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1 Introduction

Elpasolites as the name suggests, K;NaAlF; is the
mineral found and named after its discovery from El
Paso County, Colorado, United States in 1883 [1].

ABSTRACT

Natural K;NaAlF, compound is known to exist in elpasolite structure form,
since years. In recent times, such fluoro-elpasolites activated by small amounts
of Mn** have emerged as most propitious red-phosphor for solid-state lighting
purposes. Fluoro-elpasolites such as K,;LiAlFs and K;NaAlFg are easy to prepare
via simple precipitation method. In present work, fresh photoluminescence
studies on rare earth-doped trivalent ions are reported in these hosts.
Gadolinium added phosphors showed interesting PL properties with different
concentrations. Also, really long lifetimes of luminescence decay curves were
recorded for these phosphors. Other dopants such as terbium, dysprosium and
europium in their trivalent form also showed their characteristic PL spectra.
Previously, PL studies on Eu*" and Ce®*" doped on these compounds have been
already done and reported elsewhere. Phase-structural, morphological and
elemental analysis has been also carried out on these compounds using various
XRD, SEM and EDS techniques. Particles are found to be of bigger size then
1 pm i.e. in micro-range using DLS measurement. In the end, CIE coordinates
and CCT(K) were calculated for phosphors, with PL emissions lying within the
visible range of radiation spectrum.

Addition of LiF to elpasolite structure, led to forma-
tion of K,LiAlF, phase [2, 3]. Initial structural studies
related to these phases go back to 1971 when Grjo-
theim et al. [4] found an intermediate phase-K,LiAlF,
(melts incongruently at 780 °C) while investigating a
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binary alkali cryolites LizAlFs-K3AlFs system. Later,
another compound K,;NaAlF, was uncovered in the
system K;AlFs-NazAlFs which melts congruently at
954 °C [5]. Earlier, Bukhalova and Mal’tsev [6-8] and
Edoyan et al. [9] have also worked on corresponding
systems prior to 1970’s but Sorrell and Groetsch in
1986 [10] probed deeper into and mentioned a com-
positional range for K,NaAlF, from 60/40 to 25/75%
in ratios of NazAlFs/K3;AlF. One of the preliminary
studies related to luminescence on these hexafluoro-
aluminates comprises of trivalent chromium acti-
vated K,;NaAlF, [11] and K,LiAlFs [12], while a
technological breakthrough was achieved when KL/
NAF found its chief application in new white light-
emitting diodes.

Fluoro-elpasolites with formula A,BMF, (where,
‘A & B’ represent alkali metals, ‘M’ as transition
metals) are considered as double perovskites [13, 14]
which are believed to follow a general relation,
known as Goldschmidt’s tolerance factor ‘t’, descri-
bed as:

_ V2ra k)
7 +tm + 2rF

where, r4, 15, pr and rrp are the ionic radii of the
corresponding ions in the general formula. A cubic
phase is stable for fluorides in the region of
0.85 < t < 1. For larger ¢ values (f > 1), the elpasolite
phase exhibits hexagonal or rhombohedral symmetry
with complete rearrangement of the structure [15].

Compared to their other counterparts like chlo-
rides, bromides, iodides etc., fluorides are much less
hygroscopic and acquire high optical standards.
Despite of possessing high quality aspects, fluorides
are not convenient to study due to complicated syn-
theses techniques. Ages old syntheses procedures
involve huge and bulky apparatus, high tempera-
tures, flowing of HF-gas through furnaces etc.
[4, 5, 10] which involve high risk of accidents.
Therefore, we established a simple one-step route
through wet-chemical synthesis for phase-pure
preparation of fluorides.

We investigated and reported some photolumi-
nescence observations on Eu** & Ce®' -activated
KL/NAF in 2014 [16] and 2015 [17] and found
enormous potential of these compounds as excep-
tionally efficient phosphors which encouraged us to
work further and investigate these systems.

In recent years, many reports featuring red lumi-
nescence due to Mn*" in KL/NAF have appeared.

@ Springer

J] Mater Sci: Mater Electron (2023) 34:1087

These compositions have been explored in great
details [18-28]. White light-emitting diodes (w-LEDs)
dominate the field of solid-state lighting due to their
high efficiency and longer lifetimes over normal
incandescent and fluorescent lamps. But conven-
tional w-LEDs consisting of a yellow phosphor Y;.
Als015:Ce® (YAG:Ce®") coated on a blue-emitting
InGaN chip suffer from a drawback of red-colour
component deficiency. Therefore, to increase the CRI
value of the tri-colours lamp, use of new red-emitting
phosphors became important. However, initial
research was more focussed on Mn*"-doped binary-
alkaline fluoride phosphors (A, XFsMn** (as A = K,
Na, Cs and X = Si, Ge or Ti)), as red emitting com-
ponents [18]. Later, ternary-alkaline fluoroaluminates
such as KLAF & KNAF demonstrated better photo-
Iuminescence (PL) efficacy on LEDs (with emissions
in the 600-650 nm range). Transition metal Mn*"
activated phosphors absorb in blue region and show
intense emission in red due to unique 3d> electronic
configuration of Mn*™.

