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ABSTRACT: Traditional light sources, e.g, incandescent and
fluorescent lamps, are currently being replaced by white light-emitting
diodes (WLEDs) because of their improved efficiency, prolonged
lifetime, and environmental friendliness. Much effort has recently been
spent to the development of Mn**-doped fluoride phosphors that can
enhance the color gamut in displays and improve the color rendering
index, luminous efficacy of the radiation, and correlated color
temperature of WLEDs used for lighting. Purity, stability, and
degradation of fluoride phosphors are, however, rarely discussed.
Nevertheless, the typical wet chemical synthesis routes (involving
hydrogen fluoride (HF)) and the large variety of possible Mn valence 2 !
states often lead to impurities that drastically influence the *orrrnee¥  [MnR]

performance and stability of these phosphors. In this article, the

origins and consequences of impurities formed during synthesis and

aging of K,SiF;:Mn*" are revealed. Both crystalline impurities such as KHF, and ionic impurities such as Mn>" are found to affect
the phosphor performance. While Mn** mainly influences the optical absorption behavior, KHF, can affect both the optical
performance and chemical stability of the phosphor. Moisture leads to decomposition of KHF,, forming HF and amorphous
hydrated potassium fluoride. As a consequence of hydrate formation, significant amounts of water can be absorbed in impure
phosphor powders containing KHF,, facilitating the hydrolysis of [MnF,]*~ complexes and affecting the optical absorption of the
phosphors. Strategies are discussed to identify impurities and to achieve pure and stable phosphors with internal quantum
efficiencies of more than 90%.

KEYWORDS: fluoride phosphors, stability, purity, transition-metal dopants, LEDs

B INTRODUCTION

A new era in lighting and display applications has emerged with
the development of white light-emitting diodes (WLEDs),
which outperform the more traditional light sources such as
incandescent or fluorescent lamps because of their high
efficiency, prolonged lifetime, and environmental friendliness.
Single-phosphor wLEDs consist of a blue-emitting InGaN light-
emitting diode (LED) chip and a yellow-emitting photo-

for lighting and displays.® First, the emission of red phosphor
materials should be minimal above 650 nm, as the human eye
sensitivity above this wavelength is very low.” Second, the
emission should preferably be saturated red, corresponding to a
narrow emission band. Especially for use in display applications,
saturated red phosphors are desirable as they enlarge the color
gamut.”® Apart from optical requirements, the stability of
phosphors is a major concern. Degradation of phosphor

luminescent material or phosphor, which converts a part of the
blue light into light with a longer wavelength."” The combined
emission of the LED chip and phosphor then yields white light.
Y,ALO,,:Ce** (YAG:Ce) is often used in single-phosphor
wLEDs because of its high stability, quantum efficiency (QE),
and very broad yellow emission spectrum.™ Nevertheless, the
obtained white light of YAG:Ce-based single-phosphor wLEDs
is typically perceived as cold white light (correlated color
temperature (CCT) > 6000 K) and the color rendering index
(CRI) is too low (CRI < 80) for use in most lighting
applications.”® A lack of red emission lies at the origin of these
high CCT and low CRI values, which can be compensated by
adding a red phosphor. Although several red phosphors have
been developed, only a small number meet the requirements
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materials due to heat, moisture, or light exposure causes a
decreased light output and a color shift of the wLED with
time.” To some extent, these effects can be counteracted by the
encapsulation of the phosphor particles.'””"* Considering the
long expected lifetime of LEDs (>50000 h), stability
performance of phosphors becomes increasingly important.'"*
Several types of red phosphor have been evaluated for use in
commercial wLEDs. Sulfide phosphors, e.g, (Sr,Ca)S:Eu*","
show hydrolysis and release of H,S when the material is
subjected to heat and humidity.'® Instead, more chemically
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Figure 1. (a) Schematic representation of the two-step co-precipitation synthesis of K,SiF&:Mn*". (b) SEM images of pure and impure K,SiF¢:Mn*".

