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Fluorozirconate glass doped with K,MnF, was produced to
obtain a red-emitting phosphor, and K,MnF was synthesized
according to a specially developed procedure using xenon
difluoride. The luminescence spectrum exhibited a band at
550 nm attributed to Mn?*, and the absorption spectra belonged
to MnZ* and Mn3* ions, which were formed due to the reduction
of Mn** ions.
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At present, phosphor-converted white light-emitting diodes (LEDs)
do not have any alternative for use in household lighting because
they surpass other sources of white light in many parameters.
Ordinary white LEDs contain a blue LED as a primary radiation
source and, typically, a yellow emitting phosphor, such as a
garnet Y;Al;0,,:Ce3* (YAG:Ce).! To obtain warm white light
with a high color rendering index, it is necessary to add an intense
red phosphor, effectively excited by blue radiation emitted by the
LED. Among well-known activators, manganese ions of different
valences can emit red light in a properly chosen solid-state
environment. A new generation of saturated red fluoride phosphors
using Mn** as an activator has gained attention in enhancing the
color rendering properties and efficiency of white LEDs.? Crystalline
fluoride hosts were proposed for Mn**-doped phosphors due to the
fact that Mn** emission in fluorides is close to an optimal wavelength
near 630 nm for the red phosphor.>~!® However, these fluoride
phosphors are sensitive to high temperature and humidity.!!
Fluorozirconate glasses of the ZrF,—BaF,-LaF;—AlF;—NaF
(ZBLAN) system are attractive materials for technology due to the
non-toxicity of components, relatively simple synthesis procedures,

JCPDS 01-077-2133 (b)
JCPDS 00-048-1666

(a) +K,MnF
= KHF,

+K,MnF; JCPDS 01-077-2133
—Fluorinated K,MnF

® K,MnF-H,0 JCPDS 00-034-1178
—Raw K;MnF, =

1 1 1 1
15 20 25 30 35 40 45 50
20/deg

15 20 25 30 35 40 45 50

260/deg

Figure 1 (a) XRD pattern of the synthesized K,MnFy containing KHF,
and K,MnF5-H,O impurities; (b) XRD pattern of the sample after heat
treatment with XeF,.
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and unique optical properties.'>!3 In this work, we investigated
the activation of fluorozirconate glass with Mn** ions to obtain
red luminescence. A fluoride precursor K,MnF for red phosphors
was used as a source of Mn**,

The glasses were synthesized from a starting fluoride mixture
with the batch composition 55.87rF,-14.4BaF,-6LaF;-3.8 AIF;-20NaF
by melting the components in stoichiometric amounts at 850-900 °C
in an atmosphere of argon.

The hexafluoromanganate dopant was synthesized in accordance
with a published procedure'* using the reaction:

2KMnO, + 2KF + 10HF + 3H,0, - 2K,MnF; + 8H,0 + 30,. (1)

The golden yellow precipitate of K,MnFg was kept in a vacuum at
100 °C for 5 h until the formation of anhydrous K,MnFq. Figure 1
shows the X-ray diffraction (XRD) patterns’ of the synthesized
raw K,MnFg powders and fluorinated K,MnF; measured at 20
ranging from 15 to 50°. As can be seen, the raw K,MnF after
synthesis contained the main impurities of K,MnF5-H,O and
KHF,. At the second stage, we used xenon difluoride for the
preparation of anhydrous K,MnF; as described previously.' To
remove oxygen-containing impurities and the concomitant
compound KHF,, the precursor K,MnF sample was heat treated
in an atmosphere of xenon difluoride at 300°C for 2 h according
to the following reactions:

K,MnF; + 0.5XeF, > K,MnFj + 0.5Xe, )
K,MnFs-H,0 + 1.5XeF, > K,MnF + 1.5Xe + 2HF + 0.50,.  (3)

The XRD data indicated that a single-phase sample of K,MnF,
which crystallizes in the hexagonal system [space group, P6;mic;
lattice parameters a = 5.719(1) and ¢ = 9.33(3) A, C = 1.6314,
and Z =2 (PDF JCPDS 01-077-2133)] was obtained as a result of

¥ The XRD patterns were determined at room temperature with a Bruker D8
Advance diffractometer (Ni-filtered CuKa radiation, LYNXEYE detector).
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Figure 2 Luminescence spectra of (/) ZBLAN-K,MnF¢ (0.1 mol%) and
(2) ZBLAN-K,MnF{ (1 mol%) glasses. Spectra / and 2 were decomposed
into two Gaussian sub-bands /a, /b and 2a, 2b, respectively.

the synthesis with additional heat treatment in an atmosphere of
xenon difluoride.

For optical studies, the samples of glasses doped with K,MnFg¢
at a concentration of 0.1-1 mol% were fabricated as small rods
with a diameter of 5 mm and polished.

The luminescence spectra* demonstrated a single band at 550 nm
due to the transition *T,(G) = ®A, in Mn?* ions (Figure 2). The
emission band maximum is shifted from 18100 cm™" at 0.1 mol%
K,MnF; to 17970 cm™" at 1 mol% K,MnF; this can be due to a
change in the concentration ratio between different manganese
centers. An increase in the total concentration of manganese led
to an increase in the fraction of complex activator centers with
transition energies lower than that of single centers to cause a
band shift to lower energies.