Although use of HF in synthesis procedures is
hazardous, doping of Manganese in its tetra-valent
state is rather a difficult task. Synthesis of Mn**-ac-
tivated fluoride phosphors is a two step process and
requires synthesis of K,MnF, prior to formation of
the actual compound. While we observed that syn-
thesis through direct use of HF as precipitating agent
is rather a much simpler process.

Also, it can be suggested from the previous
research works that K,LiAlF, always precipitates in
hexagonal form during precipitation method [20],
whereas its cubic phase forms in hydrothermal pro-
cess [19].

2 Experimental

Fluoro-elpasolites KLAF & KNAF have been pre-
pared by simple wet-chemical synthesis method as
described in our previous publications [16, 17].
Aqueous solutions of KCl, LiCl and AlCl;.6H,O have
been prepared separately (in stoichiometric ratios) by
dissolving in D.L.water. All the solutions were mixed
together and transferred to a PTFE beaker. A pre-
cipitate forms on drop wise addition of HF (48%) at
more than 85 °C. This precipitate was considered for
further characterizations after filtration process.
Repeated synthesis procedure reveals, high yield in
precipitation at boiling temperatures. pH value was
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found to be around 3.4 for K,LiAlF¢ whereas it varies
between 0.40 and 3 for different dopants in Ky
NaAlF,. Various rare earth ions such as gadolinium/
europium/terbium/dysprosium were added as acti-
vators. Initially, oxides of these RE>* activators were
taken. Aq. chloride solutions were prepared by dis-
solving these oxides in minimal amount of
[HCI + D.I.water] and then, mixing them to the rest
of the alkali-chloride solution prior to addition of HF.
pH value of the entire solution highly depends upon
the amount of CI ions present in the solution.

Chemical reaction could be expressed in the fol-
lowing way (for compound formation only):

2KCl + LiCl 4+ AlICl3.6H,O + 2HF
— K,LiAlFs(s) + 2HCl(aq.) + 6H,O(aq.)

Here, K;LiAlF, precipitates in solid form and could
be separated using simple filtration techniques. The
collected powder on the filter paper can be either
dried by blowing air, or by keeping in the oven
nearly at 60 °C overnight. Considering ‘K™ as the
host subsitutional site for the respective RE** impu-
rity ion in KLAF, the formula for x mol% conc. of
RE®*" ion can be written as Ky _ »RE>™,, LiAlFg, 4.
Typically, for adding 5 mol% Gd>* ions to the KLAF
crystal structure we used, KCl = 1.1734 gm, LiCl =
0.3512 gm, AlCl3.2H,O =2 gm and
Gd,05 = 0.075 gm.

In K,NaAlF,, RE®* ions could replace K™ as well as
Na™ sites but calculations were done similar to K.
LiAlF, to avoid any kind of disparity.

3 Characterizations

“X-ray diffraction patterns were recorded on a
Rigaku MiniFlex II diffractometer. The scanning
electron microscopy (SEM) images were taken using
ZEISS EVO MA 10 VPSEM. Energy dispersive spec-
troscopy (EDS) measurements were carried out on
EDS Model OXFORD INCA ENERGY 250 system.
Dynamic light scattering (DLS) measurement was
done on Zetasizer Nano Series (Nano-S) Particle Size
Analyzer.

PL spectra were studied using a Hitachi F-7000
spectrofluorimeter in the range of 200-700 nm, with
1-1 nm spectral slit widths. PMT voltage was set at
700 V during scanning of excitation and emission
spectra with a rate of 240 nm/min. Lifetime mea-
surements were also carried out on the same
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instrument by keeping scanning time range up to
20 ms with chopping speed of 40 Hz. CIE chro-
maticity coordinates were obtained by using GoCIE
software. All the measurements were carried out at
room temperature.”

4 Results and discussion

4.1 Phase confirmation and morphological
analysis

Figure 1A, B show the XRD comparison of our
doped- samples with the standard ones. In order to
confirm the formation of the pure phase desired
compounds in our sample, XRD was taken for all the
RE*"-doped samples. XRDs were taken for 1 mol %
dopant concentration. XRDs of un-doped samples
were also considered for better comparison. Since, all
the XRD patterns are taken for 1% doping concen-
tration, 1% impurity does not make any appreciable
changes in the lattice parameters and hence, XRD'’s of
all the samples with different dopants came out to be
identical to that of their representative un-doped
sample.

