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Abstract. The distinctive wide-band blue illu-
mination absorption and red strait-line discharge
of the phosphor K2SiF6:Mn4+@SiO2 (KMnSF)
make it an attractive material for manufactur-
ing warm white light-emitting diodes (WLED).
Nevertheless, using the highly corrosive raw in-
gredient HF to produce commercial KMnSF red
phosphor has negative effects on the environment
and people. In this study, microfluidic tech-
nology was used to successfully manufacture the
KMnSF without the need for HF compound while
resulting in a phosphor product with homogenous
granule shape and size. The luminescence capa-
bilities of the KMnSF samples were then thor-
oughly examined and characterized. Eventually,
we made WLED packages comprising of blue
LED chips, yellow phosphor Y3Al5O12:Ce3+
(YGA:Ce), red phosphor KMnSF, and SiO2

scattering particle. Via varying the SiO2 con-
centration during the simulation process, the
prepared WLED’s optical performances are ob-
tained. The scattering properties of the phos-
phor layer as well as the lighting transmission
and distribution were simulated with the uti-
lization of both LightTools software and Monte
Carlo theory. According to the outcomes, the

microfluidic-synthesized K2SiF6:Mn4+ proves to
be appropriate for WLED apparatuses. Besides,
the proposed phosphor compound with SiO2 scat-
tering particles showed the improvement in lumi-
nous flux and angular uniformity of the WLED.

Keywords: WLED; K2SiF6:Mn4+; Mi-
crofluidic technology; HF-free; Lumines-
cence properties

1. Introduction

Great illuminating brightness, low power con-
sumption, extended lifespan, and environmen-
tal protection have been key features for solid-
state WLED devices to be recognized as a po-
tential alternative for illumination uses [1, 2].
The device produces white ray by fusing one
blue InGaN LED chip with one yellow phosphor
called Y3Al5O12:Ce3+ (YGA:Ce) [3]. Neverthe-
less, its use in lighting and display is severely
constrained by its poor hue rendering index
(CRI) and elevated correlated color temperature
(CCT) [4]. In order to change the correspond-
ing hue temperature and then bring it to be
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more consistent with natural illumination, the
currently used way involves introducing phos-
phors that yield red elements.

Among various investigated red phosphors for
WLEDs, scholars have recently become inter-
ested in the Mn4+ ion (not rare-earth) as it
is possible to efficiently stimulate the ion via
blue illumination (about 450 nm), emitting one
strait-line red ray exhibiting one apex at around
630 nm, and subsequently enhance the illumi-
nating performance for LED apparatuses signif-
icantly [5]. Numerous fluoride red phosphors
incorporated with Mn4+ were described thus
far, including K2SiF6:Mn4+ (KMnSF) phos-
phors that represent A2XF6:Mn4+ with A being
Li, Na, K, Rb, Cs, NH4; and X being Si, Ge, Sn,
Ti, Zr, Hf. The series of A2XF6:Mn4+ samples
exhibit one smaller emitting line than the ni-
tride red phosphor, accompanied by the emitting
wavelength falling around 650 nm, matching the
reception scope for our sight very well. Accord-
ing to numerous researches, these samples offer
greater quantum yield. According to Chen et
al. [6], K2TiF6:Mn4+ has inner quantum effec-
tiveness of up to 98%, substantially surpassing
nitride red phosphors.

Nevertheless, the majority of Mn4+ doped
fluoride phosphors are necessarily prepared us-
ing hydrofluoric acid (HF), which is detrimen-
tal to human health [7, 8]. It is crucial to
create one unique green combination method
to aid in producing fluoride phosphors in red
incorporated with Mn4+ in order to minimize
or eliminate the use of HF. There have been
several approaches to produce Mn4+-doped flu-
orides using non-toxic liquids as alternatives
to HF, such as NH4F/HCl [14], NH4F +
HNO3/HAc/H3PO4 [9], and H3PO4/KHF2 [10].
In addition, another “green” method for synthe-
sizing the K2SiF6:Mn4+ phosphor is the new
microfluidic technology. The micro-liquid tech-
nique would be one significant strategy to aid
in large-scale manufacturing in terms of prac-
tical implementations. The technique may ac-
complish steady as well as quick response, fit-
ting fabrication in grand scope, in comparison
to the conventional chemical combination ap-
proach. Additionally, it can obtain exact control
over product size and form [11,12].

In addition to accomplishing warm WLED,
angular light uniformity is also an imperative
feature for favorable WLED devices. Using only
red phosphor is not an optimal approach to
get better light-dispersion uniformity. Studies
showed that the scattering in the LED package is
one of the critical factors influencing the unifor-
mity of angular light dispersion [13–15]. Thus,
the study employs SiO2 particles at nano-size
as scattering regulators in the phosphor layer of
the WLED. SiO2 is one of the most investigated
materials for enhancing scattering of photon and
light extraction efficacy, leading to the increased
external quantum efficacy of either quantum-dot
LED or blue-pumped LED [16–18].

