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Structural and optical properties of langbeinite-
related red-emitting K;Sc,(MoO4)(PO,4),:Eu
phosphorsy

Kateryna V. Terebilenko, {2 *2 Serhii G. Nedilko,? Vitalii P. Chornii,?°
Vadym M. Prokopets,® Mykola S. Slobodyanik® and Volodymyr V. Boyko®

The concentration series of langbeinite-related solid solutions K,Sc2(MoO4)(PO4),:xEu (x=0.1,0.2, 0.6, 0.8,
and 1.0 mol%) has been prepared via a solid state route and the effects of europium content on the phase
composition, morphology, crystal structure and luminescence properties have been studied by scanning
electron microscopy, X-ray powder diffraction, UV-vis, IR and luminescence spectroscopy. The band gap
values have been estimated from UV-vis spectra and are in the range of 3.7-3.8 eV for all concentrations
studied. The electronic band structure calculations have shown that Sc d, Mo d and OP"™* p states
dominate in the band edge region and determine the optical transitions in the K;Sc,(MoO4)(PO4), host.
The photoluminescence (PL) spectra, intensity and decay time dependences on the Eu** concentration
revealed complex behavior of europium-containing emitting centers. The PL characteristics indicated
the presence of at least two types of luminescence centers. One of them (Eu) is shown to be formed by
the Eu®* ion located within K sites, while the other one is formed by the Eu®* ions that reside in Sc sites
(Eusc). The luminescence color coordinates calculated for K,Sc,(MoO4)(PO4),:xEu indicated that these
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Introduction

Langbeinite-related complex oxides have been attracting lots of
attention in recent decades owing to their prominent advan-
tages such as high structural flexibility toward different anionic
substitutions by phosphate,* sulfate*> or molybdate® anions
showing high thermal and chemical stability.

Among the diversity of these complex oxides a series of
phosphate-containing ones has the general composition
A,B,(PO,);, where different combinations of mono- (A) and
three/four-valent (B) metals can be found.* These frameworks
gained increasing attention due to their remarkable optical
properties and promising application in light emitting diodes
(LEDs), biomedical diagnostics, optical communication, high
density optical data storage and sensors, etc.>*”

Mainly, these species containing PO,*~ groups have become
one of the most widely investigated families of phosphates with
three dimensional (3D) frameworks since Norberg® has widened
the group of langbeinite-related phosphates with a common
formula K,BTi(PO,);, where B - rare-earth metals.
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ceramics can be potential candidates for UV-based lighting applications as efficient red phosphors.

Incorporation of RE ions into langbeinite-related phosphate
host allowed designing optical materials with remarkable
luminescence properties. In particular, bright blue cooperative
up-conversion emission of Yb®" has been observed from K,-
Ti; gg7YDo.113(PO4); langbeinite single crystals grown from
a phosphate flux." A possibility to get luminescence with
tunable colors from blue to green and yellow has been reported
for K,Tby sTagsP;01,:Eu®" and KBaSc,(PO,);:Ce*'/Eu*'/Tb
compounds.*>® Most of the reported RE-containing derivatives of
langbeinite structure show outstanding luminescent properties
due to the structural peculiarities and, consequently, they have
possibility of application in the white LEDs. In this area, study
of the langbeinite-related compounds have been mainly
focused on alkaline and lanthanide-containing systems>*™*
owing to the simple iso- and aliovalent substitution within the
cationic sites of langbeinite structure. Meanwhile, the designed
assembly of poly-oxoanionic frameworks is seen to be more
difficult to obtain due to stability that inherent to langbeinite
structure. Up to now there are only a several poly-anionic
derivatives of langbeinite structure have been successfully ob-
tained, for example, K,MgTi(S0,)(PO,),,"2 KoM (MY10,)(PO,),,
(M™ = Fe, Sc; M¥" = Mo, W)** and KBaM"™™M"™(Si0,)(PO,), (M"™
= 7r, Sn; M = Y, La, Nd, Sm, Eu, Gd, Dy)." The key feature of
these structures is presence of one unique position for a tetra-
hedrally coordinated atom, X, (XO,), where X = P, Si, Mo, S, Cr.
Thus, in spite of different sizes and oxidation states phosphorus
and other atoms (tungsten, molybdenum, silicon or sulfur)
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occupy the same position with a ratio P/X = 2 : 1. This feature
leads to a significant change in the X-O distances in respect to
the typical P-O distances in pure phosphate langbeinites.
Elongation of X-O bonds results in changes of oxygen
surrounding of metals in six-fold coordination and can affect
luminescence properties of the compound.

In this paper we report the influence of Eu®" doping
concentration on morphology, structure and optical properties
of K,S¢,(M00,4)(PO,4),:xEu (x = 0.1, 0.2, 0.6, 0.8, and 1.0 mol%)
ceramics. The procedure of synthesis and infra-red (IR) spec-
troscopy for undoped K,Sc,(MoO,)(PO,), compound containing
mixed (P/Mo)O, tetrahedra have been reported so far."

