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ABSTRACT: Due to the unique narrow-band red emission
and broadband blue light excitation, as well as milder synthesis
conditions, Mn** ion activated fluoride red phosphors show
great promise for white light emitting diode (W-LED)
applications. However, as the Mn*" emission belongs to a
spin-forbidden transition (2Eg — *A)), it is a fundamental
challenge to synthesize these phosphors with a high external
quantum efficiency (EQE) above 60%. Herein, a highly
efficient and thermally stable red fluoride phosphor,
Cs,SiF:Mn**, with a high internal quantum efficiency (IQE)
of 89% and ultrahigh EQE of 71% is demonstrated.
Furthermore, nearly 95% of the room-temperature IQE and
EQE are maintained at 150 °C. The static and dynamic
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spectral measurements, as well as density functional theory (DFT) calculations, show that the excellent performance of
Cs,SiFg:Mn*" is due to the Mn*" ions being evenly distributed in the host lattice Cs,SiF¢. By employing Cs,SiFs:Mn*" as a red
light component, stable 10 W high-power warm W-LEDs with a luminous efficiency of ~110 Im/W could be obtained. These
findings indicate that red phosphor Cs,SiF¢:Mn*" may be a highly suitable candidate for fabricating high-performance high-power

warm white LEDs.
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hite light emitting diodes (W-LEDs) have been widely
applied in various fields, due to their high efficiency,
long lifetime, low energy consumption, and environmental
friendliness.'® However, the mainstream and commercialized
W-LEDs based on the combination of a blue InGaN chip and
yellow phosphor Y;(ALGa);Oy,:Ce®" (YAG:Ce®") suffer from
low color rendering index (CRI, Ra < 80) and high correlated
color temperature (CCT > 4500 K) and are not used in indoor
lighting, because of the notoriously deficient red emission from
yellow phosphor YAG:Ce®".”~"! To solve this problem, nitride
phosphors such as (Ca,Sr)AlSiN;:Eu** and Sr,SisNg:Eu®* are
usually used as red light component to add into the W-LEDs
due to their high luminescence efficiencies and good thermal
stability.'””'> However, the excessive broad absorption
(~200—600 nm) and longer emission wavelength (>650 nm)
of these phosphors significantly lower the luminous efficacy of
the devices.”” " Furthermore, the synthesis conditions for the
nitride phosphors are usually rather harsh, leading to high
cost 216719
In contrast, transition metal Mn*" activated fluoride
phosphors possess narrow-band red emission around ~630
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nm and broad excitation band at ~460 nm (with a bandwidth
of ~50 nm), as well as milder synthesis conditions, showing
more promise for warm W-LED applications.”” For these
characteristics, considerable attention has been focused on this
field and various Mn*"-doped fluoride red phosphors such as
A,BFg:Mn* (A = NH,, Na, K, Rb, Cs; A, = Ba, Zn; B = Sj, Ge,
Ti, Zr) and H;XFe:Mn* (H = Li, Na, K; X = Al, Ga) have been
developed.®”' ™ By using a suitable synthesis route, nearly a
100% high internal quantum efficiency (IQE) has been
achieved in fluoride phosphor K,TiFg:Mn*".> However, since
the Mn*" emission belongs to a spin-forbidden transition (ZEg
— %A,), it is still a fundamental challenge to synthesize these
Mn**-related fluoride phosphors with external quantum
efficiency (EQE) higher than 60%, which is crucial for practical
applications.””"** The ultrahigh IQE value and relatively low
EQE in these Mn*'-doped fluoride are due to the lower
absorption efficiency (AE) of Mn** (usually, AE < 60%).
Increasing the dopant level can effectively improve the AE
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Figure 1. (a) XRD patterns of various Mn** concentration doped Cs,SiFs:Mn** samples. (b) Crystal structure of Cs,SiF¢. (c) SEM and (d) particle
size distribution of Cs,SiF&:Mn**. The standard card (Cs,SiFg) JCPDS No. 07-0006 is included for comparison.

value, but the Mn*" ion doped system usually shows a lower
optimal content (<8 mol %), and further increasing the
concentration would inevitably result in concentration
quenching.”