stable nitride phosphors like CaAlSiN;:Eu**'” and
(Sr,Ba),SisNg:Eu** ' have been used as the red component
in wLEDs. However, with a few exceptions such as
Sr[LiAL;N,]:Eu*","” nitride phosphors have a broad red
emission band, which extends considerably beyond 650 nm,
lowering the attainable luminous efficacy of the radiation. In
addition, Eu®"-based phosphors are characterized by a small
Stokes shift and broad excitation bands, which leads to
reabsorption issues when used in a blend with yellow or
green phosphors.” Therefore, a new class of rare-earth-free red
fluoride phosphors has recently gained interest. Mn*" is doped
on the M-site of a fluoride host, forming compounds such as
A,MF:Mn* (A = K, Na, Sc, NH,, Cs and M = Si, Ge, Ti, Sn,
Zr, Hf), KNaMF¢:Mn*, BaMF4:Mn* (M = Si, Ti, Ge, Sn), or
ZnMF¢H,0 (M = Si, Ge).”'** The Mn*" activator and its
fluorine ligands form a [MnF¢]*~ coordination complex that
can be excited efficiently at around 450 nm with minimal
absorption above 500 nm. From this, saturated red emission
below 650 nm is obtained. Hence, fluoride phosphors are
promising candidates for use in wLEDs, provided that a good
chemical stability can be ensured. Amongst the fluoride
phosphors, K,SiFgMn*" is a frequently studied material.”
K,SiFg:Mn*" has a good thermal quenching behavior compared
with more conventional red nitride phosphors, although
saturation effects arise at high excitation fluxes due to the
long lumlnescence decay time of the parity- and spin-forbidden
d—d transition.® Nevertheless, this phosphor is a promising
candidate to be used in display backlighting or in remote
wLEDs where a phosphor plate is spatially separated from the
LED chip, lowering the excitation flux. Despite its promising
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applications, synthesis of K,SiF:Mn*" proves to be challenging.
Fluoride phosphors are commonly produced by wet chemical
methods involving hydrogen fluoride (HF). A drawback of
these methods is the vulnerability to form impurities affecting
phosphor properties, such as thermal quenching, concentration
quenching,”” optical absorption, quantum efficiency, and
chemical stability. Hence, the primary challenge exists in
synthesizing impurity-free K,SiFs:Mn*". Because of the large
range of possible Mn valence states, reaching from 7+ to 0,
secondary Mn valences can occur that influence the optical
behavior of the phosphor. Secondary Mn valence states often
remain unnoticed, as they do not necessarily influence the X-
ray diffraction (XRD) pattern. On the other hand, crystalline
and amorphous impurity phases can also occur, which can
lower both the optical and stability performance of the
phosphor. In this article, the origin and consequences of
common impurities in K,SiFg:Mn™, both before and after
aging, are investigated.

B EXPERIMENTAL SECTION

Common synthesis methods of K,SiFs:Mn** include chemical etching,
cocrystallization, and (co)precipitation.’® Here, a two-step co-
precipitation method is used, which allows an enhanced control of
the Mn valence state. A schematic representation of the synthesis steps
is shown in Figure la. The first step of this method includes the
synthesis of K,MnF4 as a precursor by the method of Bode and
Bandte.*® Subsequently, this inhouse synthesized K,MnF is dissolved
in 40% HF (Sigma-Aldrich), after which this solution is dropwise
added to a solution of potassium fluoride (KF, 99%, Alfa Aesar) in
40% HF. A third 40% HF solution is used to dissolve SiO, (99.5%,
Alfa Aesar). In the next step, both KF/K,MnF and SiO, solutions are
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Figure 2. Top left: K,SiF structure* at room temperature. Top right: above 450 °C in air, the structure partially forms K;SiF,** (JCPDS: 01-073-
1396). Bottom: in situ XRPD in air on commercial undoped K,SiF4 (JCPDS: 00-007-0217) from RT to 600 °C. The intensity scale was truncated to

clarify the low-intensity peaks.

dropwise added into a Teflon or polypropylene beaker at 50 °C while
stirring. Multiple synthesis parameters (mole fractions, synthesis
temperature, addition rates, and precipitate recovery method) were
varied in this work to optimize the purity, quantum efficiency (QE),
and chemical yield. A sample list can be found in Figure SI and Table
S1 of the Supporting Information (SI), respectively, showing the X-ray
powder diffraction (XRPD) patterns and relevant synthesis parameters
corresponding to each sample. The best results (sample 1) were
obtained from 0.33 g of K,MnF in 30 mL of HF, 7.60 g of KF in 70
mL of HF, and 3.92 g of SiO, in 100 mL of HF. The KF/K,MnF4 and
SiO, solutions were added dropwise to each other with a rate of 56
and 68 mL/min, respectively, while stirring. After decantation,
filtration, and washing with acetone, a pure K,SiFg:Mn** powder
with a nominal concentration of 2% Mn was obtained. Complete
solvent evaporation was also investigated (samples 4—7) before
recovering the precipitate. However, this procedure was found to cause
impurities. Scanning electron microscopy (SEM) measurements,
shown in Figure 1b, reveal less defined and more brittle particles in
the impure samples in comparison with the well-shaped particles of the
pure sample. However, no significant difference in the average particle
size (5—25 um) was observed. The structural and chemical properties
of the pure and impure samples were measured using in situ and ex
situ XRPD in a Bruker D8 Advance or a Bruker D5000 diffractometer,
respectively. Commercial K,SiFs (>99%, Sigma-Aldrich) was used as a
reference for in situ XRPD. All XRPD experiments made use of Cu Ka
radiation. However, low-intensity diffraction peaks for Cu Kf or W La
radiation can be found in the in situ XRPD patterns due to X-ray
filtering limitations. Thermogravimetric and differential thermal
analysis (TGA/DTA) experiments were performed in a DTA 449
F3 Jupiter TGA/DTA system. Accelerated aging was carried out by
stressing the phosphor under high-temperature and high-humidity
(HTHH) conditions using a Memmert HCP 108 climate chamber.
Diffuse reflectance patterns were obtained using a Varian Cary 500
spectrometer, equipped with an internal 110 mm BaSO,-coated

integrating sphere. Quantum efficiencies were measured using an
integrating sphere (LabSphere GPS-SL series) and an EMCCD
camera (Princeton Instruments ProEM 16002) connected to a
spectrograph (Princeton Instruments Acton SP2358).39 ALO; was
used as the white reflective standard for these measurements. A home-
built setup, consisting of a heating stage and a small vacuum chamber,
was used in combination with the EMCCD camera and spectrograph
to perform thermal quenching experiments from room temperature
(RT) to 225 °C at a heating rate of S °C/min. X-ray absorption
spectroscopy (XAS) at the Mn K edge was performed at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France at the
Dutch-Belgian (DUBBLE) beam line BM26A.

