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A kind of red-emitting phosphor NaKSnFg:Mn** (NKSF:Mn) has been obtained from NaF and KF with a
certain molecular ratio in HF solution at room temperature. The phosphor NKSF:Mn exhibits superior
optical properties including high color purity with narrow-band emissions as well as better chromaticity
coordinates compared to the red phosphors Na,SnFg:Mn** (NSF:Mn) and K»SnFg-H,O:Mn** (KSFH:Mn).
The composition and structure of NKSF:Mn have been identified by X-ray diffraction (XRD), energy-
dispersive X-ray spectroscopy (EDS), and transmission electron microscopy (TEM). The formation

Received 5th July 2017, mechanism of NKSF:Mn is discussed and the morphology, thermal stability, and optical properties of

Accepted 7th August 2017 NKSF:Mn have been investigated. The luminescence intensity of NKSF:Mn has been improved by
optimizing synthetic parameters. A white light-emitting diode (WLED) fabricated using a blue GaN chip,

a yellow YAG:Ce phosphor, and the as-prepared red phosphor NKSF:Mn exhibits superior warm white
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1. Introduction

Currently, commercial white light-emitting diodes (WLEDs)
based on the combination of blue-emitting GaN chips and
yellow YAG:Ce phosphors provide cold white lights (CRI < 70
and CCT > 6000 K) due to the insufficiency of red components
in the luminescence spectra.’® A warm white light possessing a
high CRI (>85) and a low CCT (3000-4500 K) is required for
indoor lighting. From a practical point of view, phosphors with
a broad maximum excitation band in blue, sharp emission
peaks in red, and high luminescence efficiency are needed
for improving the performance of WLEDs. Conventional red
phosphors (such as Y,0;:Eu’") contribute little to applications
in WLEDs due to the mismatch of wavelength.*?

Recently, tremendous efforts have been dedicated to the
improvement of chromaticity performance of WLEDs. Red
phosphors with a broad excitation band located in the blue
region are mixed with YAG:Ce and coated on the chips to
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light with a color rendering index (CRI) of 90.3 at a correlated color temperature (CCT) of 3746 K.

increase the CRI and decrease the CCT of WLEDs.®>* Mn**
as a transition metal ion with outer 3d” electron configuration
shows a large gap between the energy states “T,, and *E,, which
stabilizes the Mn*" in the centers of octahedral sites in solid-
state inorganic compounds. In these phosphors, the Mn*" ions
act as luminescence centers and are used as substitutes for
Al3+,6—8 Si4+,9_13 Ti4+’14—16 Sn4+’17—20 Zr4+’21,22 and Ge** ions in
the centers of octahedra, coordinated by six 0>~ or F~ ions.®2°
So far Mn*" ion doped luminescent materials have attracted
considerable interest due to their ideal spectral characteristics
for application in WLEDs as they produce narrow- band emission
lines in the red region and a broad-band excitation in the blue
region. For example, a high-performance WLED with CRT = 81 and
CCT = 3556 K has been fabricated by a combination of red
phosphor K,TiFg:Mn*" with yellow YAG:Ce on blue LED chips."*
In general, HF and KMnO,-rich solutions and expensive metals
(such pure Ge and Zr) are needed for the synthesis of red Mn*'-
doped dialkali hexafluorometallates.”*** So far, it has been
challenging to fabricate red Mn*" ion doped fluoride phosphors
from low cost starting materials under mild reaction conditions
particularly at room temperature. Mn**-activated hexafluoro-
stannate phosphors such as K,SnFg-H,0:Mn*', ZnSnF¢-6H,0,
Na,SnFs:Mn*", and Cs,SnFe:Mn*" have been synthesized by
etching Sn metals in HF/KMnO, mixed solutions.'””*® The
practical use of previous methods has revealed several unexpected
drawbacks such as the existence of crystalline water in the host
lattice and contamination of MnO, induced by highly concen-
trated NaMnO,, which are harmful to the thermal stability and
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luminescence efficiency of the phosphors, respectively. We obtained
the red phosphor NSF:Mn from metallic tin shots, NaF, and
K,MnFg, at room temperature using a two-step method.?° It is
observed that the photoluminescence of Mn*" ions is often
slightly influenced by the crystallography structure, coordination
environments, and remote neighbouring cations.”*>* It has been
reported that the photoluminescence properties (such as color
purity, luminescence efficiency, and chromaticity coordinates) of
K,NaAlF;:Mn*" are much better than those of K,LiAlFs:Mn*" due
to the light nephelauxetic effect in K,NaAlIFg.”*