Here, we report the first realization of an ultrahigh EQE of
71% in Mn**-doped fluoride phosphor upon 460 nm excitation.
For this purpose, we use Cs,SiF;:Mn*" with a relatively high
doping concentration. Despite that the Jahn—Teller effect of
Mn*" ions, electron-vibration effects, and intensities of vibronic
transitions in Cs,SiF;:Mn*" have been extensively investigated,
little attention has been focused on its quantum efficiency (QE)
and performances in W-LEDs.”*™* 1t is observed that the
optimal concentration of Mn*" in Cs,SiF is as high as 10.75
mol %. The effects of dopant concentration and temperature on
photoluminescence, decay behavior, QE, and AE have been
investigated in detail. A mechanistic view is obtained from a
combination of static and dynamic spectroscopy and density
functional theory (DFT) calculations. By employing the
efficient Cs,SiF;:Mn*" as red phosphor, we realized a high-
performance high-power warm W-LED (power rating of 10 W)
with low CCT (3205 K), high CRI (Ra = 85; R9 = 78), and
luminous efficacy of 111 Im/W under related 300 mA drive
current, which presents a substantial advance toward its
commercial application.

B RESULTS AND DISCUSSION

Figure la shows the XRD patterns of different Mn*"
concentrations doped Cs,SiFg:Mn*" phosphor samples. As
the doping concentration of Mn*" is not higher than 10.75 mol
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%, all diffraction peaks of the samples match well with the
standard card JCPDS No.07-0006, indicating pure phase
objective samples of Cs,SiFs:Mn*" have been obtained. No
impurity or extra peaks were detected in the sample. Together
with intense red emission from Cs,SiFg:Mn*" (see Figure S1),
it can be concluded that different concentrations of Mn*" ions
have been incorporated into fluoride Cs,SiF4 while, as the
Mn*" concentration was increased to 16.8 mol % or above,
some impurity peaks would appear in the samples. Thus, the
maximum effective doping concentration of Mn*' ions in
Cs,SiFg is 10.75 mol % in our design. Figure 1b shows that
Cs,SiFs belongs to a cubic structure with the Fm3m space
group (225), and the lattice constant is a = 8.919 A. In this
structure, there exists only one type of octahedral Si*" ions. Due
to the similar valence states and ionic radii between Si** (r =
0.40 A) and Mn** (r = 0.53 A), the Mn*" ions would substitute
the Si*" ions in Cs,SiFa:Mn*"."" The typical SEM image in
Figure 1c shows that Cs,SiFg:Mn*" is composed of some
irregular particles with a size of 10—50 ym, and the average size
is about ~31 pm (see Figure 1d).

Figure 2a shows the room-temperature emission and
excitation spectra of Cs,SiFg:Mn*". It is observed that the
emission spectrum upon 357 or 462 nm excitation consists of
six typical sharp emission peaks centered at 600, 610, 614, 632,
636, and 648 nm, originating from the transitions of anti-Stokes
v3(tie)y va(ti), and vg(ty,) and Stokes vg(ty,), v4(ty,), and
v5(t;,) vibronic modes, respectively." The slight red-shift for
the emission (Figure 2b) and excitation (Figure S2) peaks as
compared to that of K,SiFg:Mn*" or Rb,SiFs:Mn*" is ascribed
to the weaker crystal field strength for Mn*' ions in
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Figure 2. (a) Excitation and emission spectra of Cs,SiFs:Mn**, (b) normalized emission spectra of X,SiF¢:Mn** (X = K, Rb, and Cs), (c) Tanabe—
Sugano energy diagram for Mn**(3d?) in an octahedral crystal field, and (d) normalized emission and excitation spectra of Cs,SiFs:Mn*" and YAG-

04.