The crystal structure of the K,Scy(M0O,4)(PO,),:xEu
ceramics have been studied by powder X-ray diffraction. The
grain size distribution and morphology have been revealed by
scanning electron microscopy (SEM). Electronic band struc-
ture of the perfect K,Sc,(M0O,)(PO,), crystal, luminescent
properties as well as chromaticity characteristics of the K,-
Sc,(M00,)(PO,),:xEu samples are reported in this work for the
first time.

Experimental
Synthetic procedures

The powdered polycrystalline samples of K,Sc,(M0oO,4)(POy),:-
xEu (x = 0.1, 0.2, 0.6, 0.8, and 1.0 mol%) have been synthesized
through a conventional solid-state reaction technique. Analyti-
cally pure MoO3;, Eu,03, Sc,03, KH,PO, and K,M00, have been
taken as starting materials without further purification. Stoi-
chiometric amounts of the reagents have been thoroughly
mixed in an agate mortar with a pestle into fine powders. At the
first stage, the mixtures have been preheated at 550 °C for 2 h to
get rid of water. Then, the resulting powders have been mixed
with a drop of ethanol, thoroughly reground and sintered at
600, 700, 800, 900 and 1000 °C, for 5 h at each temperature, and
finally fired at 1050 °C for 20 h in a muffle furnace with inter-
mediate grindings at each annealing temperature. The coated
alumina crucibles have been used as a reaction vessel. For
photoluminescence study powdered samples have been com-
pacted into pellets with 15 mm diameter and 2 mm thickness.

Calculation details

The electronic structure of K,Sc,(MoO,4)(PO,), perfect crystal
has been calculated with the use of WIEN2k program package,*
in which the full-potential linear-augmented-plane-wave (FP-
LAPW) method is implemented within the framework of
density-functional theory (DFT). The Perdew and Wang gener-
alized gradient approximation has been employed for the
exchange-correlation potential.’® The relativistic effects have
been treated in the scalar relativistic approximation. The
modified tetrahedron method has been used for the Brillouin
zone (BZ) integration.” The muffin-tin (MT) radii have been
chosen from condition of ‘almost touching’ MT spheres. In all
cases, the energy of separation between core and valence states
has been chosen as 6.0 Ry. The potential and charge density in
the MT spheres have been expanded in spherical harmonics
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with [,.« = 10. The plane wave cutoff parameter Ryt X Kuax Was
equal to 6.0. The magnitude of the largest vector Gy,.x in the
charge density Fourier expansion was 14.0. The convergence
criterion of total energy has been chosen as the 0.0001 Ry.
Calculations of partial densities of electronic states (PDOSes)
were carried out for 16 nonequivalent sampling k-points in the
irreducible part of the Brillouin zone. The partial densities of
electronic states (PDOS) were calculated using well-known
relations implemented in the WIEN2k program code.” Atomic
coordinates and lattice parameters utilized in the electronic
band structure calculations have been taken from literature.'® It
is worth noting that the partial occupation of crystal sites by P
and Mo with ratio 2 : 1 is inherent to K,Sc,(M00O,)(PO,),. The
phosphorus or molybdenum atoms were placed on each of 12
appropriate positions within unit cell with attempt to obtain
uniform distribution of these elements in the crystal.

Sample characterization

Phase composition has been investigated by powder XRD using
of Shimadzu XRD-6000 diffractometer (curved pyrolytic
graphite counter monochromator, CukK, radiation with A =
1.54184 A) operating in Bragg-Brentano (6/26) geometry (20 = 5
-+ 90°).

K,Sc,(MoO,)(PO,), (ICSD #262501)
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Fig. 1 XRD patterns of K;Sco(MoO4)(PO4)o:xEu, where x = 0.1-

1.0 mol%.
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IR spectra have been measured on a PerkinElmer Spectrum
BX FTIR spectrometer in the frequency range 400-4400 cm ™"
using KBr technique.

Particles size and morphology have been studied by scan-
ning electron microscope (SEM) Tescan Mira 3 LMU with
a 20 nm electronic beam diameter during the measurements.
Detector of the secondary electrons (InBeam) enhances spatial
resolution up to 1 nm. Besides the SEM imaging, microelement
analysis of various areas of the samples was also performed
using the same SEM.

Diffuse reflectance spectra have been collected at room
temperature using 80 Thermo Scientific Evolution 600 UV-vis
spectrometer equipped with R-928 red sensitive photo-
multiplier tube. The spectra were recorded in the range of 190-
600 nm with 0.2 nm resolution with BaSO, as a reference.

The PL emission and excitation spectra have been recorded
at room temperature of the samples using the DFS-12 spec-
trometer equipped with FEU-100 photomultiplier. The powerful
xenon arc lamp (DXeL-1000) combined with DMR4 prism
monochromator was used as source of excitation light. All the
spectra have been corrected on system response.

The PL kinetics have been measured with use of the MSA-300
multiscaler photon counter and LEDs (4;,q = 365 and 400 nm)
operating at pulse regimes as sources of the PL excitation.