B RESULTS AND DISCUSSION

Thermal and Chemical Properties of the K,SiF, Host
Material. The upper left part of Figure 2 shows the crystal
structure of K,SiF¢*" at RT. The ions form a cubic lattice with
the Fm3m space group. Other crystalline phases such as f-
K,SiFg and y-K,SiF4 exist; however, they occur at high
temperatures and pressures.”’ By heating in air, a partial
transformation to K;SiF,* is observed above 450 °C, as can be
seen in the in situ XRPD pattern of commercial K,SiF (lower
part of Figure 2). Following Stodolski and Kolditz,*”** the
onset of this transformation is caused by surface hydrolysis of
K,SiF4 between 400 and 500 °C

3K,SiF, 4+ 2H,0 — 2KSiE, + SiO, + 4HF{ 1)

As no SiO, was detected in XRPD after heating, it is concluded
that the amount of SiO, stays below the detection limit or that
the SiO, is mainly amorphous. In addition to surface hydrolysis,
Stodolski and Kolditz"> mentioned the bulk decomposition of
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K,SiFg above 520 °C, also resulting in the formation of K;SiF..
The bulk decomposition is accompanied by the release of SiF,

3K,SiE, — 2K,SiE, + SiF1 @)

Considering that the above reactions only occur at temper-
atures well above LED operating temperatures (which are
typically below 200 °C*), these effects do not put any
constraints on the use of K,SiF, as a host material in LED
phosphors. Nevertheless, impurities formed during synthesis or
aging of Mn*"-doped K,SiF; can drastically lower the
decomposition temperature of the host, as will be shown in
the following.

Thermal and Chemical Properties of Pure K,SiFg:Mn**.
A distinction will be made between inhouse samples that, as
synthesized, contained impurities (designated as “impure”) and
samples without any impurities (“pure”). Characterization
before (called “pristine”) and after aging (“aged”) was
performed to identify the effect of impurities on the aging
behavior. The in situ XRPD pattern of a pristine pure
K,SiFg:Mn* sample (sample 1 in Figure SI and Table SI of
the SI) is shown in Figure 3a. The powder is heated in air from
RT to 600 °C. The XRPD pattern matches well with the one of
undoped K,SiFg, indicating that the Mn dopant did not
significantly modify the lattice structure as expected due to the
relatively low dopant concentration (2%) and the similar ionic
radii of Si* and Mn*".*

Upon heating, a partial transformation from K,SiF to K;SiF,
is observed above 450 °C due to surface hydrolysis as well as
thermal bulk decomposition of K,SiFs Although both
compounds have a different crystal structure (Figure 2), the
optical properties of Mn*" are similar in both hosts.
Nevertheless, a shortened decay time of the Mn** luminescence
in K;SiF,:Mn** has been reported.*’

To investigate its short-term stability, the pure K,SiFs&:Mn*
powder sample was placed in a climate chamber for 20 h,
maintaining an atmosphere of 70 °C and 80% relative humidity
(RH). Figure 3b shows the in situ XRPD measurement after
aging.

For the aged material, the onset of decomposition could be
expected to occur at lower temperatures compared with the
pristine material, as increased hydrolysis reactions might be
induced by the absorbed water. However, as the effects of aging
seem rather limited in XRPD (Figure 3b) and SEM imaging
(not shown), complementary techniques were used to verify
this. Figure 3c,d shows the result of TGA and DTA on the pure
sample before and after the aging process. The DTA result of
the pristine sample indicates a relatively stable thermal behavior
as no major exo- or endothermic peaks emerge during heating.
Nevertheless, a weak endothermic process can be observed
between 120 and 250 °C. In agreement with Stodolski and
Kolditz,* this is ascribed to desorption processes and thermal
dissociation of the surface layers, which probably also explains
the mass loss of the pristine sample in the TGA experiment. As
this might lead to a lowered crystallinity at the powder surface
(lowering the quantum eﬂiciencg), a protective coating of the
phosphor is sometimes applied.'’ After desorption and thermal
dissociation, the DTA curve is flattened, after which a more
pronounced exothermic degradation occurs above 520 °C. This
is related to the bulk decomposition of K,SiF into K;SiF, in
accordance with Figure 3a, the exothermic character indicating
the greater stability of K;SiF; at higher temperatures. The bulk
decomposition also explains the mass loss above 520 °C (seen
in the TGA curve of the pristine sample) as volatile SiF, is
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Figure 3. Chemical and structural properties of pure K,SiFg:Mn*". In
situ XRPD pattern of pure K,SiFs:Mn** before (a) and after (b) aging
(20 h at 70 °C/80% relative humidity (RH)). (c) Thermogravimetric
analysis in dry air on the pristine and aged pure K,SiF&:Mn* sample.
(d) Differential thermal analysis in dry air on the pristine and aged
pure K,SiFg:Mn* sample. Next to Cu Ka, also diffraction peaks due to
Cu Kf and W La radiation (spurious X-ray lines present in the beam)
corresponding to the same crystalline phase are present, as indicated
by a single and double prime, respectively.
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released in the process. After aging at high temperature and
high humidity, the thermal properties in TGA and DTA have
changed. After endothermic evaporation of adsorbed water at
the powder surface at slightly elevated temperatures, near-
surface hydrolysis by absorbed water causes the broad
endothermic feature above 30 °C (Figure 3d). In contrast to
the pristine sample, the mass loss of the aged sample is
negligible below 185 °C. It is expected that a small oxide buffer
layer is formed during the aging process, protecting the powder
surface from significant thermal dissociation and desorption.