Cs,SiFe:Mn*" (Figure 2¢).%° Monitoring at these different
emission peaks, quite similar excitation spectra are obtained and
all of them are composed of two broadband excitation peaks
located at ~357 and 462 nm, which can be attributed to the
spin-allowed *A, — *T, and *A, — *T, transitions of Mn*,
respectively. The analogous excitation profiles also suggest that
all emission peaks come from a single emission center, which is
consistent with the analysis of Mn*" substitution above. Figure
2d shows the normalized emission and excitation spectra of
YAG-04 and Cs,SiF:Mn*. As shown, very small overlap
between the excitation of Cs,SiFg:Mn*" and emission of YAG-
04 can be observed, suggesting that the reabsorption problem
between the two phosphors would not occur. In addition, the
predominant blue excitation bands of Cs,SiFs:Mn*" and YAG-
04 are almost fully overlapped. These facts strongly confirm
that Cs,SiF¢:Mn*" may act as a red light component for
improving the performance of blue InGaN chip excited W-
LEDs.

For optimizing the luminescent properties, doped red
phosphors Cs,SiFg:Mn*" with different Mn* concentrations
have been synthesized (Table 1), and the corresponding
emission spectra are given in Figure 3a. It can be observed that
all emission spectra consist of several sharp emission peaks
located between 550 and 700 nm, corresponding to the 2Eg -
*A, transitions of Mn**. With the increased Mn* concen-
tration, the band shape and peak positions of these emission
peaks exhibit no changes (see Figure 3b), whereas the emission
intensity varied greatly. The detail concentration-dependent
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Table 1. AAS Results of Mn** Ion Doped Cs,SiF4 Phosphors
Prepared with Different Mole Ratios of K,MnF, to SiO,”

sample mole ratio of K,MnF; to SiO, Mn*" concentration (mol %)
S1 1:100 0.71
S2 2:100 1.13
S3 5:100 3.41
S4 10:100 6.10
Ss 15:100 9.25
S6 20:100 10.75
S7 30:100 16.80
S8 40:100 19.25

“The mole ratio of CsF to SiO, is fixed at S:1.

emission intensity is provided in Figure 3d. Apparently, the
emission intensity of the sample is increased first with
increasing Mn** concentration and reached its maximum
value as the Mn*" concentration rose to ~10.75 mol %, and
very intense absorption can be found in this phosphor
composition, as shown in Figure S3. When the concentration
of Mn* is further increased, the emission intensity of the
sample gradually dropped due to the concentration quenching
effect and the effects of extra purity phases. Thus, the optimal
doping concentration in this system is ~10.75 mol %. This
value is much higher than that of K,TiFg:Mn* (5.5 mol %),
Cs,GeFy: Mn** (8.78 mol %),” K;AlFg: Mn** (3.51 mol %),
etc. Figure 3c shows the concentration-dependent lumines-
cence decay curves of Mn* (monitored at ~632 nm) in
Cs,SiF&:Mn** upon 460 nm excitation. It can be seen that all
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Figure 3. Room-temperature (a) emission and (b) normalized emission spectra, (c) luminescence decay curves (monitored at 632 nm), and (d)
integrated intensity and lifetimes of Mn*" in Cs,SiFs:Mn*" with various Mn*" concentrations.

luminescence decay curves fit well with a single-exponential
equation, which indicates that Mn** ions may tend to distribute
homogeneously in host lattice Cs,SiFs. As the Mn**
concentration increases, the luminescence lifetime exhibited a
monotonically decreasing trend. As the Mn*" concentration was
increased from 0.71 to 10.75 mol %, the lifetime was only
reduced by ~0.14 ms and a long lifetime of ~7.81 ms was
obtained in Cs,SiF¢:10.75 mol %Mn*" When the concentration
of Mn*" was further increased to 19.25 mol %, the lifetime of
Mn*" was decreased to ~6.3 ms. The faster falling rate of
lifetime after 10.75 mol % is due to the enhanced nonradiative
transition processes among Mn** ions, which is in accord with
the concentration quenching behavior. The single-exponential
decay behavior and long decay lifetimes for Mn*" ions in
Cs,SiFg:Mn** obviously show that weak Mn**—Mn*" inter-
actions among Mn*" ions in this system and the Mn*" ions tend
to evenly distribute in the host lattice Cs,SiF,. Because of these,
a very high optimal concentration for Mn*" has been achieved
in Cs,SiFs:Mn*,