In this study, we employ the combination
of yellow phosphor YGA:Ce, red phosphor
KMnSF, and SiO2 to reach the goal of enhanc-
ing color quality, both rendition and angular
uniformity, for the blue-excited WLED package.
The KMnSF is prepared with the micro-liquid
technique to minimize the toxicity to the lowest
level. The analysis of WLED’s lighting proper-
ties is carried out with the adjustment in SiO2

concentration. The optical simulation of the
as-prepared WLED is performed using Light-
Tools software and Monte Carlo theory. The
Monte Carlo theory plays a critical role in our
simulation and investigation of photon scatter-
ing and absorbing procedures [19]. In photon
transport modeling, Monte Carlo has been rec-
ognized as the flexible method owing to its capa-
bility of producing high accuracy and handling
3D structures [20,21]. As a result, Monte Carlo
simulation is widely employed in sensing, imag-
ing study, and biological fields involving light-
medium interaction [22–24]. The simulation re-
sults shown that the small increase in SiO2 con-
centration induces the luminous flux and angu-
lar uniformity of light output but the decrease
in rendition performance. Such findings can be
imperative references for further investigation on
the use of SiO2 and KMnSF phosphor in WLED
development.
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2. Experimental

2.1. Combination method

K2SiF6:Mn4+ phosphors were produced using
microfluidic technology at room temperature.
H2SiF6, KF, KMnO4, HF, and KHF2 made up
the basic ingredients. Following Bode’s proce-
dure [25], the forerunner K2MnF6 was prepared.
The details of raw ingredients are included in Ta-
ble 1. The standard experimental operation pro-
cedure was demonstrated as follows: In one plas-
tic beaker holding H2SiF6 along with another
having ionized H2O (2 ml), correspondingly, we
applied K2MnF6 and KF, and both were agi-
tated for 5 min. The solutions were drawn out
of the two containers separately using the plastic
syringes, added to the micro-liquid formation.
The settings for the administering pump were es-
tablished prior to the formation operation. The
measuring magnitude along with administration
rate parameters on both syringes are identical.
In order to avoid sample buildup and air entering
the pipeline, the equipment was positioned ver-
tically. The material was gathered, and ethanol
was used to wash it six times.

Tab. 1: Raw materials of Mn4+-doped K2SiF6

Raw materials Purity Amount (in use)
H2SiF6 30-32% 2 ml

36 g in K2MnF6

precursor preparation;
KF 99% 2 mmol to combine

with 0.06 mmol
K2MnF6

KMnO4 99.5% 2 g
HF 40% 150 ml
KHF2 99% 2-12 g

2.2. WLEDs preparation

In Fig. 1 below, the specifications of WLEDs are
presented. The WLED package used for simu-
lation and testing comprised the blue-pumped
LED chips and the phosphor layers of yel-
low phosphor YGA:Ce phosphor, red phos-
phor K2SiF6:Mn4+incorporating SiO2 particles
(KMnSF@SiO2). In the KMnSF@SiO2 com-
pound, KMnSF concentration is unchanged

while the SiO2 concentration is a variable, aim-
ing at facilitating the scattering factor.

The presence of SiO2 as scattering centers
in the phosphor layer induces the change of
YGA:Ce amount to keep the package stable
throughout the simulation and testing process.
In Figure 2, it shows the YGA:Ce phosphor dose
based on SiO2 weight percentages. When the
SiO2 amount is 15 wt.%, the YGA:Ce dosage
hits the lowest point at 26%. On the contrary,
the YGA:Ce dosage reaches the highest points at
28 - 28.5% when the percentages of SiO2 are ap-
proximately 2 wt.%. The YGA:Ce dosage rises
when the weight percentages of SiO2 decline.

(a) (b)

(c) (d)

Fig. 1: Images depicting WLED formation: (a) WLED
apparatus, (b) Binding graph, (c) pc-WLEDs
model visualized, (d) WLED device recreated
via LightTools application.

2.3. Characterizations

The measurements for the as-prepared phosphor
photoluminescence properties are listed in Table
2. One spectrophotometer was used to evalu-
ate the diffuse reflectance spectrum in the UV-
vis range. Using a fluorescence spectrometer,
we captured the photoluminescence (PL) along
with photoluminescent excitation (PLE) spec-
tra. The identical set-up with an integration
sphere was employed for the task of evaluating
the quantum performance [26]. Spectrometer
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Fig. 2: The dosage of Y GA : Ce phosphor according to
SiO2 amounts.

data on the luminescence decay curve were col-
lected. A LED photoelectric analyzer was used
to record the electroluminescence characteristics
of the WLEDs at one current reaching 30 mil-
liamperes.