Results and discussion
Crystal structure and morphology

The X-ray diffraction patterns for solid solutions K,Sc,(-
Mo00,)(PO,),:xEu (x = 0.1-1.0 mol%) ceramics sintered at
1050 °C are presented in Fig. 1 in comparison to a standard card
of K,Sc,(M00,4)(PO,), (ICSD #262501). A langbeinite-like struc-
ture for a series of solid solutions is obtained across the narrow
range x = 0.1-0.6 mol%. When the x value increases to 0.8 and
1.0 mol%, a trace of the admixture phase peaks could be
revealed, which indicates that the solid solubility toward rare-
earth metal for the single-phase langbeinite materials reached
a maximum here. Increasing of the annealing time and
temperature has not influenced the XRD pattern for x = 0.8-
1.0 mol%. The impurity composition seems to be a highly stable
ScPO, that is also known for the KPO;-K,M00,~-M00;-Sc,0;
molten system.'* Some admixture peaks (namely those at 20 =
27.1, 36.6, and 41.5°) correlate well with standard pattern for
ScPO,, while these ones at 20 = 21.6 and 30.7° cannot belong to
ScPO, are also observed for the two samples with the highest Eu
content.

Fig. 2 shows the SEM images of the samples K,Sc,(MoO,)(-
PO,),:xEu. It can be seen that the samples exhibit dense
microstructures with almost no pores with relatively uniform
particles (Fig. 2a-d). The product is crystallized in a compact
form with an average size of the particles of about 3-7 um,
which are well separated. A grain boundary between the
microcrystals is clearly seen for all range of x value studied. The
octahedrally shaped particles develop loose agglomerates as it
has been shown for single crystals prepared from a melt.*®
Importantly, the morphology of the microcrystals is maintained
to be highly symmetrical octahedral when the synthetic
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Fig. 2 The SEM images of the K;Sca(MoO4)(PO4)2:xEu powders; x =
0.1 (a); 0.6 (b); 0.8 (c); 1.0 mol% (d) and areas where EDS analysis was
performed for x = 0.1 (e) and 1.0 (f) indicating K,Sc,(MoO4)(POy,), as
Phase 1 and ScPO,4 as Phase 2.

approach changes from high temperature growth to solid state
route. When the x value increases up to 1.0 mol% the particles
become slightly more agglomerated and some different parti-
cles with irregular shape can be found over the sample studied
(Fig. 2d). The average particles' size increase can be related with
the melting-point depression when the Eu content increases. It
had been shown for mixed potassium-europium molybdate-
phosphate powder to melt at 1050 °C.** On the contrary, K,-
Sc,(M00O,4)(PO,), is thermally stable at more than 1200 °C.** The
SEM-EDS analysis performed for the samples with x = 0.1
(Fig. 2e) and 1.0 (Fig. 2f) has showed that in the case of x = 1.0
the bigger particles of irregular shape possess composition of
the admixture ScPO, phase. The details of EDS analysis are
given in Fig. S1 and Table S1, ESL.

IR and UV-vis spectroscopy

The Fig. 3 shows the IR spectra of solid solutions K,Sc,(-
Mo00,)(PO,),:xEu. The broad bands centred at 1045 and
847 cm ™" have to be assigned to the stretching asymmetric and
symmetric vibrations v; and »; of PO,>~ and MoO,>” tetrahe-
dral, respectively as it has been admitted for a structure of
K,Bi(PO,)(M00,).”
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Fig.3 The FTIR spectra of K»Sc,(MoO4)(PO4),:xEu samples, where x =
0.1-1.0 mol%.

These bands are significantly widened, if compare to the
same bands for noted bismuth-containing compound, where
they are quite narrow and multiple. The broadening of the
bands indicates simultaneous presence of both P and Mo in the
same crystallographic position,* in spite of the K,Bi(PO,)(-
MoO,) case, where P and Mo occupy two distinct positions.
Three bands at 557, 593 and 630 cm ™! have been attributed to
a PO, bending vibration ¢4, while the band at 450 cm ™! corre-
sponds to the symmetric d, vibration. Consequently, IR spectra
confirm the co-existence of both P and Mo in the same positions
with tetrahedral surrounding.

Diffuse reflectance spectra of the studied samples were
transformed into absorbance spectra, «(v), using the well-
known Kubelka-Munk equation.?* The Tauc plot, (ahv)® =
flhv), was performed in order to estimate direct band gap values,
E,, of the studied K,Sc,(MoO,)(POg4),:xEu samples (Fig. 4).
Experimental band gaps were in the range from 3.7 to 3.8 eV
that corresponds to the data for the samples of 0.1 and
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Fig.4 The Tauc plots for the K;Sc(MoO4)(PO4),:xEu samples; x = 0.1,
0.6, 0.8, and 1.0 mol%.
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1.0 mol% of Eu concentration, respectively. The E, values ob-
tained have been used for analysis of the calculation and
luminescence spectroscopy results.