To further evaluate the dopant distribution and relative
structural stability of Mn*-doped Cs,SiF;, we performed
theoretical calculations on the 2 X 2 X 2 supercell of Cs,SiF
with one to four Si** ions replaced by corresponding Mn*" ions.
To describe it, we have calculated the formation enthalpy
AH(x) as™*

AH(x) = E, — xE; — (1 — x)E, (1)
,where E,, E, and E; are the total energies with a coverage of x,

1, and 0. Herein, x represents the value of the ion numer ratio
of Mn* to Si**. Some optimized lattice constants and total

energies for special coverage values of the models are given in
Tables S1—S3. Based on these results and eq 1, the formation
enthalpy for Mn*"-doped Cs,SiF; as a function of coverage is
provided in Figure 4a. As shown, when the coverage is lower
than 0.10, all formation enthalpy values of the systems are
negative, indicating that Mn*'-doped Cs,SiF4 belongs to an
exothermic reaction, and all substitution configurations are
possible. As coverage was further increased to 0.125, the
formation enthalpies are positive, which suggests that the
corresponding substitution configurations are unstable. These
phenomena are in good agreement with the experimental
results shown in Figure la. For coverage x = 0.625, there are
five possible configurations (see Figure S4), and the computa-
tional results are listed in Table S2. Since the optimized cell
parameters and the crystal structures of all models do not vary
significantly between each other, together with the fact that no
significant difference in formation enthalpies could be found in
the five different models (Figure 4b), it can be concluded that
Mn*" ions tend to homogeneously distribute in Cs,SiFg:Mn*".
When the coverage is further increased to x = 0.9375, there are
14 different models (Figure SS). The optimized cell parameters
(Table S3) and the crystal structures of all models (Figure SS)
are also very similar; in addition, the differences in formation
enthalpies for the 14 models are very small, which can be
neglected (Figure 4c). These computational results firmly and
clearly demonstrate that Mn*" ions tend to homogeneously
distribute in Cs,SiFs:Mn*" when the coverage is even as high as
x = 0.9375. Hence, a rather high optimal concentration of 10.75
mol % has been obtained in Cs,SiFsMn*.
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Figure 4. (a) Formation enthalpy for Mn** substituted for Si** in a 2 X 2 X 2 Cs,SiF, supercell as a function of coverage (x) and the formation
enthalpies for when (b) two (x = 0.0625) or (c) three (x = 0.09375) Si** ions are replaced by Mn** ions in a 2 X 2 X 2 Cs,SiF supercell under

different models.

The quantum efficiency and thermal quenching behavior of
the phosphors are both critical factors in evaluating
applicability. Hence, we measured the temperature-dependent
emission spectra and QE for Cs,SiF¢:10.75 mol % Mn*" upon
460 nm excitation. For referencing the QE value, the QE of a
commercial high-performance yellow phosphor, YAG-04, was
determined with the same experimental setup (upon 460 nm
excitation, IQE = 99.73%, EQE = 88.06%; see Figure S6).
Figure Sa shows the room-temperature excitation of BaSO, and
reflectance and emission of Cs,SiF:10.75 mol %. At room
temperature (23 °C), the IQE of Cs,SiF:10.75 mol % Mn*
could be as high as 89.22% with an AE of 79.96%, resulting in
an ultrahigh EQE of 71.34%. The higher AE value is a result of
the high Mn*" concentration in this sample. Despite that the
IQE value of this phosphor is somewhat lower than that of
K, TiFg:Mn** (98%)” and KNaSiFg:Mn* (90%),”" the EQE is
much higher than the previously reported Mn*"-doped fluoride
red phosphors, such as K,GeFs:Mn*(54%),”" K;AlFg:Mn**
(51%),”" Rb,GeFq (58%),”* commercial K,SiFs:Mn**
(60.6%),”* and K,TiFs:Mn* (56.8%).*" Moreover, this value
is even larger than that of most nitride phosphors:
(Sr,Ca),SisNg:Eu** (60%)," Sr,SigNg:Eu** (64%), CaAl-
SiN,:Ce* (56%),"® and (Sr,Ca)AIN;:Eu®* (70%).* Such an
ultrahigh EQE value is a result of the higher IQE (~90%) and
high optimal concentration (10.75 mol %) in Cs,SiFs:Mn*".
Normally, the higher Mn** concentration of the phosphor, the
higher the AE would be. Herein, the AE is about 80%. In
addition, the EQE = IQE X AE; thus a high EQE value of
71.3% has been obtained in red phosphor Cs,SiF&:Mn** (10.75
mol %) upon 460 nm excitation. In addition, the EQE can be
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further improved by optimization of the chemical composition
and processing conditions. Theses facts strongly demonstrate
that red phosphor Cs,SiFg:Mn*" may have great potential
applications in high-power W-LEDs.