It can be clearly seen from the Fig. 1A, B that pure
phase compounds K,LiAlF, and K,;NaAlFs have been
successfully formed in our samples. A HT phase form
is always formed during precipitation of K;LiAlFg
whereas K,;NaAlF, forms in cubic form through
present synthesis method (same as seen in our pre-
vious studies as well) [16, 17]. XRD patterns of all the
samples match well with ICDD 86-2056 for K,LiAlFg
and with ICDD 76-0547, in case of K;NaAlF,. Some
extra lines of very low-intensities in K;LiAlFq -phase
observed are due to the un-reacted constituents
(chlorides) remained un-washed during filtration in
our samples. Detailed structural studies on both the
luminescent-hosts have also been summarized and
discussed in our past publications.

To confirm the formation of phase-pure com-
pounds during precipitation synthesis Rietveld
refinement was performed. Figure 1C represents
refinement for (a) K;LiAlFg and (b) K,NaAlFgs—hosts.
The XRD data were refined using the FullProf suite
software in which the least square refinement
weighting model was used and the fitted data were
refined to space group R-3 m. The final results con-
verge to the residual factors of Rp: 8.12% & Rwp:
9.37% indicating a good quality of refinement. The
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Fig. 1 A Comparison
between XRD patterns of
K,LiAlF4 with different
dopants, (a) KLAF-
(Standard),

(b) KLAF:Dy(1 mol%),

(c) KLAF:Gd(1 mol%),

(d) KLAF:Tb(1 mol%),

(e) KLAF:Eu(1 mol%) and
(f) KLAF —(Pure);

B Comparison between XRD
patterns of K,NaAlF4 with
different dopants, (a) KNAF-
(Standard),

(b) KNAF:Dy(1 mol%),

(c) KNAF:Gd(1 mol%),

(d) KNAF:Tb(1 mol%),

(e) KNAF:Eu(1 mol%) and
(f) KNAF —(Pure); C Rietveld
refinement performed on un-
doped (a) K,LiAlFs &

(b) K,NaAlF¢ host samples
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goodness of fit was x> = 2.44. Results of Rietveld
refinement are shown in Fig. 1C(a), confirming a
hexagonal phase for K,LiAlF;. Refined Cell parame-
ters came out to be, a = 5.6290 A, b = 5.6290 A,
¢ =27.6829 A, coinciding well with the ICDD (86-
2056) data. Similarly, The XRD data were refined for
K;NaAlFg and the fitted data were refined to space
group Fm-3 m. The final results converge to the
residual factors of Rp: 4.32% and Rwp: 5.27% indi-
cating good quality of refinement. The goodness of fit
was y* = 1.17. Results of Rietveld refinement are
shown in Fig. 1C(b). A Cubic phase was confirmed
for K;NaAlF, and the Refined Cell parameters are
a=b=c=38.1225 A, coinciding well with the ICDD
(76-0547) data.

Further to confirm the formation of desired com-
pounds in our Gd-doped samples, separate XRPD are
conducted on various Gd>*- concentrations, as well.
It is evident from the both Fig. 2A, B that XRD lines
obtained for various Gd>"—K,LiAlF, & Gd**—Ko,.
NaAlF, samples also match very well with their
respective ICDD data though there are small varia-
tions in relative intensities.

Figures 3, 4 show the SEM images of K;LiAlF, &
K;NaAlF; compounds, respectively. SEM images
taken for 20, 10, 2 and 1 pm scale; show bigger par-
ticles of micrometer range. Most of the particles are of
irregular shapes and are nearly around 2 pm in size.
Particles in KLAF appear agglomerated but when
focussed at 2 pm level (Fig. 3b), few particles with
smaller dimension than 1 pm also appear.

KNAF SEM images illustrate interesting flowery-
type flakes, growing out of octahedral-shaped parti-
cles. Most of these octahedral-shaped particles lie
within the 24 pm range. EDS analysis was also done
for the same (Fig. 5).

Figure 5 gives the results of EDS study done on
K:NaAlFs, as EDS was not performed on these
compounds earlier. Table 1: gives the comparison
between the experimentally observed values to the
calculated ones, as a result of EDS analysis. The
observed atomic % values for K, Na, Al and F were
found to be nearly equal to the values attained
through calculations. Hence, EDS results show that
K,;NaAlFs has been formed in with elements in
anticipated ratios. EDS was performed on an un-
doped sample.

EDS cannot be executed for KLAF crystals. Due to
the presence of ‘Li’ in the host, proper study of ele-
mental composition is not possible.
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DLS study was carried out in order to find the
exact range of particle size in as-prepared samples.
Figure 6 exhibits the particle size distribution for
KLAF crystals. It can be seen that the maximum
number of particles are of the size from 1 to 4 um.
This was confirmed by the SEM images also.