Partial densities of states

The used FP-LAPW method is based on the DFT formalism and
therefore the calculated values of dielectric band-gaps, E5*', are
usually underestimated.?> That is why, calculated by us E§*' of
perfect K,Sc,(MoO,)(PO,), (3.3 eV) has been corrected to
experimental value (Eg'P®" = 3.7 eV). This corrected value was
used for calculated partial densities of states shown in the
Fig. 5. The partial densities of electronic states of the K and Sc
cations are shown in the Fig. 5a. It is seen that only Sc d states
and K p states have notable densities in the energy range —8 to
8 eV. The Sc d states are located at the bottom part of conduc-
tion band (CB) of crystal, while potassium states appear at
upper part of CB. The partial densities of elements, those
belong to the PO,*~ and MoO,*>~ molecular anions are shown
separately on Fig. 5b and c, respectively.

Phosphate group is represented mainly by P p and O p states
which are in the valence band (VB) of crystal. Moreover, the
oxygen p states, OP"** p, dominate at the top of the VB. As for the
conduction band, there are no significant electronic densities of
elements of phosphate groups, while the molybdate anions
reveal states at both VB and CB. The O p states of molybdates

4 a) K s
i —Kp
—Kd

2 | Scs

PDOSes, e/eV per atom

-8 6 4 -2 0 2 4 6 8
Energy, eV

Fig. 5 Calculated PDOS'es for perfect K;Sco(MoO4)(PO4), crystal.
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groups are located in the deep part of VB and the Mo d states are
located near the bottom of CB. As it can be seen from Fig. 5 the
top of the VB of perfect K,Sc,(M0oO,)(PO,), is formed mainly by
p states of oxygen that belong to phosphate groups and the
bottom of conduction band is formed by Sc d states and Mo
d states. Thus, only OP" p, Sc d and Mo d states should be
considered when analyzing optical properties of K,Sc,(MoO,)(-
PO,), crystal at the photon energy (hv) range near E, (hv = Ey).

Luminescence spectroscopy

Luminescence spectra. Photoluminescence properties of
K,Sc,(M00,)(PO,),:xEu samples have been studied for two
cases of the PL excitation: (a) at direct f-f excitation of Eu®*" ions
through inner electronic transition 'F, — °Lg (lex = 398 nm,
3.12 eV) and (b) at near band edge excitation by photons with Av
~ Eg (Aex = 331 nm, hv = 3.75 eV). The later one is in the limits
of the E, range 3.7-3.8 eV noted above. The PL bands related
only with °D, — “F; (J = 1-4) electronic transitions in Eu*" ions
was observed in 400-800 nm spectral range. Consequently, the
Fig. 6 and 7 represents the spectral range within 560-725 nm.
The PL spectra measured at direct f-f excitation (Ax = 398 nm)
are shown on the Fig. 6. The most intensive PL emission lines
correspond to the °D, — “F; magnetic dipole (MD) transition.
This transition causes intensive line with a maximum at
595.5 nm and wide low intensity wing located at shorter wave-
lengths (maximum position at ~591 nm; Fig. 6). There are at
least 8 lines (marked with arrows on the inset to Fig. 6) related
with forced electric dipole (ED) radiation transition *Dy — “F,.
Peak positions of these lines are 608.1, 609.9, 611.9, 615.0,
618.8, 620.4, 625.8, and 633.4 nm. Moreover, lines at 595.5 and
615.0 nm are slightly shifted in their position with the Eu**
concentration increase indicating their complex nature.

Taking into consideration that the number of the PL lines for
the °D, — ’F, transition exceeds their theoretical maximal
number (5 lines), one can conclude at least of two PL centers
formed by the Eu®" ions present in the host described. It should
be pointed one more that being discussed centers are revealed
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Fig. 6 The PL emission spectra of K;Sco(MoOy4)(PO4):xEu, Aoy =
398 nm, T = 300 K. Inset: enlarged part within 590-640 nm.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

1.0
1.00
S 3
. ©
© 075
Py -
2 E
g Zo
£ °
1 0.5+ ]
o ©
- E0.25 -
o 2
N
@©
£
=
o
=
0.0-

Fig. 7 The PL spectra of K;Sco(MoO4)(PO4)2:XEU; Aex = 331 nm; T =
300 K. Inset: enlarged part of the spectra corresponding to the 5Dy —
’F, transitions.

under direct f-f excitation Eu®" ions in the K,Sc,(MoO,)(-
PO,),:xEu compounds.

Importantly, in case of PL excitation with A.x = 331 nm which
correspond to absorbed photon energy to be near E, value, there
is noticeable change in PL spectra for ceramics studied (Fig. 7).
Thus, the group of lines attributed to °D, — ’F, transitions are
blue-shifted in comparison to their position at A, = 398 nm.
The value of the shift for the °D, — ’F; and °D, — ’F, transi-
~1, respectively. The
most intensive emission lines for A, = 331 nm are related with
ED radiation transitions D, — ’F, with maxima at 606, 612,
and 615.5 nm. The lines ascribed to MD transitions °D, — “F;
with maxima at 591 and 595.5 nm have about of 20 times lower
peak intensity in comparison to ED ones.