Normally, with higher temperature, the QE of the phosphor
decreases. For high-power white LED applications, during
encapsulation, the processing temperature of the LED chip can
reach over ~150 °C.” Hence, the temperature-dependent QE
of this phosphor has also been investigated, as shown in Table 3
and Figure Sb. When the temperature is gradually increased to
150 °C, the IQE and EQE do not show significant changes, and
a high IQE of 85.32% and EQE of 68.58% can be obtained in
this phosphor. That is, at 150 °C, the QE of this phosphor has
only decreased by less than 5% as compared to that at room
temperature (23 °C), exhibiting excellent thermal stability.
With further increases in the temperature, both IQE and EQE
of this phosphor gradually dropped because of the serious
thermal quenching effect. Meanwhile, the AE of the phosphor
shows no changes in the whole temperature range (23—300
°C), suggesting that the AE of the phosphor is independent of
temperature. As mentioned above, the AE of the phosphor is
closely related to the Mn*" concentration. So, it can be deduced
that the valence state of Mn* in Cs,SiF:Mn* can not be
affected by the temperature (23—300 °C). Consequently, when
the temperature is gradually cooled to room temperature, the
QE could return to its initial value. The temperature-dependent
emission spectra and emission intensity are also given in Figure
Sc and d, respectively. With increasing temperature, the band
shape and peak positions of this phosphor do not vary, whereas
the emission intensity changed obviously. In comparison, as the
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Table 2. Some Photoelectric Parameters of the Fabricated LEDs with a Power Rating of 10 W under a Drive Current of 300 mA

device Cs,SiFg:Mn** (wt %) CCT (K) Ra
LED 1 0 6395 729
LED IT 20 3762 80.1
LED III 25 3205 85.3
LED IV 30 2748 89.7

“wt/% = mass of Cs,SiFg:Mn*"/mass of epoxy resin X 100%.

R9 chromaticity coordinate (x, y) efficacy (Im/W)
-16.1 (0.3152, 0.3250) 127.72
44.5 (0.3948, 0.3934) 120.05
78.1 (0.4248, 0.4029) 111.10
98.4 (0.4615, 0.4091) 97.60

Table 3. Temperature-Dependent Absorption Efficiency
(AE), Internal Quantum Efficiency (IQE), and External
Quantum Efficiency (EQE) of Cs,SiF4:10.75 mol % Mn**
upon 460 nm Excitation

temperature (°C)

23 50 100 150 200 250 300
AE (%) 7996 7999 8023 8037 80.52 80.65  80.79
IQE 8922  89.60 89.00 8532 6029 2208 423
(%)
E%E) 7134 7167 7141 6858 485 1781 342
%

temperature increases, the emission intensity exhibits a
changing trend similar to that of quantum efficiency (Figure
Sb). Specifically, at 150 °C, the emission intensity can still
remain at ~95% of the initial value at 23 °C. When the
temperature further rose to 200 °C, the emission intensity
decreased to 68% of the initial value (at ~23 °C). These facts
strongly indicate that red phosphor Cs,SiFg:Mn*" has a
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superior thermal stability, showing great promise for high-
power white LEDs applications.