Tab. 2: Instruments for Mn4+-doped K2SiF6 charac-
teristic examination

Characteristics Instruments Models
UV diffuse Spectro- UH4150 (Hitachi,
reflection photometer Japan)
spectroscopy
(DRS)

Photoluminescence Fluorescence Spectro F-7000 (Hitachi,
& temperature- photometer with Japan)
dependent emission a xenon lamp excitation
spectra source (150 W)

Decay curve of Spectro-fluorometer FS5
luminescence (via steady and transient Spectrofluorometer

states) (Edinburgh Instruments
,UK)

3. Results and Discussion

3.1. Simulation computation of
the as-prepared red
phosphor

The typical particle sizes are around 3.54, 3.65,
4.14, 3.85, and 3.67 m for injection rates of 500,
750, 1000, 1250, and 1500 µL/min, in turn. The
administration rate of 1000 µL/min leads to the
most homogeneous particle size dispersion. In a
fluid reaction, the reacting criteria significantly

alter the substances’ form. The equation below
serves as an illustration of this [27]:

Q =
2Qv

πd2/4
(1)

where Qv signifies the administration rate along
with the volume flux from one administrating
pipe. d signifies the duct’s diameter. Q signifies
the volume flux for each unit zone within the
duct. Q would be clearly influenced by d and Qv

and is connected to the reaction circumstances.
The aforementioned events demonstrate how mi-
crofluidic technology’s settings may be changed
to efficiently manage the size dispensation of
specimens [28].

It = I0 +Ae(−t/τ) (2)

where It and I0 represent, accordingly, the illu-
mination strength at time t and 0. While τ is
the fluorescence lifespan, A is a constant. In ac-
cordance with the pattern of spectral variation,
the predicted lifespan of specimens with admin-
istration rates measured at 500, 750, 1000, 1250,
and 1500 µL/min would be 8.62, 9.22, 9.29, 9.14,
and 9.01 ms, in turn.

The luminescence quantum yields (PLQY)
of K2SiF6:Mn4+ achieved at various injection
speeds have been studied in order to better in-
vestigate the reasons for illumination strength
changes. The radioactive along with non-
radioactive repeated mixing speed for the spec-
imens were determined by mixing the findings
of PLQYs and luminous lifespan. The propor-
tion of photons released to photons absorbed is
known as the PLQY. The excited state is depop-
ulated by both radioactive along non-radioactive
repeated mixing. Therefore, the PLQY is al-
ternatively described in the form of the ratio
between radioactive repeated mixing speed and
whole mixing speed [29]:

PLQY =
Γrad

Γrad + Γnon−rad
(3)

where Γrad and Γnon−rad, accordingly, stand for
radioactive and non-radioactive repeated mixing
speed.

The mean amount of time a photon remains
within the stimulated status before changing
into the ground status is used to calculate the
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excited state lifespan. The mean lifespan is de-
termined by a sole exponential fitting, and it
would be the opposite in relation to the overall
repeated mixing speed. Consequently, the equa-
tion below is used to calculate lifespans:

τave = τ =
1

Γrad + Γnon−rad
(4)

where τave represents the typical lifespan. Con-
sequently, the following formula may be used to
determine the radiative and nonradiative recom-
bination rates [30]:

Γrad =
PLQY

τ
(5)

Γnon−rad =
1− PLQY

τ
(6)

Within the small-stimulation domain, the lu-
minescent intensity would be typically propor-
tional to σΦNτmax/τrad (i.e., σΦN(PLQY ))
with σ being the stimulation cross section, Φ
being the photon flux, and N being the quan-
tity for optically functional centers, in turn. The
proportions for functional ions of Mn4+ within
these specimens is approximated using the for-
mulas given below, assuming that all specimens
have the same σ [31]:

Ni

N1
=

Ii × (PLQY)i
I1 × (PLQY)1

(7)

3.2. WLED’s properties with
varying SiO2 amount in
K2SiF6:Mn4+@SiO2

compound

Fig. 3 presents the calculated scattering coef-
ficients for SiO2 particles with the wavelength
400-800 nm. Based on various concentration of
the SiO2 volumes (5% - 10% - 15%), we have the
scattering coefficients of 1-4 mm−1, 2-9 mm−1,
4-14 mm−1, respectively. The scattering coef-
ficient would be proportional to the particles’
presence, meaning that scattering coefficients
surge after raising the SiO2 volumes.