The increase of Eu®" content to x = 0.6, 0.8, and 1.0 mol%
leads to the red-shift of peak positions, for example in case of
lines attributed D, — ’F, (vertical lines in the inset to Fig. 7)
this shift is =0.2 nm. This observation clearly indicates on
complex nature of these lines. This conclusion is also supported
by the non-symmetrical shape of a PL band located at 600-
608 nm. Thus, in case of luminescence excitation by band to
band transitions there are two types of the PL centers in the host
studied as it has been also observed in the case of f-f inner
excitation.

tions can be evaluated as 150 and 100 cm

Tablel Integrated intensity (/ — in a.u.) and asymmetry ratio (R, and Ry)
calculated for the PL spectra of the K;Sc2(MoO4)(PO4)»:xEu ceramics

x, mol% 0.1 0.2 0.6 0.8 1.0

Jex =398 nm I(°D, — “F;) 0.007 0.021 0.058 0.093  0.112
I°Dy — "F,) 0.014 0.064 0.082 0.156  0.168
I(total) 0.050 0.095 0.359 0.464  0.507
Ry 2.00 3.05 141 1.68 1.50

Jex =331nm I°D, — “F;) 0.021 0.021 0.040 0.057  0.039
I°Dy —» "F,) 0.066 0.148 0.330 0.441  0.414
I(total) 0.194 0.289 0.612 1.000  0.85
Ru 314 7.05 825 7.74  10.62
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The values of PL intensity (calculated as area under the PL
lines) for both ED and MD transitions as well as the total the PL
intensity integrated over the range 550-720 nm are collected in
the Table 1. All of the PL intensity have been normalized on
value of total the PL intensity for K,Sc,(M00O,)(PO,),:0.8% Eu
sample excited at A, = 331 nm. The total PL intensity as well as
intensity of the ED or MD transitions increases proportionally
with Eu®" content increase. However, the increase rate is twice
higher for the 331 nm excitation in comparison to the 398 nm
excitation. One can propose at least two possible explanations
of the difference in the PL intensity change. In particular, it may
be observed due to a difference in number of the emitting
centers under different excitation. On the other hand, there may
be different pathways for absorbed energy transfer to lumines-
cent Eu** ions.

Slight decrease in the PL intensity for x = 1.0 mol% is more
likely to be related with an impurity influence on morphology
and structure of the samples.

Luminescence excitation spectra. The spectra of the PL
excitation registered at A.,, = 595 (MD transitions) and
615.5 nm (ED transitions) are shown on the Fig. 8a and b,
respectively. For both cases the PL excitation spectra consist of
a wide band (250-350 nm range) and a set of relatively narrow
lines (350-550 nm range).

The wide band with maxima near 325 nm is ascribed to the
band-to-band absorption transitions in the K,Sc,(M0O,4)(PO,),
host. The set of narrow lines is attributed to inner f-f transitions

0.1

X, %

PL intensity, a.u.

300

350

400 450
A, Nm

500 550

Fig. 8 The PL excitation spectra of K»Sc,(MoQ4)(PO,4),:xEu (concen-
trations, x, are shown on the figure); Aemy = 595 (@) and 615.5nm (b), T =
300 K.
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Fig.9 The PL decay curves of K;Sc2(MoO4)(PO4),:xEu samples; Aem =
595 (a) and 615.5 nm (b).

in the Eu®' ions. These lines are located at Apa.x = 398, 470,
535 nm and are related to 'F, — °Lg, 'Fo — °D,, and "Fo_, —
°D, transitions, respectively. The PL excitation spectra on Fig. 8a
differ from Fig. 8b by intensity ratio of band-to-band and inner
transitions. In fact, the intensity of narrow PL excitation lines
are alike for the PL registrations both at ED and MD transitions.
Particularly, the line caused by F, — °Lg inner absorption
transition (Anax = 398 nm) is the most intensive in the PL
excitation spectra monitored at emission caused by D, — “F,
MD radiation transition (Amax = 595 nm). At the same time,
peak intensity of wide band at 325 nm is about of 20 times
higher for the case of the PL registration at 615.5 nm (ED
radiation transition).

Luminescence kinetics. The Fig. 9 shows the PL decay curves
for MD and ED transitions measured for case of PL excitation at
400 and 365 nm, respectively.

The decay curves of the PL excited directly by inner f-f
transitions in the Eu®" ions (A, = 400 nm) and registered in the
range of the °Dy, — “F; electronic transitions (Aey, = 595 nm) are
linear in a semi-logarithmic scale (Fig. 9a). Consequently, the
decay of this PL is described by single exponential dependence

I)=A+ Le . (1)

This journal is © The Royal Society of Chemistry 2020
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Table 2 Parameters of fitting the PL decay curves by formula (2) for
the K>Sc2(MoO4)(PO4),:Eu samples (x, mol%; Aem, NM; 7, MS)

Jem = 595 Jem = 615.5
x T T1 Ty L I
0.1 2.5 +0.3 0.12 £+ 0.03 0.4 £0.3 5 95
0.2 2.5 0.2 0.12 £ 0.02 0.5 £ 0.2 7 93
0.6 2.3 £ 0.1 0.16 £ 0.02 0.5 £ 0.2 19 81
0.8 2.1+0.1 0.29 £ 0.02 0.7 £ 0.2 59 41
1.0 2.2 +0.1 0.24 £ 0.02 0.6 £ 0.2 43 57

The decay time (7) has tendency to decrease when the Eu®*
concentration increases (Table 2).