To further evaluate the commercial application of the
synthesized Cs,SiFs;:Mn*" phosphor, the performances of
high-power WLEDs with different CCT fabricated with blue
InGaN chips, yellow phosphor YAG-04, and red phosphor
Cs,SiFg:Mn*" have been investigated. Figure 6a shows the
electroluminescence (EL) spectra of the fabricated W-LEDs
(LED I-1V), and Table 2 provides some important photo-
electric parameters. Without adding red phosphor, the obtained
white LED (LED I) shows a higher CCT (6359 K) and lower
color rendering index (Ra = 72.9; R9 = —16.1) due to the
deficient red emission component from yellow phosphor YAG-
04. However, as the red phosphor Cs,SiFg:Mn*" was added into
the devices, the EL of the fabricated LEDs (LED II-IV)
consisted of three typical emission parts: blue emission from
the InGaN chip, yellow emission from YAG-04, and sharp red
emission from Cs,SiFs:Mn*". Due to the different emission
intensity ratio of the three parts in the devices, white LEDs
(LED II-1V) with different CCT and color rendering index can
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Figure 6. (a) Electroluminescence spectra and (b) CCT and Ra of the fabricated high-power white LEDs with different mass ratios of YAG04 to red
phosphor Cs,SiFs:Mn*, (c) corresponding CIE chromaticities in the 1931 CIE diagram, temperature-dependent electroluminescence spectra (d, e),
and (f) corresponding CIE chromaticities in the 1931 CIE diagram for LED I and LED IIL

be obtained, and all of them are located in the warm white light
region (see Figure 6¢). As shown in Figure 6b, with an increase
in red phosphor Cs,SiFg:Mn*" from 0 to 30 wt %, the CCT
sharply decreased from 6359 K to 2748 K, while the Ra
improved from 73 to 90 due to the gradually increasing red
light component from Cs,SiFs:Mn*". In addition, the R9 value
has also been significantly improved from ~—16 to 99. Despite
that the luminous efficacy of warm white LEDs shows some
decrease as compared to cool white LED I, high-power warm
white LEDs with a luminous efficacy of ~98—120 Im/W could
be easily realized, exhibiting great promise for practical
applications.

In addition, the effects of high temperature on the
performances of the white LEDs have also been investigated.
Figure 6d and e show the temperature-dependent EL spectra of
LED I and III, respectively. For LED 1, all emission spectra
contain blue and yellow emission bands, corresponding to the
InGaN chip and yellow phosphor YAG-04, respectively. With
an increase in temperature, both blue and yellow emissions
monotonically declined because of the thermal quenching
effect. As the lue InGaN chip and yellow phosphor has different
descent speeds, the white light point would blue-shift slightly
with increasing temperature (see Figure 6f). Accordingly, the
CCT could be increased from 6395 K (20 °C) to 7095 K (100
°C) (see Table 4). Meanwhile, when the temperature was
increased to 100 °C, the luminous efficacy of LED I was
reduced to ~75% of its initial value (20 °C). Furthermore, as
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Table 4. Temperature-Dependent Parameters of LED I
under a Drive Current of 300 mA

temperature ~ CCT chromaticity efficiency
°C) (¥) Ra R9 coordinate (x, y) (Im/W)
20 6395 729 —161  (0.3152, 0.3250) 127.72
30 6446 734  —146  (0.3144, 0.3240) 122.88
40 6500 73.9 —13.2 (0.3136, 0.3231) 117.86
50 6563 744 —119  (0.3126, 0.3222) 11691
60 6627 749 —106  (0.3117, 0.3213) 11443
70 6699 754  —92  (0.3106, 0.3202) 112.02
80 6782 75.9 =79 (0.3094, 0.3191) 109.27
90 6880 764  —64  (0.3081, 0.3178) 106.60
100 7035 771 —45  (0.3060, 0.3156) 95.61

the InGaN chip and YAG-04 exhibit different change trends
with increasing temperature, both Ra and R9 would also be
slightly increased, and the details are shown in Table 4. In
comparing with LED I, warm white LED III exhibited a
different changing trend with rising temperature. As shown in
Figure Ge, with an increase in temperature, all emissions of LED
III would gradually decrease because of the thermal quenching
effect. Since the three typical emission parts have different
thermal quenching behaviors, the white color point of LED III
was also shifted, but giving a different shift direction, as shown
in Figure 6f. Consequently, when the temperature was
increased from 20 °C to 100 °C, the CCT was decreased
from 3205 K to 2931 K, which is obviously different from LED
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I. Meanwhile, the luminous efficacy of LED III was decreased
by ~21%, which clearly indicates that the thermal quenching
behavior of LED I is more serious than that of LED IIL In
addition, both Ra and R9 have been obviously improved (see
Table S). The enhanced high-temperature performance of the