In the present work, we have obtained red phosphors
NKSF:Mn and KSFH:Mn by a facile method including chemical
etching of Sn in HF solution, anion exchange between anions
[MnF,]”~ and [SnF,]~, and recrystallization at room temperature.
To our knowledge, the preparation and optical properties of
Mn**-doped crystals NKSF and KSFH have not been reported
so far. The photoluminescence of NKSF:Mn and KSFH:Mn
is comparatively studied with that of the identified phosphor
NSF:Mn. We found that the red luminescence of NKSF:Mn with
ideal chromaticity coordinates and high efficiency is more
favorable than those of NSF:Mn and KSFH:Mn.

2. Experimental

2.1 Synthesis of red phosphors

Materials. The raw materials were NaF (99.5%), KF (99.5%),
metallic Sn (99.5%), KMnO, (AR), ethylalcohol (AR), H,O, (30%)
and HF (40 wt%). KMnO, and ethylalcohol were purchased from
Aladdin Chemistry Co., Ltd (China). All Chemical reagents were
used as received without further purification. The red phosphors
NKSF:Mn, KSFH:Mn, and NSF:Mn were synthesized through a
two-step chemical method.

Synthesis of host lattice compounds. 0.01 mol metallic Sn
shots were dissolved completely by slowly dropping H,O, in
15 mL 40 wt% HF under stirring. Then NaF and KF were added
to the colorless transparent solution in a certain molecular
ratio which determines the resulting products. The white
powder of NKSF was produced at room temperature after
stirring for 8 h. The resulting white solid compounds were
filtered, washed with ethylalcohol, and dried at 60 °C for 4 h.
For comparison, pure phases of KSFH and/or NSF were
obtained through similar procedures in case only KF and/or
NaF was provided, respectively.

Synthesis of K,MnF¢. According to the reported procedures,
230 mmol KHF, and 5.7 mmol KMnO, were dissolved in 30 mL
HF (40 wt%) solution, then 0.6 mL H,0, (30 wt%) was added.>”
The precipitate of the K,MnF, yellow powder was obtained after
magnetically stirring for 30 min. The resulting yellow solid
product K,MnFs was collected carefully from the cup, washed
extensively with ethylalcohol several times, and dried at 60 °C
for 4 hours.

Synthesis of red phosphors. Red phosphors NKSF:Mn are
prepared by the an anion exchange method from the as-prepared
NaKSnF, and K,MnFg. In a typical synthesis, 0.1 mmol (0.0247 g)
K,MnFg was added to 20 mL of 40 wt% HF solution until

9256 | J. Mater. Chem. C, 2017, 5, 9255-9263

View Article Online

Journal of Materials Chemistry C

completely dissolved, and 10 mmol (2.9477 g) NaKSnF, were added
to the yellow transparent solution. After magnetic stirring for 30 min,
15 mL of ethylalcohol was dropped into the mixture slowly, then the
mixture was stirred for some time at room temperature. The
precipitates were collected, washed with ethylalcohol several times
and dried at 60 °C for 12 hours. The two red phosphors KSFH:Mn
and NSF:Mn were synthesized through similar procedures.

2.2 Fabrication of LEDs using as-obtained red phosphor
NaKSnFg:Mn**

The as-obtained red phosphor NKSF:Mn was mixed thoroughly
with commercial yellow phosphor YAG:Ce and epoxy resin in a
certain proportion. The obtained mixture was coated on top of
the GaN chips and dried at 130 °C for 4 hours. White lights were
produced by the as-fabricated WLED devices under a driven
current of 30 mA.