Decay curves of the PL excited near edge of the band-to-band
transitions (A.x = 365 nm) and registered in the range of the *D,
— ’F, electronic transitions (2em = 615.5 nm) are not linear in
semi-logarithmic scale (Fig. 9b). These decay curves have been
successfully fitted by double exponential function:

[f)= A+ Le "™ + Le "™, )

where, I(f) - the PL intensity, A - background, I; and I,
constants, t; and 7, - are the decay time constants. These
parameters have been also collected in the Table 2. It can be
seen that as the content of Eu*" ions increases to 0.8 mol%, the
decay time of both the fast (z;) and the slow component (z,)
increases. When the Eu®* concentration reaches 1 mol% both 7,
and 1, decrease.

It should be admitted strong difference in the PL kinetic for
two described cases regarding the luminescence kinetics data
obtained.

Discussion

Based on the PL properties experimental data for ceramics
studied the presence of two fundamentally different types of
luminescence centers (denoted as type I and II, respectively)
formed by Eu*" ions in the K,Sc,(M00O,)(PO,), host should be
taken for further consideration. Moreover, the detailed analysis
of PL emission and excitation spectra revealed identification at
least two PL sub-centers within each type of the centers I and II
(denoted as Ia, Ib and IIa, IIb). These sub-centers are respon-
sible for shifts of PL emission lines maxima on Fig. 6 and 7.
The crystal structure K,Sc,(MoO,)(PO,), is characterised by
four unique cationic positions within the framework. Two of
them are occupied by K atoms, while other ones - by Sc atoms.*
Thus, there are four different positions for Eu*" ions placement
in the crystal structure. Importantly, there are 12 oxygen atoms
in the nearest K surrounding, while Sc atoms are six-fold oxygen
coordinated.” All of the cationic sites possess C;, symmetry
providing highly symmetrical environment for all cations found
for the un-doped K,Sc,(M0O,)(PO,), host. The incorporation of
Eu’* ions into the host described leads to formation of two main
emitting centers namely, I and II, that corresponds to impurity
localization within K and Sc sites, respectively. In a light of
structural peculiarities, the sub-centers a and b represent the

This journal is © The Royal Society of Chemistry 2020
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possibility of Eu®" ions to occupy two crystallographically
distinct positions for both K and Sc ions.

Type I placement of Eu** ions

The photoluminescence of type Ia and Ib centers is excited
mainly by internal f-f transitions in the electron shell of the Eu**
ions, in particular, at Aex = 398 nm. The most intensive PL bands
of these centers located near 595 nm are MD transitions in Eu**
ions. This peculiarity clearly indicates quite high symmetry
nearest oxygen surrounding for the position where Eu®" ions
reside. The level of distortion of the Eu** ions surrounding in
solid hosts can be estimated using the asymmetry ratio R = I(>D,
— "F,)/I(°Dy — 'F,). It is well-known, that the D, — ’F, tran-
sition is so-called as a hypersensitive one and its intensity, in
contrast to °D, — ’F; transition, strongly depends both on local
symmetry of the site occupied by Eu** ion and on the covalence of
the Eu** ions bonding with nearest environment. Table 1 shows
that the calculated R; values being in a range of 1.41-3.05 do not
essentially change when the concentration of Eu** increases and
are close to these ones reported for Eu** ions with C; local
symmetry.*® The PL kinetics of the type I centers is described by
single exponent law with decay time constant 7 in the range of
2.1-2.5 ms for x = 0.1-1.0 mol%. This dependency in PL kinetic is
typical for Eu®" in symmetrical surroundings (e.g. C; or Cs, site
symmetry in EuBaByO;¢ compound®).

Based on the peculiarities of crystal structure change by an
impurity doping the PL centers of type I can be ascribed to Eu**
ions on K" sites. From a simple comparison of the cationic sizes
and polyhedral available within the K,Sc,(M00O,)(PO,) struc-
ture, when Eu’" replaces K* the charge compensation is
required. Consequently, quite a few different possibilities can
be anticipated. Below, using Kroger-Vink notation shows the
schematic representation of the most probable:

0 = Euy, + 2V

0 = 2Buy + Vi + Vg,

The formation of cationic vacancies followed by Eu*" aliovalent
entering K position are more likely to influence the second coor-
dination sphere of the Eu®* surrounding. Moreover, the oxygen
polyhedra after K by Eu®" replacement should be shrinked due to
a difference in Eu-O and Sc-O bond distances. From crystallo-
chemical point of view, the polyhedral distortion should be
slight due to a fact that d(K-O) = 2.94 A in K,Sc,(MoO,)(PO,),
while Eu-O distances in similar compounds are somewhat shorter
(e.g., average d(Eu-O) is 2.48 A for the EuPO, compound®).
However, taking into account that there are 8 oxygen atoms from
PO, moiety and other 4 from MoO, ones in the initial KO,, poly-
hedra being discussed, the Eu®* entrance should lead to bond
lengths redistribution. The main reason for this phenomenon is
connected with higher affinity of Eu®>" toward phosphate groups
than to molybdate ones,* as a result the overall symmetry of Euy
oxygen environment should lower from Cj, to Cj.

