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ABSTRACT: This study explored optimal preparation
conditions for K2GeF6:Mn4+ red phosphors by using chemical
coprecipitation method. The prepared hexagonal P3 ̅m1
K2GeF6:Mn4+ exhibited efficient red emission, high color
purity, good Mn4+ concentration stability, and low thermal
quenching. Structural evolution from hexagonal P3 ̅m1 to
P63mc and then P63mc to cubic Fm3m occurred after thermal
treatment at approximately 400 and 500 °C, respectively.
Hexagonal P63mc phase showed an obvious zero phonon line
peak at 621 nm, whereas cubic Fm3m phase showed no red
emission. Yellowish K2GeF6:Mn4+ with both hexagonal P3 ̅m1
and P63mc symmetries are promising commercial red phosphors for white light-emitting diodes.
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Discovering new red phosphors with sufficient chemical
durability and efficient luminescent properties for

combining with InGaN blue diode chip and YAG:Ce3+ yellow
phosphors is important to fabricate warm white light-emitting
diodes (WLEDs) with high color-rendering index (CRI, Ra >
80).1−4 Recent studies have shown that Mn4+-activated fluoride
phosphors in the form of A2XF6:Mn4+ (A = K, Na, Cs, NH4; X
= Si, Ge, Zr, Ti) and BSiF6:Mn4+ (B = Ba, Zn) can exhibit
efficient red emission in 600−680 nm region.5−13 To overcome
the drawbacks of wet-chemical etching method5−10 and
hydrothermal reaction method11−13 (such as high cost of
metal wafers, time ineffectiveness of etching, dangerous factors
of HF evaporation at high temperatures, and low luminescence
efficiency caused by difficulty in controlling the valence state of
Mn during synthesis), a simple and convenient method based
on cation exchange reaction and coprecipitation has recently
been proposed to synthesize K2TiF6:Mn4+ and Na2SiF6:Mn4+,
respectivley.14,15

Considering that GeO2 is more easily dissolved in HF than
TiO2 and SiO2, we applied two-step chemical coprecipitation
method in this study to synthesize K2GeF6:Mn4+ red phosphors
with high purity and good crystallinity without significant
defects by initially synthesizing K2MnF6 and then precipitating
K2GeF6:Mn4+. The effects of reaction temperature and Mn4+

concentration on the phase structure and optical properties of
K2GeF6:Mn4+ red phosphors were studied in detail to
determine the optimal preparation conditions. Additionally, in

contrast to the inner 4f → 4f forbidden transition of Eu3+, the
outer 3d → 3d transition of Mn4+ (electronic configuration,
3d3) is sensitive to local crystal field environments in the host
and can be tuned by various substitutions. Studies on Mn4+-
activated fluoride phosphors found that the emission shape
greatly depended on the crystal structure of the host. Emission
shape has two types: (1) Mn4+ in the host with low crystal
symmetry, such as P321, shows an obvious zero phonon line
(ZPL) peak near 620 nm; (2) Mn4+ in the host with crystal
structures of Fm3m and P3 ̅m1 shows almost no ZPL peak.8−10

In this study, the obtained K2GeF6:Mn4+ with hexagonal P3 ̅m1
symmetry did not show obvious ZPL peak in the emission
spectra. Through thermal treating, some unique photo-
luminescent (PL) properties associated with structural
evolution of P3̅m1 K2GeF6:Mn4+ were explored and discussed.
The unique structural evolution resulted in a hexagonal P63mc
K2GeF6:Mn4+ phase (showing obvious ZPL peak at 621 nm)
and another cubic Fm3m K2GeF6:Mn4+ phase (nearly no red
emission). No such special PL properties have been reported
currently in any Mn4+-activated fluoride phosphors.
The X-ray Rietveld refinement results and the crystal