Furthermore, the slight mass increase of 0.3% above 185 °C
in the TGA curve of the aged sample suggests further oxidation
at these elevated temperatures. Finally, a mass loss of 0.4%
again appears due to SiF, release during bulk decomposition.
On the basis of 2 and the molar masses of the compounds, it is
estimated that a mole fraction of 3.8% K,SiF, has reacted after
heating to 600 °C in air to form SiF, and K;SiF,. However, the
in situ XRPD of the aged sample, shown in Figure 3b, shows no
diffraction peaks of K;SiF,. Furthermore, the exothermic
behavior of the K;SiF, formation is absent in the DTA curve
of the aged sample. Hence, it is suspected that oxygen intake in
the aged sample inhibits the crystallization of K;SiF,. However,
as the mass loss due to SiF, liberation is observed in Figure 3c,
we expect the K;SiF, to crystallize only at temperatures above
600 °C.

Thermal and Chemical Properties of Impure
K,SiF&:Mn*". KHF,, a corrosive salt often found in glass
etching products, is an important impurity in K,SiFs:Mn*".
Detection of KHF, by XRPD is not straightforward: often, its
XRPD intensities are in the same order of magnitude as the
noise or even absent after decomposition of KHF, by moisture.
Furthermore, although higher amounts of KHF, lead to several
diffraction peaks, it is suspected that smaller amounts only lead
to a single observable diffraction peak at around 26 = 34.8°
sometimes found in the literature without further discus-
sion.** 7% Nevertheless, this impurity can drastically lower the
stability of a phosphor sample. Figure 4a shows the in situ
XRPD measurement in air on an impure K,SiFg:Mn*" sample
before aging. As can be seen, the sample contains a
considerable amount of KHF, as an impurity phase. The in
situ XRPD after aging for 20 h in a 70 °C/80% RH atmosphere
is presented in Figure 4b. TGA and DTA curves on the pristine
and aged impure samples are shown in Figure 4c,d, respectively.
Overall comparison of Figure 4 with Figure 3 shows that the
impurity induces a totally different thermal behavior of the
powder. Two phases of KHF, have been reported:> ™ at
temperatures up to 196 °C, tetragonal KHF, (a-KHF,) is
favored after which it transforms to a cubic phase (f-KHF,)
before melting. The reported melting temperatures of KHF,
range from 215 to 239 °C>' ™ and strongly depend on the
exact content of KF and HF in the KF—HF system.”' Hence,
small variations in the KF/HF ratio can explain the wide variety
of melting temperatures reported. For equal amounts of KF and
HF, 239 °C can be considered as the accepted melting
temperature.”’ Thermal decomposition of KHF,, predom-
inantly occurring after melting, forms KF and volatile HF.>*
However, no KF diffraction peaks are found upon heating the
pristine sample above the KHF, melting temperature. Instead,
the in situ XRPD of Figure 4a shows the crystallization of
K;SiF,. It is suspected that the KF formed after decomposition
of KHF, reacts with K,SiF4 to form K;SiF;. In addition to the
absence of crystalline KF peaks, this would also explain the
progressively lowered intensity of the diffraction peaks
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Figure 4. Chemical and structural properties of impure K,SiF;:Mn* in
which KHF, (JCPDS: 00-048-1666) is present as an impurity phase.
(a) In situ XRPD pattern before aging. (b) In situ XRPD pattern after
aging of the sample in a 70 °C/80% RH atmosphere. (c)
Thermogravimetric analysis in dry air on the pristine and aged
K,SiF:Mn*. (d) Differential thermal analysis in dry air on the pristine
and aged K,SiF¢:Mn*". The areas indicated by the red rectangles are
shown in more detail in Figure S2 (SI).
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corresponding to K,SiFg. Furthermore, the formation of K;SiF,
is occurring at much lower temperatures than in the case of
pure K,SiF host material (>450 °C) or pure K,SiF;:Mn*, as
described in the previous sections. This confirms the findings
reported before that stated that the start of K;SiF,
crystallization sets in earlier with increasing K excess.”” In the
DTA curve of the pristine sample, it is clear that the sample
remains stable up to around 196 °C. At 196 °C, a small
endothermic peak can be observed due to the @—/ transition of
KHF,. This is in good agreement with the previously
mentioned transition temperature.”' ~>* A mass loss is observed
starting at 196 °C before melting of the f-KHF,, as visible in
the TGA curve of the pristine sample in Figure 4c, which can be
explained if the a—f phase transition of KHF, is accompanied
by a partial thermal decomposition of the a-KHF, phase.