RSC Adv, 2020, 10, 25763-25772 | 25769
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Type II placement of Eu** ions

The photoluminescence of type IIa and IIb centers is excited
mainly in the range of the band-to-band transitions, in partic-
ular, at A.x = 331 nm. The most intensive PL bands of this type
centers are located near 615 nm and are attributed to ED tran-
sitions in Eu®* ions. The Ry values for these centers increase
from ~3 up to ~11 when concentration of Eu®" increases
(Table 1) clearly indicating on significant lowering of site
symmetry. Similar R values have been reported for the
Cas(PO,);F apatite host containing the same doping agent. The
asymmetry ratio has been found to be 1.8 for the Eu*" ions in
the site with symmetry C;, while R value equal to 10.0 has been
found for site symmetry Cq.>**

The PL decay kinetics has been considered as containing two
components. The slower one is characterized by the time
constant 7, with values of 0.4-0.7 ms that are similar to these
ones reported for binary oxide compounds and Sc,0; with 7 =
0.55 ms as well.”?**° The faster decay component is characterized
by constant 7; = 0.12-0.29 ms and is similar to those ones re-
ported for scandium-containing complex oxides. In particular,
decay time is 0.29 ms for the PL of the K, sMgo sSc(Lu)y 5(-
Mo0O,);:Eu®*  solid solutions.®® Importantly, that both
mentioned above and studied structures possess Sc** cation in
similar octahedral oxygen environment. On the contrary, K"
cation is surrounded by 6 oxygen atoms in K, sMgy 5Sc(Lu)y 5(-
Mo0,);, while there are KO;, polyhedra found in the structure
studied. Similarities in the PL decay times indicate that the Eu**
ions which are responsible for the red emission at 615.5 nm for
both K, sMgo sSc(Lu); 5(M00O,); K,Sc,(M00,)(PO,),
compounds are located more likely at scandium sites (Eusc)
than at potassium ones.

Relatively low symmetry of Eu®" oxygen environment in
comparison to expected ones can be explained by distortions
of oxide polyhedra provoked by the second coordination
sphere change (Fig. 10). This assumption was done taking to

and

398 nm

S nm

VB

Fig. 10 The scheme of the oxide polyhedra distortion for emitting
centers and schematic view of the energy level diagram and electron
transitions process.
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consideration available cationic sites within the framework
studied.

Mainly, when Eu®" ions enter Sc sites the corresponding
oxygen polyhedra should expand due to significantly longer
distances of Eu-O in comparison to these ones for d(Sc-O) =
2.04-2.09 A. On average, within the first coordination sphere
there are 4 oxygen atoms from phosphate group and 2 - from
molybdate ones to fulfil the distribution of the P/Mo atoms in
the structure studied. Taking into account the values of the
ionic radii of molybdenum (0.73 A) and phosphorus (0.52 A)*?
and high affinity of Eu*" to phosphate groups one can assume
that length of these P/Mo-O bonds should be redistributed
when Eu’" enter Sc¢®* position. It is expected, that the influence
of the second coordination sphere may lead to Eu-O-Mo
bonding elongation and Eu-O-P ones shortening consequently
lowering the local symmetry of the emitting Eu®" polyhedra
from C;, much more than it can be observed for Eu*" ion within
potassium site.

The peculiarities of the possible localization of Eu ions
within the framework studied agree well with bi-exponential
character of PL kinetics.

The random distribution of P and Mo atoms over one crys-
tallographically unique position in the host studied causes the
deviation in the second coordination sphere environment.
Thus, any Sc polyhedra may have from zero to six molybdate
groups in the nearest surrounding. Incorporation of the Eu**
ions into Sc site should change this distribution. As it has been
discussed above the Sc®* substitution by Eu®" ion leads to
elongation of the Eug.—O bonds that should be accompanied
with shortening of the P/Mo-O bonds in the nearest to Eug.
oxygen tetrahedra (Fig. 8). The lengths of the P/Mo-O bonds for
K,Sc,(M00,)(PO,), compounds are in the 1.57-1.61 A range,
that is somewhat longer than for phosphate-based langbeinites
(1.53-1.55 A for K,YZr(PO,); (ref. 33) and 1.49-1.51 A for K,-
BiZr(PO,); (ref. 34)), while pure Mo-O bonds are much longer
(d(Mo-0) = 1.74-1.79 A for K,Bi(PO,)(M00,)*). Consequently,
the reorganization of Eus.~O-Mo bonds can be seen as forced
overlapping of electronic clouds of europium, oxygen and
molybdenum ions providing a complex structural defect acting
as complex luminescence center of type II. Moreover, the time
constant t; reveals the values which are typical for Eu®*" ions
luminescence in some coordination complexes.*> This fact
indicates not only a decrease in symmetry, but also the increase
in the covalent bonding contribution for Eug. polyhedra within
K,Sc,(M00,)(PO,), host. The increase in Eu*" dopant concen-
tration should lead to general redistribution of the P/Mo ratio in
the second coordination environment providing change in the
PL characteristics of type II centers.