Table 5. Temperature-Dependent Parameters of the LED III
under a Drive Current of 300 mA

temperature ~ CCT chromaticity efficacy
°C) (K) Ra R9 coordinate (i, y) (Im/W)
20 3205 853 781 (0.4248, 0.4029) 111.10
30 3172 858 794 (04259, 0.4013) 109.08
40 3134 865 807 (0.4271, 0.3993) 106.52
50 3093 872 823 (0.4284, 0.3973) 103.62
60 308S 878 835 (0.296, 0.3953) 100.79
70 3020 884 845 (0.4307, 0.3934) 97.83
80 2986  89.0 855 0.4316, 0.3913) 94.79
90 2955  89.6 862 (0.4324, 0.3893) 91.53
100 2931 902 867 (0.4327, 0.3872) 87.97

LED is due to the high EQE (~71%) and excellent thermal
stability of red phosphor Cs,SiFs:Mn*". Based on these, it can
be concluded that Cs,SiFg:Mn*" may be used as an efficient red
component in high-power warm W-LEDs.

B CONCLUSIONS

In summary, a series of Mn*" ion doped narrow-band emitting
fluoride red phosphors Cs,SiFs:Mn*" have been synthesized via
a facile co-precipitation method at room temperature. The
phosphor shows strong broadband absorption at ~460 nm and
high-purity sharp red emission around ~630 nm, which
matches well with the emission light of InGaN blue chip. By
optimizing the doping concentration, phosphor composition
Cs,SiF&:Mn*" (10.75 mol %) provides a high IQE of 89% and
ultrahigh EQE of 71% upon 460 nm excitation. In addition, at
150 °C, both IQE and EQE could remain at nearly ~95% of
their initial room-temperature values, showing superior thermal
stability. The luminescent measurements and DFT calculations
show that the performance of Cs,SiFg::Mn*" is attributed to
Mn*" ions tending to homogeneously distribute into the host
lattice Cs,SiFg. By using the highly efficient and thermally stable
phosphor Cs,SiFg:Mn*" (10.75 mol %) as a red light
component, a high-power warm white LED with high CRI
(Ra = 85, R9 = 78), low CCT (3205 K), and a high luminous
efficacy of 110 Im/W under rated 300 mA drive current could
be obtained. These findings show the great promise of
Cs,SiF¢:Mn*" as a commercial red phosphor in high-power
warm white LEDs.

B EXPERIMENTAL SECTION

Materials Synthesis. Red phosphor Cs,SiF;:Mn*" was
synthesized via a co-precipitation method as described
elsewhere.’” The raw materials are SiO, (99.8%), CsF
(99.9%), HF (49 wt %), KMnO, (99.3%), acetone (AR), and
H,0, (30 wt %); all of them were used as obtained without
further purification. The ke;r precursor K,MnF, was synthesized
using the Bode’s method."” For safety consideration, necessary
safeguard procedures (glove, patch, draft cupboard, etc.) are
required in the synthesis processes. The synthesis diagram for
Cs,SiF::Mn*" is given in Figure S1. In a typical procedure, 0.3 g
of SiO, was dissolved in 10 mL of HF (49 wt %) in a 50 mL
plastic beaker to form a colorless and transparent solution; then
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0.0247 g of K,MnF, was added into the above solution under
stirring. After the precursor K,MnF, was fully dissolved, 3.79 g
of CsF was added into the solution, which was further stirred
for 30 min. The red phosphor Cs,SiF::Mn*" was gradually
generated. Then, the solution was aged 2 h in an ice bath.
Herein, the ice bath is used to reduce the volatilization of toxic
HF and simultaneously prevent the valence state change of
Mn*" in the synthesis processes. The collected products were
washed three times with acetone and finally dried at 80 °C for 2
h under a vacuum environment for further characterization. For
optimizing the luminescence properties, different Mn**
concentration doped Cs,SiFs:Mn** samples were further
synthesized by controlling the mole ratios of SiO, to
K,MnF, as shown in Table 1. Other pure phase phosphors,
Rb,SiF¢:Mn** and K,SiFs:Mn*, could be obtained by the same
synthesis procedures (Figure S7).