The KHF, impurity can thus cause severe damage when
present in LED devices that can reach temperatures up to 200
°C. This temperature is above the a—f transition temperature
of KHF, and close to the KHF, melting point. After the a—p
KHF, phase transition, a broader endothermic peak between
220 and 280 °C is observed in the DTA curve of Figure 4d.
This is ascribed to the melting and thermal decomposition of f-
KHF, at temperatures between 220 °C (disappearance of
diffraction peaks in XRPD, Figure 4a) and 239 °C (end of mass
loss in TGA curve, Figure 4c).

KHE, - KF + HF? 3)

As soon as thermal decomposition of KHF, starts, K;SiF; is
formed by following endothermic processes’>®

K,SiE; — 2KF + SiE, (4)
3KF + SiE, — K,SiE, (5)
KF + K,SiE — K,SiE (6)

in which KHF, acts as the KF source. Note that 3 occurs at
lower temperatures than the reported 280 °C for pure KHF,.>*
Above 360 °C, both an exothermic process and a mass loss are
observed which are both attributed to the K,SiF; — K;SiF,
bulk decomposition, releasing SiF,. The effect of aging on the
impure powder is shown in Figure 4b. The aged sample is
unstable even at low temperatures as crystalline KF is formed
around 60 °C. The large mass loss of the aged sample below 80
°C, shown in Figure 4c, can be explained by the evaporation of
water. The formation of KF is thus likely preceded by a
dehydration process. Therefore, it is suspected that KHF,,
present before aging in the pristine impure sample, is
decomposed during the aging process, forming hydrated KF
and releasing HF. This explains the disappearance of the KHF,
diffraction peaks after aging in impure samples, as seen in
Figure 5. The hydrated KF can lose its water upon heating,
explaining the mass loss in TGA and the appearance of the
diffraction peaks corresponding to anhydrous KF in Figure 4b.
KF is known to form two hydrated states: KF-(H,0), and KF-
(H,0),.*° Decomposition of KHF, and subsequent hydration
of KF during aging of the sample can hence be described as

KHE, + nH,0 — KF-(H,0), + HF} 7)

56

in which n equals 2 or 4.

A value of n = 4 could provide enough water molecules to
explain the observed mass loss of around 4.8 mass % in the
TGA curve of the aged sample in Figure 4c. Thereby, it is
assumed that a content of 5.30 mass % of KHF, impurity in the
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Figure S. Effect of aging on the KHF, impurity. No impurity
diffraction peaks are observed after aging due to decomposition of
KHF, by moisture. The cross symbols indicate K,SiFs (JCPDS: 00-
007-0217) while the circles indicate KHF, (JCPDS: 00-048-1666).

pristine sample was fully decomposed during the aging process,
forming hydrated KF. Furthermore, it was assumed the hydrate
is the only significant water-containing species in the aged
sample (see the SI). As the mass loss in the TGA curve of the
aged sample in Figure 4c consists of two slopes, it is probable
that KF-(H,0), first partially dehydrates to KF-(H,0), before
forming anhydrous KF. This could explain the presence of a
small diffraction peak at around 26 = 30° in some of the aged
samples (Figure S3 in the SI). After dehydration, anhydrous
crystalline KF is left behind, as confirmed by XRPD in Figure
4b. The crystal water loss also explains the initial steep drop in
the DTA curve of the aged sample in Figure 4d similar to the
drop in the pure aged sample. Hence, hydrated KF might also
be present in the latter, although no evidence was found with in
situ XRPD. In the impure sample, the KF formed by
dehydration is relatively stable at high temperatures, as can
be seen in Figure 4b. This is in contrast to the KF that was
formed in the decomposition of KHF, (3) during thermal
treatment of the pristine sample. Only at the highest
temperatures, part of the dehydrated KF is consumed together
with K,SiFg to form K;SiF,. This occurs in addition to the bulk
decomposition reaction which liberates SiF,, explaining again
the mass loss and endothermic behavior observed above 500 °C
in Figure 4c.

Optical Properties of Pure and Impure K,SiF;:Mn*',
Figure 6a shows the XRPD patterns of one pure sample
(sample 1) and two impure samples (samples 4 and 7), all
before aging. The diffuse reflectance spectra before and after
aging in a 70 °C/80% RH atmosphere of the pure sample are
shown in Figure 6b. The pure powder had to be aged for at
least 48 h to observe a change in its diffuse reflection pattern in
contrast with the samples containing KHF, that showed drastic
differences after only 20 h of aging (Figure 6¢c). For the pure
sample, two absorption bands are present at around 345 and
450 nm (Figure 6b), which correspond to the 4A2g — 4T1g and
4Azg — *T,, electronic transitions of Mn* in [MnF4]*",
respectively.%é’57 No unexpected absorption bands are
observed. However, the diffuse reflectance patterns of the
impure powders (Figure 6¢) show an additional (parasitic)
absorption superposed at the long wavelength side of the 450
nm band. Also in other reports, a part of this parasitic
absorption (500—620 nm) can be seen, most often without any
further discussion.”®®*
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Murphy et al."” reported a similar parasitic absorption in
untreated K,SiFg:Mn*" after aging in a 85 °C/85% RH
atmosphere, causing brown discoloration of the powder.
They ascribed the parasitic absorption to Mn species, produced
after hydrolysis of near-surface/surface [MnF¢]*>~ groups,
containing mixed Mn valence states.