Details of the DLS measurement and analysis are
discussed below:

The Z-Average Size i.e. the peak at which size of
maximum number of particles, formed through pre-
cipitation method lies at 2467 d.nm. The polydisper-
sity index (PDI) was 0.248 for our sample solution.
International standards organizations (ISOs) has
standardized the PDI values below 0.7 that are con-
sidered to be good for DLS measurements. There was
only one peak recorded with highest value at
2467 d.nm and that too is with 100% composition.

There is a possibility of smaller particles than 1 pm,
may be present in the samples (as depicted in SEM
images) but they are expected to be very few in
percentage.

Unlike other characterizations, for DLS measure-
ments sample was prepared by dispersing 0.1/
0.2 gms of sample in 10 ml of solvent (preferably D.IL
water for fluorides). Sonication for at least 90 min. is
necessary, before the measurements. All other mea-
surements were done on as it is powdered samples.

Hence, XRDs confirms the formation of desired
phases, SEM and DLS measurements helps in esti-
mating the exact particle sizes,whereas EDS was
done to validate the formation of expected elpasolite-
formula A,BMF; in our samples.

4.2 Photoluminescence (PL) and decay
kinetics

Photoluminescence studies were done for Gd>,
Tb>*, Dy>* and Eu’" rare earth dopant ions in both
KLAF and KNAF compounds. Among these results
of Gd>" appear most promising. Five samples of
Gd>* (concentrations 0.5, 1, 2, 3 and 5 mol %) were
prepared and investigated. Figure 7a shows PL
emission spectra for different Gd** conc. in KLAF.
Figure 7b displays conc. Vs PL intensity graph. PL
intensity due to Gd*>" as impurity in KLAF tends to
increase monotonously with increase in dopant con-
centrations from 0.5 to 5%. The graph Fig. 7b sug-
gests that it keeps on increasing up to the 5% conc.
but can saturate afterwards, due to quenching effects.
Figure 8a shows the excitation spectra for respective

@ Springer
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Fig. 2 A XRD comparison of various concentrations of gadolinium in K,LiAlFg with phase-pure host; B XRD comparison of various

concentrations of gadolinium in K,NaAlF¢ with phase-pure host

PL emissions for various Gd>* conc. in KLAF. To
show the proper shape and structure, more detailed
excitation spectra is drawn in Fig. 8b displaying its
responsible transitions on it. Excitation spectrum for
5% Gd>" conc. was not taken because of similar
nature of PL excitation for every sample.

All the Gd>" PL emission spectra were taken for
272 nm excitation wavelength, whereas excitations
were observed for 310 nm emission wavelength. This
is the characteristic emission spectra for Gd>* ions in
any host. The emission as well as excitation spectrum
consists of very sharp and narrow peaks. Even slight
variation from these expected wavelengths during
measurements can lead to abrupt decrease in PL
intensities. Excitation results from the f-f transitions
from ground state energy level S, to various higher
energy state multiplets °I; and °Dj. Strongest peak at
272 nm corresponds to °S;,, — °I; whereas weaker
ones belong to 8g, /2 > 6D]. Similarly, emission
spectrum comprises of two emission peaks, one at
305 nm corresponds to ps /2 > 8g, s> and the other
major one at 310 nm is due to °p, /2 = 8s, /2 transition

@ Springer

[29-31]. A close look at the excitation spectra reveals
detailed structure with more noticeable transition
lines. These may be assigned as 243,245, 252, 272, 275
and 278 nm corresponding to transitions from 8g, /2
°Ds/2, °D7/2, *Dosa, Clissa, “Lizsa), “hiyz and (Clo)s,
®Li7,») (Fig. 8b) [32].

Figure 9a shows the time (in ms) Vs normalised
Intensity, decay curves for KLAF:Gd®** (0.5, 1, 2, 3,
5 mol %). The decay curves for all the Gd*" conc.
have been plotted on the same graph to understand
the effect of variation in dopant conc. on the lifetime
(7). The direction of the arrow indicates that lifetime
decreases with increasing Gd>* conc. This is due to
increased energy transfer among Gd*" ions at higher
concentrations [33].

Further, the fitting of the data points portrays that
the above decay kinetics can be expressed in the
following first-order exponential equation:-

I=1Ipe™'" (1)
where, I and I, represent the luminescence intensities

at time t & 0, respectively. Lifetime (1) is deduced as
mean lifetime when the value of I/I, reduces to its
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Fig. 3 SEM images of K;LiAlF, (pure) at different resolutions a 20 um, b 2 pm, ¢ 10 pm and d again, at 2 um

70% of its actual value (i.e. when I/I; comes to 1/e ~
0.3(approx) times its initial value).

Figure 9b depicts the picture more clearly. The
Ln(I/Ip) versus Time (ms) graph results in the linear
fitting of data points and helps in distinguishing the
decay kinetics more distinctly. It clearly displays the
lifetime due to Gd>" (0.5%) is, T = 7.7 ms, whereas it
decreases precisely to T = 4.6 ms for higher conc. of
Gd*>" (5%) due to increase in Gd*>*Gd®" energy
transfer.