2.3 Characterization

XRD patterns of the products were collected on a Bruker
(Karlsruhe, Germany) D8 Advance X-ray powder diffractometer
(XRD) with graphite monochromated Cu Ko radiation
(4 = 0.15418 nm). The XRD data were collected in the range
of 10-80 degrees. The morphology and structure of the samples
were studied by field emission scanning electron microscopy
(FE-SEM) using a Nova NanoSEM 200 scanning electron micro-
scope (FE-SEM, FEI Inc.) with an attached energy-dispersive
X-ray spectrometer (EDS). Transmission electron microscopy
(TEM) was performed on a JEOL 2100F high-resolution trans-
mission electron microscope using an accelerating voltage of
200 kV. The thermal stability of the red phosphors is investi-
gated by thermogravimetric (TG) analysis and differential scanning
calorimetry (DSC; Netzsch STA 449 C, at a heating rate of 10 K min™%).
The infrared (IR) spectra were recorded on a Perkin-Elmer
580 B infrared spectrophotometer using the KBr pellet technique.
UV-vis diffuse reflectance spectra were measured by using a
Shimadzu UV-3600 spectrometer. Photoluminescence (PL) spectra
were recorded on a FluoroMax-4 spectrofluorometer (Horiba Jobin
Yvon Inc.) with a 150 W xenon lamp (as the excitation source) and
a heating attachment. The internal quantum yield (QY) was
measured using a barium sulfate coated integrating sphere
attached to a FluoroMax-4 spectrofluorometer. The performance
of WLEDs was examined using an LEE300E spectrophotocolori-
meter (Everfine photo-E-Infor Co., China).

3. Results and discussion

3.1. Phase identification, morphology and composition
analysis

The XRD patterns of the samples synthesized from NaF and KF
with different molar ratios are shown in Fig. 1. All the samples
are prepared in 40 wt% HF and all the synthetic parameters
were kept identical except for the molar ratio of NaF:KF.
A mixture composed of the dominant NSF (PDF NO. 41-1085)
and the minor NKSF phase is obtained when the molar ratio
NaF: KF is 1: 1. With the proportion of KF increasing, the phase

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) XRD patterns of the obtained samples prepared from NaF and
KF with different molar ratios and (b) Rietveld refinement of the XRD profile
of NaKSnFg:Mn**.

of NKSF increases in the mixture and the pure NKSF is obtained
when the molar ratio of NaF:KF is 1:4, which can be well
indexed to the corresponding JCPDS card (NO. 41-1082) of
NKSF. With the ratio of KF increasing further, the phase of
KSFH can be detected. Pure KSFH is obtained only from KF in
the absence of NaF, which is in agreement with the standard
data in JCPDS card No. 21-0695. The phase transformation
determined by the molar ratio of NaF and KF is attributed to
the solubility of NaF (4.22 g/100 mL H,O), which is much
smaller than that of KF (94.9 g/100 mL H,0) at room temperature.
Moreover, NaF and/or KF should be partly dissolved first and then
the hexafluorostannate phases can be obtained by recrystalliza-
tion in the HF solution.

Fig. 1b shows the Rietveld refinement result of the red
phosphor NKSF:Mn, including the experimental and calculated
patterns, the differences between the both, and the Bragg
reflections of the calculated patterns. The obtained profile
factors are converged to R, = 14.30% and R,,, = 19.79%, which
reveals a good fitting quality. The refined lattice parameters
of orthorhombic NKSF are a = 11.8 A, b = 5.995 A, ¢ = 8.123 A,
V=574.6 A%, o=y = =90°, and space group Pna21(33), which
are in agreement with those in the literatures.”®>°

Fig. 2 shows the XRD patterns of the samples obtained
in 5-40 wt% HF solution with the molar ratio of NaF:KF

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) XRD patterns of the samples obtained in 5-40 wt% HF solution
with the mole ratio NaF : KF kept at 1:4. (b and c¢) SEM, (e) TEM images,
(d) EDS spectrum, and (f) the element mapping images of Na, K, Sn, F,
and Mn of selected area in the NaKSnFg:Mn** sampile.

maintained at 1:4. The samples obtained by reactions with
5 and 10 wt% HF are probably composed of KSFH, NKSF, and
KSnF; phases as shown in Fig. S1 (ESIt). The attributions for
the two strong peaks at 30.4 and 46.2 degrees cannot be
identified. The impurities still exist in the sample obtained in
the reaction with 20 wt% HF and a pure NKSF phase can be
obtained only when the HF concentration is 40 wt% HF. The
results indicate that the HF concentration in the system plays a
key role in the formation of a pure NKSF phase.