In this work, the parasitic absorption between 500 and 620
nm in both pristine and aged K,SiF;:Mn*" samples as well as
the broad absorption centered around 800 nm (both indicated
by the green rectangle of Figure 6¢) is attributed to Mn**. This
assignment is based on comparison of the samples with the
diffuse reflectance of several fluoride references containing
Mn*, Mn®', and Mn®'. Figure 6d displays the diffuse
reflectance spectra of K,MnF;, KMnF,-H,0O (containing traces
of K,MnFq, see Figure S4 in the SI), MnF;, and MnF,, showing
that an absorption similar to the one in the green rectangle of
Figure 6¢ can be observed in MnF; and KMnF,-H,O. In
contrast to Mn* and Mn?", the trivalent state of manganese,
Mn?*, is seldom encountered in the luminescence literature.

Mostly, it does not exhibit radiative decay due to a strong
Jahn—Teller eﬂ'ect facilitating multiphonon decay of the
excited states.”* In some cases, infrared emission is possible.”>*®
In any case, the Mn®* ion has characteristic absorption features
due to crystal field transitions within the 3d* configuration.
Broad absorption bands are expected in the deep red/near-IR
and the green-yellow range of the spectrum due to spin-allowed
transitions, the former to be between the Jahn—Teller split °E
ground state (denoted as *E’ — SE”), the latter to be from the
°E’ ground state to the T, excited state. In addition to these
broad absorption bands, sharp and less intense features due to
spin-forbidden transitions (°E’ — °E and E’ — °*A;) can
sometimes also be found.”’

It is clear that the sharp absorption feature around 518 nm
can be attributed to the *E’ — JE spin flip transition of Mn**
MnF;. A similar absorption line can be found in KMnF,-H,0
and the K,SiFg:Mn*" samples of Figure 6¢ as well. In addition
to this absorption line, also broad absorption bands due to the
presence of Mn>* can be identified in the reflectance spectra.
The E’ — °T, transition occurs in fluorides as a broad and
intense absorption band between roughly 410 and 620 nm.
Especially, the low-energy side of this band is visible in the
MnF; reflectance spectrum. Comparing the spectra of the pure
(Figure 6b) to those of the impure K,SiF;:Mn*" (Figure 6¢c)
powders, one learns that this Mn®* *E’ — T, absorption band
occurs as a broad shoulder at the low-energy side of the
expected Mn* 4A2g - ng absorption band. Because of the
high oscillator strength of this spin-allowed Mn®* absorption
band, its presence or absence can be used to detect unintended
Mn3+ species in as-prepared fluoride phosphors. At lower
energies, even the E’ — ’E” Jahn—Teller transition of Mn**
can be observed in the impure samples as a broad dip in the
reflectance ranging from 650 to 1100 nm. As Mn*" impurity
ions lead to parasitic absorption in K,SiF&:Mn*', followed by
nonradiative decay, their presence will lead to a lowered
quantum efficiency of the impure phosphor.

In pristine K,SiFg:Mn*', the presence of Mn** can be
explained by an insufficient control of the synthesis parameters.
First, during K,MnFg precursor synthesis, Mn®>" can be formed
due to parasitic synthesis reactlons when the manganese
reduction is poorly controlled.*® This is evidenced by the Mn**
E’ — °T, optical absorption in the K,MnF; diffuse reflectance
spectrum of Figure 6d between 500 and 620 nm. Moreover, in
K,MnF; samples with a more pronounced Mn*" absorption,
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XRPD revealed the presence of a Mn*'-hydrate: K,MnF¢-H,0
(Figure SS in the SI). The hydrate can form during precursor
synthesis due to following reaction®

KMnO, + KF + 4HF + 2H,0,

— K,MnE-H,0 + 3H,0 + 20,1 (8)
In K,MnF;-H,0O, the crystal water does not contribute to the
first coordination sphere of the Mn ions. This differs from a
second type of Mn>*-hydrate formation which occurs when
K,MnF; is dissolved in heated HF solutions, as is the case
during the second synthesis step of fluoride phosphors.”>>%>7
While dissolving K,MnF, (containing the K,MnF¢-H,O
impurity) in heated HF solutions, dissociation occurs, after
which [MnF¢]*~ complexes can be partially hydrolyzed and
hydrated at a rate depending on the solution temperature.
Subsequent addition of acetone as a nonsolvent leads to
precipitation of KMnF,-H,O. In contrast to K,MnF-H,O, the
crystal water in KMnF,-H,0 now contributes to the first
coordination sphere of the Mn ions.’® It is thus expected that
during the first and second step of the K,SiF;:Mn*" synthesis,
hydrolysis and hydration processes can lead to the presence of
hydrated Mn*'-containing structures in addition to
K,SiF:Mn*.