Figure 9c shows a graph between mean lifetime
deduced with the help of Eq. (1) Vs Gd*>" conc. Data
points fit more perfectly with the logarithmic scale
which in turn demonstrates the same exponentially
decreasing behaviour as it was observed for the life-
time decay curves. ‘tg’ i.e. intrinsic radiative lifetime
was found to be equal to 6.455 ms, from the graph.
Further, value of tr is useful in calculating quantum

efficiency ()% and non-radiative rates(A,r) with the
help of following equations [34, 35]:-

h=" (2)

A= (3)
where, 1) represents the mean lifetime at a particular
dopant conc. Table 2 displays the calculated values of
@% and A,g for various Gd>* conc.

It can be clearly seen from the Table 2 that the
internal quantum efficiency (&%) decreases continu-
ously with increasing Gd>* conc. whereas an increase
in the values of non-radiative rates (A,gr) is observed
for the same.

Figure 10 shows the PL emission and excitation
spectra for KLAF:Tb>*(1 mol%). Emission was taken
at 285 nm excitation wavelength and excitation was
scanned for 543 nm emission wavelength. The

@ Springer
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Fig. 4 SEM images of K,NaAlFg (pure) at different resolutions
h 1 um

excitation spectrum consists of f-f transitions from the
ground state “F, to the different excited states of Tb>*
and produces excitation peaks at 317 nm (°Dy),
340 nm (°G,), 351 nm (°D,), 357 nm (°Gs), 368 nm
(Gg) and 377 nm (°Ds) [36]. The overall emission
spectrum originates from the f-f transitions between
levels of 4f® Tb>" electronic configuration and con-
sists of the blue region °D,"Fg (490 nm) and the green
region °D,’F5 (543 nm), as well as the red-region
°D,’Fs (587, 590 nm), °D,’F; (622 nm). Few small
emission peaks are also visible before 480 nm and are
due to 5D3—7F] (J =2, 3, 4, 5) transitions, whereas the
intense ones correspond to 5D4—7F] (J=3,4,5,6) [31].
The 543 nm peak has the strongest emission intensity
[37]. The excitation bands between the 230-300 nm
range are due to f-d i.e. 4f° 4f 5d' transitions and
those falling in the 300400 nm range, owe to the 4f4f
[38].
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a20 um, b 10 pm, ¢ 2 pm, d 10 pm, e 2 um, f 1 um, g 2 um and

Figure 11 displays emission and excitation PL
spectra of KLAF:Dy’*(1 mol%). Emission was scan-
ned from 470 to 620 nm and two emission peaks (one
at 481 and other at 573 nm) were recorded for 350 nm
excitation. The intensity of excitation spectra appears
lesser than its respective emission intensities could be
because it was recorded for the less intense 573 nm
peak. Though the intensities were very weak for this
phosphor, we are successful in recording some of the
important peaks of Dy>" characteristic spectra. Usu-
ally, the Dy’* excitation spectrum consists of peaks at
326, 352, 366, 389, 426, 452 and 468 nm. Among these
peaks at 326, 351, 363 and 387 nm are observed in our
sample for 573 nm emission. 351 nm is considered to
be the most prominent peak of the spectrum and
mostly used as excitation due to its applications in
solid-state lighting [39]. These peaks arise due to
excitation from the ground state °H,5 s> to excited
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Fig. 5 Energy dispersive X-ray (EDAX) analysis of K,NaAlFs—pure compound
Table 1 Observations of EDS analysis done on K;NaAlFg (a) 3000 | o Experimental =
compound g | Do e
- 2 200 |
Atomic % K Na Al F 3000 - Z oo |
—— Z (b)
£ 1000 - P
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ig 15 | 2467 d.nm
= Fig. 7 Shows a PL emission spectra observed for excitation
10 - wavelength at 1., = 272 nm for different concentrations of Gd**
5 - ion in K,LiAlFs. Corresponding transitions responsible are also
o shown on their respective emission peaks, b concentration
0 1000 2000 3000 2000 5000 quenching graph drawn between the PL intensity verses Gd %

Particle Size (d.nm)