The microstructure and the accurate composition of the
red phosphor NKSF:Mn were determined using SEM, EDS, and
TEM, as shown in Fig. 2b-f. The samples obtained in 20 and
40 mol L™" HF solutions show irregular morphologies with
smooth surfaces and their sizes range from 5 to 20 pm (in
Fig. 2b and c). The elemental composition analysis of NKSF:Mn
was semi-quantitatively performed using EDS and element
mapping images as shown in Fig. 2d-f. The peaks of Na, K,
Sn, F, and Mn are obviously identified in the EDS spectrum of
NKSF:Mn. Moreover, it is observed that the atomic percentages
of Na, K, Sn, F, and Mn are approximately 12.12%, 12.20%,
12.85%, 62.31% and 0.52%, respectively, which are very close
to the atomic ratio in the stoichiometric composition of
NKSF:Mn. As shown in Fig. 2f, the element mapping images
of Na, K, Sn, F, and Mn further confirm the composition of
NKSF:Mn and indicate that the luminescence centers of Mn**
ions are homogeneously dispersed in the host lattice of NKSF.

3.2. Optical properties of red phosphor NKSF:Mn

Fig. S2a (ESIT) exhibits the FTIR spectra of the samples KSF:Mn.
The weak peaks at 3853 and 1589 cm™ ' are respectively
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attributed to the stretching and bending vibration of the O-H
bond in H,O that is attached on the surfaces of the samples.
The peaks at 1218, 1184, and 728 cm ™' are likely due to the
vibrations of the Sn-F bond in [SnF]*~ groups.?® Fig. S2b (ESIT)
shows the powder diffuse reflectance spectra (DRS) of undoped
NKSF and red phosphor NKSF:Mn. The spectrum of the
undoped NKSF host exhibits little absorption in the range from
200 nm to 800 nm with a high reflection of about 96%. The red
phosphor NKSF:Mn exhibits an absorption band at 250 nm,
which is due to the charge transfer band of Mn**-0*>"."> The
two absorption bands located at 378 nm and 467 nm are due to
the transitions from the ground state A, to the excited states
*T,, and 'T,, of Mn*', which indicates that the phosphor
NKSF:Mn might be applied in WLEDs based on near UV and
blue chips.

The excitation spectra of NKSF:Mn measured at 298 K and
78 K are shown in Fig. 3a. The two dominant excitation bands
are attributed to the transitions from 4A2g to 4T1g and 4T2g of
Mn*", respectively.°* A group of sharp peaks present on the
top of excitation bands ranging from 450 to 500 nm might be
attributed to the scattering by excitation from a xenon lamp on
the surface of crystals of micrometer size. The excitation band
obtained at 78 K exhibits a blue shift compared with that
measured at 298 K, which is due to the stronger crystal field
splitting and the decreased vibration transition coupling asso-
ciated with the vibration modes of the octahedron [MnF,]*~ at
low temperature.”® The excitation spectra of NKSF:Mn moni-
tored at 627 nm, 617 nm, 612 nm, and 644 nm are shown in
Fig. 3b. A blue shift is observed in both excitation bands at
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Fig. 3 Excitation spectra (a) measured at different temperatures and
(b) monitored at different wavelengths.
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Fig.4 (a) Emission spectra of red phosphors NaKSnFg:Mn?*,
NaoSnFg:Mn**, K>SnFe-Ho,O:Mn** at 78 K and 298 K, respectively, (inset:
photographs of the phosphor samples under visible light and UV light),
and (b) chromaticity coordinates of the three phosphors in Commission
Internationale de I'Eclairage (CIE) 1931.

378 nm and 467 nm in the excitation spectrum monitored at
612 nm. This is attributed to anti-Stokes vibronic side bands
associated with the excited state *E, of Mn"", which disappear
at 78 K (as shown in Fig. 4a).

The as-prepared powders NKSF:Mn, NSF:Mn, and KSFH:Mn
are white under room light and emit intense red luminescence
under a UV lamp as shown in their photographs in Fig. 4a
(insert). The red phosphor NKSF:Mn exhibits a red lumines-
cence that is more close to that of conventional red phosphor
Y,05:Eu than those of NSF:Mn and KSFH:Mn.*” Under excitation
at 467 nm, the emission spectra of samples NKSF:Mn measured at
78 K and 298 K are comparatively studied with those of NSF:Mn
and KSFH:Mn as shown in Fig. 4a. The emission spectra mea-
sured at 298 K are composed of a group of sharp peaks between
600 and 650 nm.