structure of K2GeF6:Mn4+ synthesized at 20 °C are shown in
Figure 1a. The X-ray Rietveld refinement results of
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K2GeF6:Mn4+ synthesized at 0, 40, and 52 °C are shown in
Figure S1 in the Supporting Information. All samples show
similar XRD patterns indexed to the hexagonal P3 ̅m1 symmetry
(JCPDS No. 73−1531). No traces of residual K2MnF6 and
other impurities can be observed. Figure 1b shows the shifts of
crystallographic parameters from X-ray Rietveld refinements
with reactive temperature for K2GeF6:Mn4+. The crystallo-
graphic parameters a (b) and c linearly increase with reactive
temperature, resulting in slight expansion of the crystal volume.
Figure 1c suggests that the two samples synthesized at 0 and 52
°C exhibit same coordination environments of Ge4+. Mean-
while, the bond length between Ge4+ and ligand F− ions for the
sample synthesized at 52 °C (1.810 Å) is longer than that of the
sample synthesized at 0 °C (1.776 Å), further verifying the
slight crystal expansion with increasing reactive temperature.
Figure S2 in the Supporting Information exhibits the
microstructures of K2GeF6:Mn4+ phosphors synthesized at
different temperatures by scanning electron microscopy (SEM).
SEM images indicate that all K2GeF6:Mn4+ powders have
hexagonal shape with particle size in the range of 20−100 μm.
The particle size gradually increases with increasing reactive
temperature, and the phosphors synthesized at 20 °C in Figure
S2b in the Supporting Information show a uniform size.
Figure 2a illustrates the excitation and emission spectra of

K2GeF6:Mn4+ synthesized at different temperatures. Consistent
with the reported results on other Mn4+-activated fluoride
compounds, two broad excitation bands appear in the range of
320−500 nm, corresponding to the spin-allowed transitions of
4A2 → 4T1 and 4A2 → 4T2, respectively.

5−10 The sharp red
emission lines in the range of 600−650 nm originate from the
spin-forbidden 2E → 4A2 transition. Considering Figure S2 in
the Supporting Information, K2GeF6:Mn4+ red phosphors
synthesized at 20 °C with uniform size show the most efficient
emission intensity. Influences of Mn4+ concentration on the
phase purity and optical properties of K2Ge1−xMnxF6 are shown
in Figures S3 and S4 in the Supporting Information. Only the
sample with x = 0.084 shows weak characteristic XRD patterns
of residual K2MnF6. The integrated PL intensity for phosphors
with x = 0.057, 0.063, 0.070 changes slightly, suggesting that
K2Ge1−xMnxF6 phosphors show stable and effective red

emission, which is beneficial to industrial production. Figure
2b shows considerable thermal stability for K2GeF6:Mn4+ red
phosphors in the temperature range of 298−573 K. The relative
integrated PL intensity IPL/IPL298 at 423 K is above 95%, which
is higher than that of rare-earth doped nitride red phosphors.
The activation energy obtained for K2GeF6:Mn4+ red
phosphors is 0.93 eV, nearly four times higher than that
(0.23 eV) of nitride compounds. The prepared K2GeF6:Mn4+

powders exhibit efficient red emission, high color purity, good
Mn4+ concentration stability, and low thermal quenching; thus,
these substances can be used in commercial applications.
The following section mainly discusses the unique PL and

structural evolution under thermal treating for K2GeF6:Mn4+

synthesized at optimal conditions. Figure 3a shows that with

increasing temperature from 25 to 300 °C, all emission lines
become broader and red-shift because of the increased
absorbed phonons and enhanced vibration transition coupling
associated with the vibration modes of the MnF6

2− octahedron.
Meanwhile, the PL intensity decreases because of thermal
quenching, leading to very weak red emission when the
measuring temperature is 300 °C. After further decreasing the
measuring temperature from 300 to 25 °C during cooling cycle
(Figure 3b), the main emission peaks at ∼609, 613, 631, 635,

Figure 1. Structural results of K2GeF6:Mn4+ phosphors. (a) X-ray
Rietveld refinements of K2GeF6:Mn4+ synthesized at 20 °C. (b)
Variations in cell parameters with reactive temperature. (c) Fourier-
transform-fitted EXAFS spectra for K2GeF6:Mn4+ synthesized at 0 and
52 °C, respectively.

Figure 2. (a) Experimental excitation and emission spectra of
K2GeF6:Mn4+. (b) Temperature dependence of integrated PL intensity
relative to 298 K for K2GeF6:Mn4+.

