listed in Table 1. Obviously, with increase of
CMA:Mn*" contents from 0 wt % to 9 wt %, the PL spectra
show an almost linear increase in Mn*" red emissive
component. Accordingly, appearance of the emitted white-
light evolves gradually from cool to warm (Figure 12), the CIE
coordinate changes from point a (0.312, 0.333) to point f
(0.395, 0.416), the CCT decreases monotonously from 6674 to
3896 K and the CRI increases from 70.0 to 85.5. These results
demonstrate that the introduction of CMA:Mn*" red
phosphors into the YAG:Ce*" PiG gives rise to more suitable
CCT and CRI values in the high-powered w-LED for indoor
applications. Unfortunately, the luminous efficiency of the
samples declines from 124.6 to 58.3 Im/W, probably caused by
the reduced light extraction for more opaque of the PiG when
more CMA:Mn*" is added. However, the value of 70—80 lm/W

0 wt% 1 wt% 3 wt% 5 wt% 7 wt% 9 wt}%

i g
0.8 vy aPicl *iiicma B B:MA i
' v _4 A &

ip
T+
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Figure 12. CIE chromaticity diagram of w-LEDs fabricated by
coupling 5 wt % YAG:Ce** andy (=0, 1,3, 5, 7, 9) wt % CMA:Mn*
embedded PiG with blue chips; insets show photographs of the PiG
samples with varied CMA:Mn** weighted contents, the corresponding
LED packages and their electroluminescence driven by a 350 mA
current.

in the samples containing $% or 7% CMA:Mn*" is still
acceptable for general lighting.

4. CONCLUSION

In summary, a novel Mn*"-activated CaMg,Al;;0,, red-
emitting phosphor of high purity has been successfully
synthesized by a high-temperature solid-state sintering method.
The excitation and reflectance spectra show broad absorption
of Mn*": 4A2g — 4T2g transition in the 420—500 nm region,
which matches well with the emission of the commercial blue
chip. Under excitation at 468 nm, the phosphors exhibit an
intense red emission band peaked at 655 nm and the
corresponding CIE coordinate is (0.7205, 0.2778). The
optimized Mn*" doping concentration is determined to be
0.08 mol, beyond which the d-d interaction-based energy
transfer between Mn*" centers would result in the concen-
tration quenching. According to the Tanabe—Sugano diagram,
the Racah parameters B and C and the crystal-field parameter
10Dq are calculated. In contrast to the case in Mn**-activated
fluorides, the nephelauxetic effect in CMA is found strongly
affecting the luminescence of Mn*". To evaluate the suitability
of CMA:Mn*" as red converters, they were introduced into the
YAG:Ce*" PiG and then coupled with the blue-chips, aiming to
achieve warm white light. The XRD, SEM and spectroscopic
measurements demonstrate successful incorporation of CMA
crystals into the glass host without influencing their
luminescent property remarkably. Driven by a 350 mA current,
the assembled high-powered w-LED device shows a tunable R,
between 70 and 85.5 and CCT between 6674 and 3896 K by
simply changing the red-phosphor weight ratio. It is proposed
that the developed CMA:Mn*" phosphors and the related PiGs
would have desirable potential for applications in the high-
powered warm w-LEDs.
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Temperature dependent PL emission spectra of
CMA:0.08Mn*" phosphor (Figure S1). The normalized PLE
spectra of CMA:xMn* samples (x = 0.016, 0.032, 0.08, 0.16,
0.24, 0.48) in the region of 250 to 400 nm. (Figure S2). The
excitation line and emission spectra of (a) CMA:0.08Mn*
powders and (b) CMA:0.08Mn*" PiG (Figure S3). The
excitation line and emission spectrum of PiG sample embedded
with S wt % YAG:Ce* and S wt % CMA:0.08Mn*"
microcrystals measured using an integrating sphere (Figure
S4). This material is available free of charge via the Internet at
http://pubs.acs.org.
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