Techniques that are sensitive to the first coordination sphere
of Mn, such as X-ray absorption spectroscopy, might
discriminate between both types of Mn®* species.”’ X-ray
absorption near-edge spectroscopy (XANES) was performed at
the Mn K edge on four K,SiF:Mn*" samples with different Mn
concentrations of 1.7, 3.9, 7.3, and 10.8% (samples 4—7 in the
SI), all synthesized using the same K,MnF; precursor. The
XANES results are shown in Figure S6 of the SL In Figure 7,
only the results for the sample with the highest doping
concentration are shown for clarity. Similar results were
obtained at lower doping concentrations (Figure S6). The
position of the absolute maxima in the K,SiFa:Mn*" first
derivative XANES spectra (Figures 7 and S6) matches well with
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Figure 7. First derivative of the Mn K edge XANES spectra of Mn**,
Mn*, and Mn*" fluorides and Mn** in a hydrated fluoride (KMnF,-
H,0). The black curve corresponds to an impure K,SiFg:Mn** sample
(sample S) containing KHF, as a crystalline impurity. The latter
contains contributions of Mn** and Mn®* in metal—aqua complexes as
well as fluorine coordination.
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the Mn*" Ka edge energy in K,MnF, which is taken as the
Mn*" reference here.®® However, a broadening on the low-
energy side is found that is caused by the existence of lower Mn
valences, presumably Mn?®, as shown by our optical absorption
experiment. Comparison of the K,SiFg::Mn*" XANES spectra
with the XANES spectra of fluoride or oxide references
provides a tool to discriminate between fluorine or oxygen
coordination for the Mn*". All investigated K,SiFs:Mn**
samples show a low-energy sideband coinciding with the
MnF; reference (Figure 7) except for the sample with the
lowest Mn concentration in which the sideband matches better
with the Mn,O; reference (Figure S6 in the SI). This further
confirms the occurrence of Mn*', as expected from the diffuse
reflectance patterns (Figure 6).

Apart from the bands related to Mn®" in pure oxygen or
fluorine coordination, the XANES results indicate an additional
type of coordination for the Mn®" ions. An additional shoulder
band, coinciding with the main edge peak in the first derivative
XANES spectrum of KMnF,H,O, is sometimes observed
(Figures 7 and S6 in the SI). Upon inspection of the XANES
spectrum for KMnF,-H,0 (the cyan curve in Figure 7), it
seems that the maximum of the derivative does not coincide
with the maximum for MnF; but is slightly shifted to higher
energies. This edge shift is probably due to water molecules in
the first coordination shell that bind in a less ionic way to the
Mn ion.”" Hence, K,SiFg&:Mn*" samples for which the XANES
spectra contain the additional shoulder band are expected to
contain hydrated Mn*'-containing structures such as KMnF,-
H,O0 in which H,O molecules take the place of fluorine in the
first coordination shell of Mn. As this shoulder band was not
found in the K,MnF, reference, the XANES results confirm
that the hydrated Mn®* centers are formed during the second
synthesis step, after dissolving K,MnF, in a heated (50 °C)
solution of 40% HF. In K,MnF;-H,O, all Mn ions are fully
coordinated by fluorine ligands, explaining why only the MnF;
reference spectrum resembles the shoulder band in K,MnFq.
Formation of KMnF,H,O seems to preferentially occur at
temperatures higher than the 0 °C during synthesis of the
precursor.

Considering the first derivative XANES spectra and the
XRPD patterns of the concentration series (Figures S6 and S7),
an increased amount of KHF, and KMnF,-H,O can possibly be
linked to an increased Mn concentration. As more precursor
material is needed with higher doping concentrations, more of
the K,MnF4 and K,MnF;-H,O impurity reacts in the heated
40% HF solution to form KMnF,-H,O and KHF,. K,MnFq
quickly reacts in 40% HF at elevated temperatures. From these
solutions, KMnF,-H,O precipitated after acetone addition.’®
However, when K,MnFy is dissolved in demineralized water at
95 °C, K,;MnF,-H,0, KHF,, and possibly MnO, and KMnO,,
are formed after evaporation of the solvent, as verified by ex situ
XRD on the brown-colored precipitate (Figure S4). Therefore,
we propose following reactions to occur in heated 40% HF
solutions

4K,MnF, + 7H,0

— 3K,MnE-H,0 + KHE, + 7HF + KMnO, )
K,MnE,-H,0 + HF — KMnE,-H,0 + KHE, (10)
K,MnE, + 2 H,0 — 2KHE, + 2HF + MnO, (1)
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Figure S7b,c shows that although the absorption at 450 nm
excitation is increased upon increasing the Mn concentration,
the internal and external quantum efficiency values (IQE and
EQE) decrease. On one hand, this can be explained by the
increase of the Mn>* species that are absorbing excitation light
but decay nonradiatively. On the other hand, traces of the
K,MnF; precursor were found in the samples with a Mn
concentration of 7.3 and 10.8%, which is expected to increase
the Mn absorption while decreasing the radiative decay due to
concentration quenching in the K,MnF, impurities.