All the emission peaks below 620 nm disappear at 78 K due to
anti-Stokes vibronic side bands v;(tyy), v4(t1u), and ve(t,,) associated
with the excited state *E, of Mn*'. The emission peaks observed at
78 K are attributed to Stokes vibronic electronic modes vg(tsy),
vy(tyy), and vs(ty,) associated with transitions from 2Eg to 4A2g for
the 3d* electrons of Mn"" in the octahedral environment.'”*> The
Stokes vibronic transitions of Mn** exhibit blue shifts at 78 K due
the stronger crystal field at low temperature.

The Mn*" ions located at the octahedral site of the hexa-
fluorostannates are coordinated with six F~ ions and substitute
for [SnFe]*~ ions because of the same valence and the close

This journal is © The Royal Society of Chemistry 2017
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ionic radius of Mn** (r = 0.530 A, CN = 6) and Sn*" (r = 0.605 A,
CN = 6). The Mn** ions can stabilize in the host lattice because
of the slightly smaller radius of Mn*", which facilitates the
successful anion exchange between [MnFg|*>~ and [SnF4]>~ ions
at room temperature. It is reported that the zero photon line
(zPL) of Mn*" is highly dependent on the local symmetry of
Mn*" surroundings.®'”** Furthermore, the lower symmetry of
the substituted sites in the host lattice leads to the stronger
ZPL. As shown in Fig. 4a, the ZPLs are observed at 618 nm and
620 nm in the emission spectra of NKSF:Mn and KSFH:Mn,
respectively. However, no ZPL is observed in the emission
spectrum of NSF:Mn. This observation indicates that the crystallo-
graphy environments of Mn*" ions are influenced by the remote
neighbouring-cations as observed in previous reports.”®>* The
more distortion and the lower symmetry of [MnFg]*~ in NKSF:Mn
can generate a stronger ZPL than those in NSF:Mn and KSFH:Mn
due to the partial relieving of the selection rule.>**> More impor-
tantly, the strong ZPL located at 618 nm in the emission spectrum
of NKSF:Mn brings the CIE (Commission International de
I’Eclairage 1931) coordinates of NKSF:Mn (at x = 0.66, y = 0.33)
closer to the national television systems committee (NTSC) ideal
red color (at x = 0.67, y = 0.33) than those of NSF:Mn (at x = 0.68,
y=0.31) and KSFH:Mn (at x = 0.64, y = 0.35), as shown in Fig. 4b. It
is clearly observed that there is little absorption or emission in the
range from 500 to 600 nm, which indicates that little reabsorption
will occur when using the red phosphor NKSF:Mn in WLEDs with
yellow phosphor YACe. Furthermore, the strong ZPL in NKSF:Mn
located at 618 nm is very close to the ideal red (620 nm) in terms
of the luminous efficacy of white emitting LEDs.®

The red phosphor NKSF:Mn shows high color purity which
can be calculated by the following equation:*”

\/(x — %)+ —»)’
(xa — xi)*+(va — »1)?

Color purity = x 100% €))

where (x, y) are the color coordinates of the phosphor, (x;, y;) are
the CIE coordinates of an equal-energy illuminant with values
of (0.33, 0.33), and (x4, yq) are the chromaticity coordinates
corresponding to the dominant wavelength of the light source.
The color purity is calculated to be about 99%.

3.3 Quantum yield and the optimized photoluminescence of
NKSF:Mn

QY is a key parameter to evaluate a luminescent material. It is
defined as the ratio of emitted photons to absorbed ones. The
excitation and emission spectra of red phosphors NKSF:Mn,
NSF:Mn, and KSFH:Mn measured using an integrating sphere
are shown in Fig. 5. The absorbances of phosphors NKSF:Mn,
NSF:Mn, and KSFH:Mn are 15.4%, 13.6%, and 47.1%,
respectively, according to the following equation:*°
A= Lo = Le ()
Ly

where Ly, is the integrated excitation profile when the sample
is diffusely illuminated by the integrated sphere’s surface;

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The excitation lines and emission spectra of red phosphors
NaKSnFe:Mn**, NaySnFe:Mn**, and K,SnFe-HoO:Mn** measured using an
integrating sphere.

and L. is the integrated excitation profile when the sample is
directly excited by the incident beam.