Fig. 6 Dynamic light scattering (DLS) Analysis done on pure—
K,LiALFg estimates particles of micro-level size

states 6P3 /2, °p, /2 6P5 /2, P /2, respectively. Emission
spectrum observed contains two intense peaks, one in
blue region at 481 nm due to F, /2 °H,5 /2 transition
and another in yellow at 573 nm resulting from *Fy,
°Hi;, s» transition [40]. In our case, the 481 nm

concentration

emission appears more intense than the other one.
This can happen when the Dy”* ion occupies the site
of higher symmetry within the crystal lattice [41].
Figure 12 exhibits PL emission and excitation
spectra for KLAF:Eu’*(1 mol%). Emission was
recorded for 390 nm excitation, whereas excitation
was scanned for 590 nm emission wavelength.
Emission spectra by trivalent europium ion consists
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Fig. 8 Shows a PL excitation spectrum taken for emission
wavelength at Ao, = 310 nm for K,LiAlFs:Gd*". Corresponding
transitions responsible are also shown on their respective
excitation peaks, b shows more detailed nature of the excitation
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of many sharp lines. The prominent peaks around
600 nm are assigned to °D; F; transitions, where
J]=0,1,2,3,4,5, 6 when excitation of 395 to 398 nm is
given to the sample. The two intense peaks observed
in emission spectrum of our sample are at 592 and
614 nm and are attributable to the °Dy —» 'F; &
Dy — “F, transitions in Eu®" ions. The excitation
peaks at 393 and 464 nm having comparatively
greater intensity correspond to “Fy — °Le and
7F0 — °D, transitions [42]. The peaks with their
respective transitions are labelled on the Fig. 12, for
better clarity.

Similar types of results were observed for the
compound K,NaAlIFs when doped with RE** ions as
activators. Figure 13a shows Gd*'-emission spectra
for all five concentrations in KNAF host lattice. Same
as observed for KLAF, the PL intensity keeps on
increasing monotonously up to 5 mol % dopant

(b)
-0.5
1
-1.5
2
-2.5
-3
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5 . . ; ; .
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Fig. 9 Displays a lifetime decay curves recorded for various
concentrations of Gd>* doped K,LiAlFs samples fitted with
logarithmic scale, taken at 272 nm excitation for 310 nm emission,
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b Ln(I/,) with respect to Time(ms) plot reveals linear fitting of
datapoints, ¢ exponential decrease in the lifetime value with
respect to dopant concentration
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Table 2 Calculated quantum

efficiency (@) % and non- Gd** conc. (mol %) Mean lifetime (ms) O (%) Aur in (s7') (Non-radiative rates)
e oy s : TR
' P 2 5.5 85 26.9
3 5 77 45.1
5 4.6 71 62.5
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Fig. 10 Plots PL emission and excitation intensity versus
wavelength  graph for K,LiAIF4:Tb>"(1 mol%) phosphor.
Responsible transitions are marked on all the visible peaks.
a Emission taken at 285 nm excitation wavelength and
b excitation scanned for 543 nm emission
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Fig. 11 Shows PL emission and excitation spectra for
K,LiAIF¢:Dy* (1 mol%) with responsible transitions marked on
the selective intense peaks. a Excitation scanned for 575 nm
emission wavelength and b emission taken at 350 nm excitation
wavelength

concentration (Fig. 13b). It is expected to saturate
beyond this point due to dopant ion’s concentration
quenching. Emission was taken for 272 nm excitation
and Fig. 13c excitation was analysed for 310 nm

— Exciatation taken at A,,;,= 590nm
600
S 500
S
>
.E 400 (b)
[} (a)
‘e 300
&
s =
5
o 100
o
0
220 320 420 520 620 720
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Fig. 12 Shows PL emission and excitation

K,LiAIFg:Eu*t(1 mol%) with responsible transitions marked on

spectra  for

the selective intense peaks. a Emission taken at 390 nm excitation
wavelength and b excitation scanned for 590 nm emission
wavelength

emission for Gd>" ions in KNAF. Figure 14a shows
the variation of normalized intensity with respect to
time, for five Gd®' concentrations in KNAF
[KNAF:Gd** (0.5, 1, 2, 3 and 5%)]. A continuous
decrease in the lifetime of the PL emission with
increase in Gd>" conc. was observed in KNAF host
also. The direction of arrow is marked on the figure to
demonstrate such behaviour. For better perception of
this phenomena, a plot between In(I/1,) with respect
to time (in ms) (Fig. 4b) has been employed, which
clearly illustrates the difference between the lifetime
observed for Gd** (0.5 mol %) compared to (5 mol
%) conc. It is perspicuously visible from the Fig. 14b
that on adding impurity Gd** to KNAF from 0.5 to
5% concentration, Lifetime (z) tends to decrease from
the value of 12.3 ms to 4.1 ms remarkably. It was
evident from the above lifetime variation graphs that
similar types of results have been noticed for the
KLAF compound as well. Values of mean lifetime for
every concentration have been depicted from the
Eq. (1). The first-order nature of the exponential
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Fig. 13 Shows a PL emission
spectra scanned for excitation
wavelength at 1. = 272 nm
for different concentrations of
Gd>* ion in K,NaAlF, 900
b concentration quenching

1000 -

graph drawn between the PL 800

intensity verses Gd>* %
concentration, ¢ PL excitation
spectrum taken for emission

700

600

wavelength at A,,, = 310 nm

for K,NaAlFs:Gd>+ 500

400

300

Relative Intensity (a.u.)