As the KHF, impurity affects the chemical stability of the
phosphor (Thermal and Chemical Properties of Impure
K2SiF6:Mn4+), this impurity also negatively influences the
optical properties of an impure powder after ageing. As
mentioned before, a high stability was found for the pure
sample, which did not show a significant change in diffuse
reflectance after 48 h of aging (Figure 6b). However, a drastic
change in the diffuse reflectance was found for the impure
samples after only 20 h of aging (Figure 6c). There, the
increased optical absorption at around 1400 nm mi§ht be
explained by hydroxyl groups after water absorption’”” (see
Figure S8 in the SI). The absorbed water decomposes the
KHF,, forming hydrated KF and HF, which can trigger the
formation of Mn®" species that cause increased parasitic
absorption after aging (Figure 6¢). It is clear that drastic
improvements of the chemical stability are obtained by avoiding
any KHF, formation during synthesis. It is suspected that at any
time during the synthesis, an excess of KF and K,MnF relative
to SiO, can cause partial precipitation of KHF, due to
interaction of KF with HF or by means of 9—11.

Nevertheless, it was found that KHF, precipitation can be
suppressed by using an appropriate drop rate of the KF/
K,MnFq and SiO, solutions and using decantation and filtration
before considerable evaporation of the solvent occurs. In
contrast to complete solvent evaporation (sample 4—7), this
leads to pure K,SiF:Mn*" (sample 1) without KHF, or Mn**
impurities.

Besides the chemical stability, thermal quenching was also
evaluated. Figure 8 shows the thermal quenching of an impure
(sample 6) and a pure K,SiF;:Mn*" sample (sample 1) with an
equal nominal Mn concentration of 2 atom %. A slight
enhancement of the photoluminescence (PL) intensity up to
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Figure 8. Thermal quenching curves of the integrated luminescence of
pure (sample 1) and impure (sample 6) K,SiFg:Mn**. Excitation was
performed using a blue (450 nm) LED.

120 °C is found for the impure sample, whereas a more
pronounced increase of intensity from RT to 150 °C is found
for the pure sample (which is an improvement if compared
with previously reported values of up to 140 °C’*77°). The
enhancement of the PL intensity has been linked to the
increase of phonon-assisted radiative transitions with increasing
temperature.”” The high purity of sample 1 also explains the
enhanced internal and external quantum efficiency values (EQE
= 32%, IQE 96%) compared with the values obtained for the
impure sample 6 (EQE = 14%, IQE = 53%). The absence of
secondary Mn valences in sample 1 prevents parasitic
absorption of the excitation light, which would lead to low
IQE values, as the case in sample 6. Absence of impurity phases
such as KHF, is responsible for the high chemical stability of
sample 1. Both types of impurities should thus be monitored
and avoided to obtain phosphors with high IQE, EQE, as well
as high chemical and thermal stability.

B CONCLUSIONS

The stability of K,SiF&:Mn*" phosphor was investigated as a
function of synthesis conditions and the occurrence of
unwanted impurities. The K,SiF¢ host proves to be chemically
stable at LED operating temperatures (<200 °C) and elevated
humidity levels. However, at temperatures above 400 °C, effects
of surface hydrolysis and bulk decomposition can be observed,
as was demonstrated by in situ XRPD. In both processes,
K,SiFg partially transforms to K;SiF, with the release of HF in
the former and SiF, in the latter, confirming the work done by
Stodolski and Kolditz."> Doping the host material with Mn**
requires the use of wet chemical synthesis methods, with the
risk of impurity formation in the form of KHF, and Mn®"
hydrates, such as K,MnF;-H,0 and KMnF,-H,O. It was found
that the impurities severely affect the chemical stability and
optical performance of the phosphor. Interaction of KHF, with
K,SiFg leads to K;SiF, formation at temperatures above 196 °C.
Furthermore, when impure phosphor material is in contact with
moisture in a high-temperature and high-humidity atmosphere,
the KHF, impurity forms hydrated KF and HF. The KF
hydrate is amorphous at RT and hence cannot be detected
straightforward in XRPD. Dehydration occurs at only 60 °C,
forming anhydrous KF, as verified by TGA and in situ XRPD.
Impure powders that, as synthesized, contain KHF, and Mn>*
hydrate impurities, show an increased contribution of Mn** and
hydroxyl groups in the optical absorption after aging under
high-temperature and high-humidity conditions. It is therefore
concluded that Mn®* species are easily formed during the aging
process of these impure powders. Control of the addition rate
of precursor materials and appropriate recovery of the
phosphor precipitate proves crucial in minimizing impurity
formation. It was found that complete evaporation of the
solvent led to impure phosphor whereas decantation, filtration,
and washing led to impurity-free fluoride phosphors with high
QE and chemical and thermal stability. Although the current
work focuses on the effect of impurities on the short-term
stability of K,SiF;:Mn*" at high-temperature and high-humidity
conditions, follow up research is needed to carefully evaluate
the influence of long term exposure to high irradiances in
combination with high temperatures and high humidity.
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