The calculated internal QYs @ of samples NKSF:Mn, NSF:Mn,
and KSFH:Mn are 84.2%, 46.1%, and 59.8%, respectively, according
to the following equation:*
where E, is the integrated luminescence of the sample caused by
direct excitation, and Ej is the integrated luminescence of the
sample caused by indirect illumination from the sphere. The term
L, is the integrated excitation profile from an empty integrated
sphere (without the sample). Secondary absorption and emission
from the sample (that is, when the sample receives diffuse and no
direct excitation light only) can be ignored. Such a case holds true
with this sample, so we can ignore Ey, i.e., set equal to zero, L, then
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becomes the same as L,. All the samples were measured using the
same measurement technique under identical conditions. Thus, the
results indicate that the QY of NKSF:Mn is higher than those of
NSF:Mn and KSFH:Mn.

To optimize the luminescence performance of NKSF:Mn,
it is necessary to investigate the influence of some general
reaction parameters, such as reaction temperature and the
concentration of starting materials on its photoluminescence
properties. Fig. S3 (ESIT) shows that the pure NKSF phase can
be easily obtained from room temperature to 160 °C and the
concentration of K,MnF, has little influence on the crystal-
lization of the NKSF phase.

It is observed that the emission intensity is strongly dependent
on the reaction temperature and the concentration of K,MnFs.
Fig. 6a shows that the features and location of emission spectra
remain constant when the samples are prepared at various
temperatures and the strongest integrated emission intensity is
obtained at 80 °C. Compared with heating at 25 °C, heating
at 80 °C can increase the exchange interaction probability
between anions [MnF¢]*~ and [SnF¢]>~, which facilitates the
formation of luminescence centers. Moreover, the solubility of
two fluorides NKSF and K,MnF, in HF solution increases with
increasing temperature which is favorable for the entrance of
Mn*" into the host lattice.® Whereas the luminescence intensity
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Fig. 6 Emission spectra, and integrated luminescence intensity of
NaKSnFs:Mn** dependent on (a) reaction temperature and (b) the concen-
tration of K;MnFg.
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decreases dramatically when the temperature is increased to
120 or 160 °C. This is probably due to decomposition of K,MnF
at elevated temperature, resulting in the lower number of Mn**
ions entering the crystal lattice.'**¢

It can be clearly observed in Fig. 6b that all the emission
spectra are of similar shape. With increasing K,MnF, concen-
tration, the emission intensity of NKSF:Mn increases. When the
molar ratio of K,MnFg to NKSF is 1.0 mol%, the as-obtained
sample NKSF:Mn shows the strongest emission intensity. With
a continuous increase of K,MnFg concentration, the emission
intensity decreases, which is due to the concentration quenching
of Mn*" in the NKSF crystal lattice. It should be noted that the
actual concentration of Mn*" in the crystallized fluoride samples
is dependent on the solubility of K,MnFg and the host lattice of
fluorides in HF solution. As measured by the inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) analysis and
X-ray photoelectron spectroscopy (XPS) in reactions for synthe-
sizing red phosphor K,TiFg:Mn**, there were 32.4 mol% of
manganese entering the crystal lattices and 67.6 mol% were left
in the filtrate."* Thus, the actual doping concentration of Mn** in
the fluoride phosphors is generally lower than the molar ratio of
the starting materials K,MnF to host lattice of fluorides.

The decay curves of 627 nm emission (excited at 467 nm) of a
series of red phosphors NKSF:Mn with different concentrations
of K,MnF, were examined at room temperature (as shown in
Fig. 7a). These curves can be fitted into a single-exponential
function, and their lifetime values are 2.60-3.46 ms as the
concentration of K,MnF, increases from 0.05 to 16.0 mol% of
NKSF. The lifetime decreases with the concentration of K,MnFg
due to the increase in the exchange interaction probability
between Mn** ions. The decay curves are also strongly depen-
dent on the measurement temperature as shown in Fig. 7b. The
decay time at 78 K is 3.91 ms which is longer than that
measured at 298 K (3.24 ms). The decrease of lifetime of
*Eg~"A,, with increasing temperature results from the opening
of additional relaxation pathways with increasing temperature.**