Figure 3. Photoluminescent and structural evolution of K2GeF6:Mn4+

phosphors. (a) Dependence of PL spectra with temperature during
heating cycle. (b) Dependence of PL spectra with temperature during
cooling cycle. (c): XRD patterns of K2GeF6:Mn4+ during thermal
treating.
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and 648 nm (associated with anti-Strokes ν4, ν6 and Strokes ν6,
ν4, ν3) are similar to those in Figure 3a. Interestingly, an
obvious ZPL peak is also observed at 621 nm (1.997 eV), and
its intensity gradually increases with decreasing temperature.
To further clarify the above behavior, the simultaneous
temperature dependence of XRD measurement was performed
on K2GeF6:Mn4+ and shown in Figure 3c. No structural change
occurs and only pure P3 ̅m1 (phase 1) is observed below 200
°C. With increasing temperature to 250 °C, P63mc (phase 2)
emerges, whereas the main phase is still P3̅m1. Pure P63mc
phase is obtained at 400 °C. Sequentially, another cubic Fm3m
(phase 3) is obtained when temperature is higher than 425 °C.
For Mn4+-activated fluoride phosphors, obvious ZPL peak
exists only in the host structure with low symmetry, such as the
D3-P321 and D2h-Fddd symmetries.7,9 Then it is reasonable in
Figure 3a that the K2GeF6:Mn4+ heated at 250 °C with main
P3̅m1 phase shows no ZPL emission, whereas the P63mc phase
obtained after measuring PL properties at 300 °C shows an
obvious ZPL peak.
Figure 4a shows the structural evolution schematic during

heat treatment of K2GeF6. The three symmetries have similar

coordination environments of MnF6
2− octahedron, but the

crystal structure differs with each other significantly. Mn4+ ions
in Fm3m K2GeF6 host show Oh symmetry, whereas the site
symmetries of Mn4+ ions in P3 ̅m1 and P63mc hosts reduce to
D3d and C6v, respectively. Oh have six fundamental internal
vibronic modes: ν1(A1g), ν2(Eg), ν3(T1u), ν4(T1u), ν5(T2g), and
ν6(T2u). In D3d symmetry, the triply degenerate modes ν3, ν4,
ν5, and ν6 further split into a doubly degenerate and a
nondegenerate modes because of octahedral distortion.8,15 The
antisymmetric vibronic modes coupled to the ZPLs of 2E →
4A2 results in the splitting phenomenon for emission lines, and

l e a d s t o t h e b r o a d e r em i s s i o n s p e c t r a o f
K2GeF6:Mn4+compared with sharp emission lines of
K2SiF6:Mn4+ (Figure S5 in the Supporting Information). The
split energies of ν3, ν4, ν5, and ν6 enhances in lower C6v
symmetry. This can be verified by the fact that P63mc
K2GeF6:Mn4+ calcined at 400 °C for 20 min in air shows
obvious split behavior for ν5 vibration mode at ∼330 cm−1

according to Figure 4b. Figure S6 in the Supporting
Information shows that the yellowish K2GeF6:Mn4+ powders
with both P3 ̅m1 and P63mc symmetries yield bright red
emission upon excitation of 460 nm blue light, whereas light
purple cublic K2GeF6:Mn powders show nearly no red emission
which may be due to the reduction of Mn valence from 4+ to
2+ as evidence by the X-ray absorption near-edge structure
using synchrotron radiation (Figure S7 in the Supporting
Information). Luminescent spectra of the WLEDs (fabricated
with blue InGaN chips, Y3Al5O12:Ce

3+ yellow phosphor, and
K2GeF6:Mn4+ red phosphors) shown in Figure 4c reconfirm the
obvious ZPL peak for P63mc symmetry. The color temperatures
of 3974 and 3363 K are determined for WLEDs that comprise
red K2GeF6:Mn4+ phosphors with P3 ̅m1 and P63mc symme-
tries, respectively. CRI values of 86 and 89 are obtained under a
drive current of 15 mA for both symmetries. These results
indicate that the two K2GeF6:Mn4+ red phosphors show great
promise for commercial applications.
In summary, the optimal preparation conditions were

explored for K2GeF6:Mn4+ red phosphors by using chemical
coprecipitation. This study confirmed K2GeF6:Mn4+ as a
promising red phosphor candidate based on the following
advantages: synthesis temperature of 20 °C, quick dissolution
of GeO2 in HF, and optimal photoluminescent properties. The
unique PL properties associated with structural evolution of
K2GeF6:Mn4+ was also studied. The new hexagonal P63mc
K2GeF6:Mn4+ phase showed obvious ZPL peak at 621 nm,
whereas another cubic Fm3m K2GeF6:Mn4+ phase showed
nearly no red emission.
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