The assumptions concerning two types of Eu®" ions place-
ments in lattice are also supported by PL excitation and
computation results. In particular, origin of the broad band in
PL excitation spectra for the centers of both types can be spec-
ified accounting the results of our calculations. The electronic
structure calculations have revealed that only OP™ p states of
phosphate groups as well as Mo d states and Sc d states can be
involved to the absorption processes near band edge. This
peculiarity of calculated PDOSs indicates that wide PL

This journal is © The Royal Society of Chemistry 2020
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Table 3 Chromaticity coordinates for the K;Sco(MoOy4)(PO4):xEu
samples

X, mol% 0.1 0.2 0.6 0.8 1.0

Aex = 398 nm X 0.471 0.624 0.605 0.636 0.636
Y 0.529 0.376 0.395 0.364 0.364

Aex = 331 nm X 0.569 0.633 0.634 0.627 0.658
Y 0.431 0.367 0.366 0.373 0.342

excitation band at 325 nm is not connected with intramolecular
transitions neither in PO, nor in MoO,*~ anions. The light
absorption mechanisms in the studied ceramics can be similar
to ones in some Sc-containing oxides compounds, such as Sc,0;
and ScPO,. These compounds are wide gap insulators having
top of the VB formed by O p states and the bottom of CB - by Sc
d states. The formation of spatially correlated electrons and
holes has been reported for Sc,0; where Sc atoms are sur-
rounded by 6 oxygen atoms like in the structure studied.***”
Formation of electron-hole pairs under PL excitation in the
ultraviolet and vacuum ultraviolet spectral ranges (v > 7 eV) has
also been reported for ScPO,.*® Thus, it is assumed that band-to-
band light absorption in the K,Sc,(M00,)(PO,), is accompanied
with formation of the electron-hole pairs. These pairs consist of
electron on scandium site and a hole located on the oxygen
atom that belongs to phosphate group. Due to the fact that
scandium has doubtful stability of oxidation state +2, the 0>~
— Sc*" electron transfer can lead to formation of weakly-
bonded electron-hole pair that should be resulted in (1) fast
radiation-less annihilation or (2) transfer of electron-hole
energy to the nearest surrounding. The way #2 can be realized
by two manners: energy absorbed by nearest (2.1) molybdate
group or (2.2) Eu®" ion. Any traces of the molybdate groups
luminescence have not been detected in spite of the fact that it
is well known.***° Consequently, it has been assumed that way
2.1 is less probable or energy of the excited MoO,>~ anions is
released without radiation. Thus, the way 2.2 is more likely to be
realized with higher efficiency for Eug.related centers lumi-
nescence in respect to Eug ones.

The further studies of the both RE-doped and un-doped
K,Sc,(M00,)(PO,), materials like low-temperature and time-
resolved measurements should be performed in order to
establish the precise mechanisms of luminescence and
structure of luminescence centers in the ceramics studied.

The ceramics studied possess useful for solid state lighting
applications luminescence properties. In particular, the plasma
display phosphors should have luminescence decay time below
2.0 ms (ref. 41) and this requirement is satisfied by K,Sc,(-
Mo0,)(PO,),:xEu ceramics in case of PL excitation in the region
of the host absorption. Another important characteristic of
these types of phosphors is their CIE colour coordinates. These
coordinates have been calculated for both type of PL excitations
(inner f-f transitions in Eu®* ions and band-to-band transitions
in host) and have been collected in the Table 3 illustration the
good fitting to the standard requirements for the pure red
colour which are X = 0.67; Y = 0.33.

This journal is © The Royal Society of Chemistry 2020
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Conclusions

The set of K,Sc,(M0O,)(PO,),:xEu (x = 0.1-1.0 mol%) ceramics
has been prepared by high temperature solid-state reaction
technique. The optical band gap values have been estimated in
a range of 3.7-3.8 eV. Calculations of the electronic band
structure of K,Sc,(MoO,)(PO,), crystal has showed that top of
its valence band is formed mainly by p states of oxygen ions
belonging to PO, groups. The bottom of the conduction band is
formed simultaneously by d states of Sc and d states of Mo.

The ceramics reveal intense red photoluminescence (PL)
under excitation in the range of the band-to-band absorption
and via inner f-f electronic transitions in the Eu®" ions.

Experimental data have shown that the admixture Eu®" ions
are more likely to be distributed over potassium and scandium
sites within K,Sc,(M00,)(PO,), framework.

Two main types of luminescence centers correspond to
noted two types of Eu*"ions placement. The first one reveals
intense °D, — ’F, transition and has been ascribed to Eu®** ions
located at K sites. The second one is characterized by higher
intensity of the °D, — ’F, transition and has been attributed to
Eu’* ions located at Sc sites.

Their nature of two additive Eu*" luminescence centers has
been discussed in a light of the Eu®" ions second coordination
sphere changes.

Luminescent and chromaticity characteristics indicates that
K,Sc,(M00,)(PO,),:xEu ceramics are perspective red phos-
phors. The possibility to influence the polyhedral symmetry of
emitting centers by the bond length redistribution in a second
coordination sphere can be successfully applied for tunable
luminescent materials design.
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