3.4 Thermal stability of phosphor NKSF:Mn

Since the fabrication and working temperature of LEDs is around
150 °C, the thermal stability and the temperature dependence on
the luminous efficiency are important parameters for phosphors.**
To study the thermal stability of the as-prepared red phosphor
NKSF:Mn, the TGA-DSC curves are obtained by heating the sample
in the temperature range of 35-1000 °C with a heating rate of
10 °C min~" in a nitrogen atmosphere. The TGA results reveals that
the total weight loss is 1.5% up to 420 °C accompanied by three
exothermic peaks, which can be attributed to the removal of
absorbed moisture. The large and sharp exothermic DSC peak and
dramatic loss of weight indicate that NKSF:Mn starts to decompose
around 450 °C. The thermal quenching properties of the NKSF:Mn
phosphor in the temperature ranging from room temperature to
300 °C are depicted in Fig. 8b. It can be clearly observed that the
emission intensity exhibits a decreasing trend with the temperature
increasing because of the increasing nonradiative transition
processes induced by unit cell expansion and vibration probability
enhancement under heat treatment.®*>>*
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Fig. 7 Decay time for red emission of NaKSnFs:Mn** dependent on the
concentration of KMnFg and the measurement temperature.

To evaluate the influence of temperature on the lumines-
cence, we use the following Arrhenius equation to calculate the
activation energy E, of NKSF:Mn:**3?

Iy

E,
1 +cexp( kT)

where I, is the initial luminescence intensity of NKSF:Mn at
room temperature, It is the luminescence intensity of NKSF:Mn
at different temperatures, ¢ is a constant, E, is the activation

Ir= (4)

energy, and k is the Boltzmann constant. The activation energy
E, can be calculated by plotting In[(l,/Ir) — 1] against 1/kr as
shown in the inset of Fig. 8b. The slope of the fitting line that is
equal to E, is 0.3084 eV.

3.5 Application of NKSF:Mn in warm WLEDs

Due to the superior luminescence performances of NKSF:Mn,
the as-obtained red phosphor NKSF:Mn was fabricated on the
GaN chip (with blue emission at around 460 nm and a
luminous efficacy higher than 137 Im W) with commercial
yellow phosphor YAG:Ce. The photographs of WLEDs exhibit
cold and warm white light in the absence and presence of
NKSF:Mn (in Fig. 9a and b), respectively. As shown in Fig. 9c,
the electroluminescence spectra of WLEDs show a broad band
in the blue region due to the emission of the GaN chip and a
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(Inset: Arrhenius fitting of the integrated luminescence intensity decreased
with increasing temperature.)

yellow emission that is due to the emission of YAG:Ce without
mixing the red phosphor NKSF:Mn. A group of peaks in the red
region shown in the spectrum in Fig. 9d are attributed to
the spin-forbidden ’E,~A,, transitions of Mn*" ions from
NKSF:Mn, which indicates that the phosphor NKSF:Mn can
absorb the electroluminescence of a GaN chip and covert it to
an intense red light. As shown in Fig. 9e and f, the obtained
white light exhibits weak emission in the red region with a CRI
of 61.1 at CCT = 6281 K when only a single YAG:Ce phosphor is
provided for luminescence conversion. After the addition of
NKSF:Mn, the CRI increases to 90.4 and the CCT decreases to
3746 K, and a warm white light with chromaticity coordinates
(0.33, 0.34) is obtained under a driven current of 30 maA.
The results reveal that NKSF:Mn presents good luminescence
properties and could be a candidate material for use in back-
lighting systems with warm white light.

4. Conclusions

In conclusion, we obtained a red fluoride phosphor NKSF:Mn
at room-temperature. We found that the concentration of HF
and the ratio of NaF to KF are significant for the formation of
NKSF rather than NSF or KSFH. The chromaticity coordinates
for phosphor NKSF:Mn are located at x = 0.66 and y = 0.33,
which are very close to the CIE coordinates of the ideal red
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region (0.67, 0.33) due to the contribution of particularly strong
zero-phonon lines at 618 nm. The internal QY of the phosphor
NKSF:Mn is 84%, which is higher than those of the phosphors
NSF:Mn and KSFH:Mn. In comparison to NKSF:Mn prepared at
80 °C, the samples NKSF:Mn obtained at a higher temperature
show lower luminescence intensity, which may be attributed
to the decomposition of K,MnF¢. The optimal concentration of
K,MnF; in the reaction system is 1.0 mol% of NKSF. The red
phosphor NKSF:Mn can be a good candidate for application in
GaN-YAG:Ce type LEDs for obtaining a warm white light.
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