300

= N N

(%4 o (%4

o o o
1 1 !

Relative Intensity (a.u.)
(=Y
o
o

50

equation depicts the existence of single luminescence
center in the coordination complex. Figure 14c helps
in understanding the behaviour of mean lifetime
variations with increase in dopant concentration.
Logarithmic plot fits the data points best and sug-
gests the same exponential decrease as was observed
for the decay curves with respect to Gd>* conc. The
value of ‘7z” was found to be equal to 8.876 for fitting
equation. Further as done for KLAF:Gd>", ‘1z’ is used
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to calculate quantum efficiency () % and non-ra-
diative rates (A,r) from Egs. (2), (3). Table 3 lists the
obtained quantities of quantum efficiency ()% and
non-radiative rates (A,r) with increase in Gd*>* con-
centration along with its mean lifetime values.

A steep decrease in the calculated value of @ % is
observed while on contrary, a continuous increase in
non-radiative transition rates was found for the same.
This could be explained as due to more number of
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Fig. 14 Displays a lifetime decay curves recorded for various
concentrations of Gd** doped K,NaAlFg samples fitted with
logarithmic scale, taken at 272 nm excitation for 310 nm emission,

Table 3 Calculated quantum

b Ln(I/I,) with respect to Time (ms) plot reveals linear fitting of
datapoints, ¢ exponential decrease in the lifetime value with
respect to dopant concentration

efficiency (@) % and non- Gd** conc. (mol%) Mean lifetime(ms) % Ay in (s7") (Non-radiative rates)
igiiztli:é (riates (AlnR) values for 1 g 90 123
i 2 5.5 62 69.1
3 5 56 87.3
5 4.1 46 131.2

non-radiative decays with increase in number of
dopant ions. At higher dopant concentrations, pho-
non energy transfer prevails due to proximity of
dopant ions in host lattices which in turn produces
surge in inefficient energy transfers [43]. Quantum
efficiency measured here can be referred to as inter-
nal (QE) because it did not include transmittance and
reflection losses during calculations [44].

Figure 15a—c give the characteristic spectra for
KNAF samples containing Tb>*, Dy’* and Eu’* as

RE*" activators for 1 mol % concentration, respec-
tively. Almost similar type of excitation and emission
bands were observed for RE>*-activated KNAF as
were recorded for KLAF. The positions of all major as
well as minor peaks are same and the electronic
transitions responsible for emergence of these spec-
trums have been already discussed in details for
KLAF. Although, the intensity of trivalent dyspro-
sium-doped KLAF was very low and posed chal-
lenges during measurements, KNAF:Dy>" was found
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Fig. 15 Shows a PL spectra of KzNaAlF(,:Tb3 + (1 mol%),
emission taken at 355 nm excitation wavelength and excitation
scanned for 543 nm emission wavelength. b PL spectra of
K,NaAlFs:Dy>* (1 mol%), emission taken at 350 and 457 nm

to be relatively better phosphor. This time we were
successful in recording some other bands of the
spectrum, marked individually (which were not seen
for KLAF:Dy’") on the Fig. 15b. Apart from the
strong peaks of around 481 and 575 nm in emission
region, a small low intensity peak at 647 nm (due to
4F9/2 °Hy, /2 transition) is also visible in a sample
when excited by a 457 nm wavelength [41]. Sharp
lines are not clearly visible in the excitation, instead a
broad band appearing from 300 to 400 nm consisting
of few low intensity peaks at 326, 354 and 363 nm are
visible. These lines have been already recorded and
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excitation wavelength and excitation scanned for 573 nm emission
wavelength. ¢ PL spectra of K,NaAlFgEu* (1 mol%), emission
taken at 390 nm excitation wavelength and excitation scanned for
593 nm emission wavelength

explained in depth for KLAF:Dy’*. The excitation
spectra taken beyond 400 nm is very noisy but still
two excitation peaks at 457 and 474 nm are distin-
guishable. Excitation peak at 457 nm arises due to
6H15 /2 4115 s2, whereas 474 nm corresponds to 6H15 /2
4

Fo 5 [40].

4.3 Atomic substitution and coordination

Though atomic structures with proper coordination
have been already discussed in our previous publi-
cations, value of radius percentage discrepancy (D;)
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has been calculated for every possible substitution
specifically this time. In both K,Li/NaAlF, there are
3-3 cationic sites that can be replaced by rare earth
ions as an activators:- for e.g. in KLAF the first one is
‘AI’*” due to charge compensation, second one is
‘Li*” & the third one is ‘K™ due to comparable ionic
size. AI>" ions size is too small to be replaced by
Gd**, Tb’*, Eu®" or Dy*" ions.

In K,LiAlF, Gd>*/Tb>*/Eu®t/Dy>" may substi-
tute K™ site due to comparable ionic sizes. Again, Li*
is also too small to be got replaced.