Materials Characterization. The crystal structures of the
synthesized samples were characterized by using a Philips
model PW1830 X-ray powder diffractometer with Cu Ka
radiation (4 = 1.5406 A), and the tube voltage and current are
40 kV and 40 mA, respectively. The morphology and size of the
samples were determined by a scanning electron microscope
(SEM, NOANOSEM 430). The room- or high-temperature
photoluminescence (PL) and photoluminescence excitation
(PLE) spectra, as well as fluorescence decay curves, were
detected by an FL920 fluorescence spectrophotometer
(Edinburgh Instruments LTD) using a 450 W xenon lamp or
a 150 W ps flash lamp as the excitation source. The diffuse
reflection spectra of the samples were collected by a UV2600
spectrophotometer (Shimadzu). The compositional analysis
was performed on a Shimadzu AA-6300 absorption spectro-
photometer (AAS). The temperature-dependent absorption
efficiency and internal and external quantum efhiciencies of the
sample were measured by a QE-2100 spectrophotometer
(Otsuka Electronics, Japan). The AE, IQE, and EQE were
calculated by using the following equations:

AE - [HEG) - R(A)} da

[AE(2) da )
[2-P(2) da
IQE =
JMEQ) = R} d2 (3)
EQE = IQE X AE = M
JAE(2) da )

where E(1)/hv, R(1)/hv, and P(A)/hv are the number of
photons in the spectrum of excitation, reflectance, and emission
of the phosphor, respectively.

Theoretical Calculations. Theoretical calculations were
performed through DFT implemented in the Vienna ab initio
simulation package (vasp).”™' The exchange correlation
potential was approximated by the generalized gradient
approximation (GGA) with the PBE functional.”* To evaluate
the Mn*" distribution in Cs,SiFs:Mn*, a 2 X 2 X 2 Cs,SiF;
supercell and a 2 X 2 X 2 Cs,MnF were adopted according to
the ICSD cards No. 94089 or 47201, and the optimized
parameters are shown in Table S1. When two Si** ions were
replaced by two Mn*" ions in the optimized 2 X 2 X 2 Cs,SiF4
supercell, there were five different configurations (Figure S4),
while when three and four Si** ions are substituted by Mn**
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ions in this supercell, there are 14 (Figure SS) and 71 different
configurations, respectively.”>>* The cutoff energy E, and K-
point mesh were set as 520 eV with a 2 X 2 X 2 Monkhorst—
Pack grid, which are enough for energy convergence. The
convergence criterion for the electronic energy was 107* eV,
and the structures were relaxed until the Hellmann—Feynman
forces were less than 0.02 eV A™".

LED Fabrication and Performance Measurement.
High-power W-LEDs were fabricated with a commercial yellow
phosphor YAG:Ce* (YAGO4, intermax), the present red
phosphor Cs,SiF::Mn*", and blue InGaN chips (450—460
nm, 200 mW, Tsinghua Tongfang). The blue chips were fixed
on a substrate with a diameter of 11.2 cm using the chip-on-
board technology.”’ The phosphors were thoroughly mixed
with epoxy resin, and the obtained phosphor—epoxy resin
mixture was coated on the LED chips. Four white LEDs (LED
1-1V) with different CCTs were fabricated with different mass
ratios of the epoxy resin (A, B) to the phosphors (YAGO4,
Cs,SiF:Mn*"); details are given in Table 2. The photoelectric
properties of the LEDs at various temperatures were measured
by using an integrating sphere spectroradiometer system
(ATA100, Everfine).
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