Figure 2 shows the luminescence spectra decomposed into
Gaussian sub-bands. At 0.1 mol% K,MnF; [Figure 2 (spectrum /)],
the intensity of low-energy component (band /b) was small;
therefore, the luminescence band maximum almost coincided
with the maximum of a high-energy component (band /a) caused
by single Mn?* ions due to the predominance of these ions at
0.1 mol% K,MnFg. At 1 mol% K,MnF [Figure 2 (spectrum 2)],
the intensity low-energy component (band 2b) was comparable
to that of the high-energy component (band 2a); therefore, the
luminescence band maximum was shifted to lower energies.

The absorption spectrum® of ZBLAN-K,MnF; (1 mol%) glass
(Figure 3) demonstrated bands at 330-350 and 400 nm caused
by transitions from the °A; ground level to *E(D), “T,(D) and
4A|,*E(G) levels in the Mn?* ion and a broad band at 420430 nm
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Figure 3 Absorption spectrum of ZBLAN-K,MnF (1 mol%) glass.

# The luminescence spectra were recorded with an SDL-1 spectrometer
at room temperature. To excite luminescence, we used a LED emitting at
400 nm; full width at half maximum (FWHM), 16 nm.

§ Absorption spectra of the glasses were measured with a Cary 5000
spectrophotometer in a range of 300-600 nm at room temperature.

Table 1 Absorption bands in the spectrum of ZBLAN-K,MnF (1 mol%).

y/em™! A/mm Ton Transition

30012 (30598) 333 (327) MnZ* 6Al - ‘E(D)
28354 (29369) 353 (340) MnZ* 0A, = 4T,(D)
25146 398 Mn?* %A, = *A|, “E(G)
24469 (24180) 409 (414) Mn?* °A, = *Ty(G)
23221 431 Mn3+ 5E » 5T2

21558 464 Mn2* °A, = *T(G)

partially overlapped with a band at 400 nm. The broad band masks
two absorption bands of Mn?* corresponding to transitions to the
4T,(G) and *T»(G) levels.

The absorption spectrum shown in Figure 3 was decomposed
into six Gaussian components: five bands due to transitions in
the Mn?* ion and a broad band at 430 nm. In this absorption band,
the luminescence from Mn?* was very weak and most likely excited
due to overlap with the neighbor absorption bands of Mn2*.
Luminescence from Mn* was not excited. This fact allowed us
to ascribe the broad absorption band to Mn3* ions, which are
formed due to incomplete reduction of Mn** ions. The absorption
spectrum of Mn3* observed in the studied spectral range is
consistent with published data.'®"'8 The absorption bands and the
corresponding electron transitions in the Mn?* and Mn3* ions in
the ZBLAN- K,MnF; (1 mol%) glass are shown in Table 1.

To verify the identification of Mn>* bands, we used the
Tanabe—Sugano diagram'? for the d° (Mn?*) electron configuration
(Figure 4).

The Mn?* band at 398 nm belongs to the transition to the A,
4E(G) level, the energy of which is almost independent of the
crystal field strength at small values of A/B. The value of E/B in
the Tanabe—Sugano diagram is 32.4, which leads to a value of
776 cm™! for the Racah parameter B at a transition energy of
25146 cm™'. The band at 464 nm apparently belongs to a transition
to the lowest excited level *T,(G) (see Figure 4), for which the
transition energy E is 21558 cm™!; therefore, E/B = 27.78 for the
“T(G) level at A/B = 0.726. Using this value of A/B, we
determined the positions of the other absorption bands (the
calculation results are shown in parentheses in Table 1).

Thus, manganese in ZBLAN-K,MnF glass is present in the
form of Mn?* and Mn®* ions, which indicates the reduction of Mn**
ions introduced with K,MnF, during glass synthesis. At comparable
absorption band intensities of Mn>* and Mn3* (see Figure 3), the
Mn?* concentration is much higher than that of Mn3* since the
absorption of Mn3* is associated with the spin-allowed transition
SE - T,, in contrast to the spin-forbidden transitions in Mn2*.
The reduction of Mn** can be caused by a high synthesis temperature
(850-900°C), at which equilibrium is strongly shifted towards
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Figure 4 Part of the Tanabe-Sugano diagram for the d> (Mn**) electron
configuration in ZBLAN.
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the lower oxidation states of manganese. In addition, the relative
concentrations of different manganese ions in glass can be affected
by a ratio between their sizes and the sizes of ions that form the
glass network. Mn?* ions are considered to replace Ba®* in the
glass network structure.?’ The sizes of manganese ions (0.81,
0.72 and 0.68 A for Mn?*, Mn** and Mn*, respectively) are
much smaller than that of Ba2* (1.5 A)?!, as is also indicated by
the low crystal-field strength for the Mn?* surrounding (A/B < 1
in the Tanabe—Sugano diagram in Figure 4). The larger the valence
of the ion, the greater the difference in the ion sizes; thus, divalent
ions have an advantage over trivalent and tetravalent ions when
incorporated into the glass network.

This research was funded by the Russian Science Foundation
(RSF), grant no. 18-13-00407.
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