With the presence of KMnSF@SiO2 com-
pound, the transmission power of the WLED
package collected under 460-nm blue excitation

source is presented in Fig. 4. At different
dosages of the SiO2 (5 wt.%, 10 wt.%, and 15
wt.%), visible emission bands with maximum
points at about 460 nm and 600 nm are seen with
minor changes in position, shape, and intensity.
Such an inclusion of blue and orange-red emis-
sion peaks in the LED output implies that the
scattering of SiO2 will not hinder the strength of
light output while supporting to enhancing the
device’s color properties, such as color render-
ing index (CRI), variation of the angular corre-
lated color temperature (CCT), and color qual-
ity scale (CQS) [32].

Fig. 5 illustrates the color variations (CCT)
depending on the SiO2 volumes in the phosphor
layer KMnSF@SiO2. The CCT value reaches
the peak at nearly 3250 K, reaches the second
highest point at over 3150 K when the volumes
are 0 and 5 wt.%, respectively. It reaches the
smallest points at around 2950 - 3000 K when
the particle is 15 wt.%. It may be claimed that
with the proper volumes for SiO2 in the layer of
0 - 5 wt.%, the CCT value will be at its highest.

Subsequently, Fig. 6 shows the color devia-
tion variations (D-CCT) depending on the SiO2

amounts. The D-CCT values reach the peaks at
180 – 220 K when the particle amounts are up to
5 wt.%. It hits the smallest point at 50 K when
the SiO2 percentage is 10 wt.%. Accordingly,
the SiO2 presence can result in the lowest D-
CCT value or the greatest color-dispersion uni-
formity with the appropriate weight percentage
of 10 wt.%.

Fig. 7 reveals the illuminating beam from the
LED as a function of SiO2 weight percentages.
When the particle volumes are 0 – 5 wt.%, there
are maximum lumen values at nearly 73.5. On
the other hand, the lumen value is just around
71 when the content of SiO2 is 15 wt.%. Thus,
the SiO2 weight percentages of 0 – 5 wt.% will
be the most suitable for lumen output.

Figs 8 and 9 show the changes of CRI and
CQS values, in turn. Both CRI and CQS val-
ues tend to go down when the scattering parti-
cle SiO2 percentages get larger. The CRI value
decreases from 56.2 to 55.9 when the particle
amount surges (0 - 15 wt.%). Additionally, the
growth of SiO2 percentages induces the decline
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in CQS value, from about 42.5 at 0-wt.% SiO2

to about 34 at 50-wt.% SiO2.

Fig. 3: Scattering coefficients of SiO2 particles at (a)
5%, (b) 10%, (c) 15%.

Fig. 4: Spectrum color range with various SiO2 weight
percentages at (a) 0%, (b) 5%, (c) 10%, (d) 15%.
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Fig. 5: The CCT variations according to SiO2 weight
percentages.

Fig. 6: Investigation of the color deviation changes ac-
cording to SiO2 weight percentages.

Fig. 7: The luminous flux emitted by the LED accord-
ing to various weight percentages of SiO2.

Fig. 8: The CRI variations according to SiO2 weight
percentages.

Fig. 9: The CQS variations according to SiO2 weight
percentages.
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4. Conclusions

In conclusion, using microfluidic technology, we
were able to produce K2SiF6:Mn4+ phosphors
with remarkably consistent particle size and
shape. Because the study did not employed the
HF compound throughout the test, the danger
to the testing procedure was significantly lower.
With the duct having 4-mm diameter as well
as administration rate under 1000 µL/min, the
specimen was the most homogeneous, demon-
strating that the right duct diameter along with
administration rate may encourage the creation
for phosphor granules.

The WLED utilizing K2SiF6:Mn4+ coupled
with YAG:Ce3+ and SiO2 scattering particles
exhibits blue and red emission peaks in the
visible wavelength. The scattering of light in
the phosphor layer increases on the higher SiO2

weight percentages. Under the same condition,
a small CCT at around 3200 K is achieved
with low D-CCT value, showing the potential
of KMnSF@SiO2 in fabricating WLED models.
The lumen output of the WLED also shows in-
creased values with small-volume SiO2 in the
layer. However, the scattering of SiO2 does not
favor the color rendering factors, showing a de-
cline in both CRI and CQS at higher SiO2 per-
centages.

Shortly, the findings demonstrate the signifi-
cant potential of microfluidic technology for ho-
mogenizing elevated-performance K2SiF6:Mn4+

phosphors. Additionally, it demonstrates the
promising prospect of the proposed phosphor
compound with SiO2 scattering particles to im-
prove the luminous flux and angular uniformity
of the WLED. The study can also serve as a
valuable reference for further investigations on
materials and structures for higher-performance
WLED devices.
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