In K,NaAlF, Gd>*/Tb*" /Eu’*/Dy*" may substi-
tute K*/Na™ site due to comparable ionic sizes. Let
us find out the exact possibility for substitution by
calculating radius percentage discrepancy (D,) value
for every ion.

The radius percentage discrepancy (D,) is used to
determine the substitution between the doped RE**
ions and the probable site of substituted ions in their
respective hosts, which can be calculated through the
following formula [45]:

Ry(CN) — Ry(CN)
R(CN)

D, = x 100% 4)
where CN denotes the abbreviation of coordination
number, R; represents the radius of the substituted
ions, Ry is the radius of doped RE** ions, and D, is
the different radius percentage values. For perfect
substitution, D, value should be less than 30%.

Coordination number(CN) in KL/NAF, for K% is
12, Lit/Na* is 6 and for AI** is also 6.

In K,LiAlFs,, K" is most likely to get
replaced/substituted due to its comparable ionic size,
as illustrated by the table below (Table 4):-

For all other substitutions, D, values are coming
out to be unacceptable due to comparatively smaller
ionic radii sizes of Li* and AI’*. Even though AI’* is
expected to be perfect for ionic replacement due to
similar valency, but it’s too small ionic radius pro-
duces undesirable D, values. Hence, possibility of K*
substitution looks more convincing.

Table 4 Calculation for ‘D,’
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Similarly, D, can be calculated for K,NaAlF; for all
four RE®" jons. Due to small size of AI*" ion, it is
ruled out at the first step itself. Also almost similar
results as such observed for KLAF:RE’' were
obtained for K* substitution in K,NaAlF,. Therefore,
the table below gives the calculated values for ‘D,
when RE*" ions are supposed to substitute Na +
ions (Table 5).

Therefore for KNAF host, from the above table and
calculated ‘D, values’ Tb®" and Eu®" could replace
K™ ions since the values are coming out to be lesser
than 30%, whereas Gd>* and Dy’" can fit easily into
the substitutional Na™* sites.

4.4 CIE chromaticity coordinates

CIE coordinates (x,y) have been plotted on Com-
mission International De I'Eclairage CIE 1931 colour
chromaticity coordinate plane. In order to estimate
the applicability of our phosphors on at industrial
level, CIE colour coordinates need to be framed out
on a colour representing graphical diagram, popu-
larly termed as CIE colour chromaticity coordinate
graph. The white region present in the middle of the
chromaticity diagram is the epicenter enclosed by
Planckian locus. The closure the coordinates of the
phosphor lies to this epicenter or within the range of
the Planckian locus, are considered as the best white
light-emitting phosphors for the application in solid-
state lighting. PL emission spectra is required to
locate the exact (x,y) colour coordinates on the
colourful diagram. For a 100% white light emitter, the
both coordinates should have x =y = 0.3333 CIE
values.

As the colour coordinates can be observed only for
the phosphors which emits in visible range (i.e.
starting from 380 or 440 nm), coordinates (x,y) have
been plotted for all the other phosphors except the
one with Gd>*—doping. All coordinates were cal-
culated for 1mol% concentration of RE’'. Fig-
ure 16a—c display colour-coordinates for Tb>*, Dy*",
Eu’* -doped KLAF phosphors respectively. Colour

value of RE*" ions replacing

If Re’" ions to substitute K™ ions in K,LiAIFg (CN = 12)

Calculated D, values

‘K™ ions in KLAF Gd*+ K+

Tb3+ K+
Dy3+ K+
Eu3+ K+

32% =~ 30%
14.49% < 30%
34% =~ 30%
23.19% < 30%
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Table 5 Calculation for ‘D,’

] Mater Sci: Mater Electron (2023) 34:1087

value of RE** ions replacing

If Re** ions to substitute Na* ions in K,NaAlF (CN =6)

Calculated D, values

‘Na™ ions in KNAF Gd* Nat

Tb>* Na*
Dy3+ Na+
Eu’t Na*

8.04% < < 30%
Unacceptable value
10.78% < 30%
Unacceptable value

MacAdam ellipses

0. Q
00 0.1 i 03 04 05 06 07 038
X

Fig. 16 CIE chromaticity coordinates(x,y) high-lighted by the
star, circle and square marks on the chromaticity diagram for
a KLAF:Tb*" (1 mol%) phosphor under 285 nm excitation
wavelength, b KLAF:Dy*" (1 mol%) phosphor under 350 nm
excitation wavelength, ¢ KLAF:Eu®>" (1 mol%) phosphor under
390 nm excitation wavelength

coordinates for KLAF:Tb>" (Fig. 16a) lie well in the
green region proving its green emission nature in
accordance with the literature studies [34]. Whereas
the colour coordinates for KLAF:Dy’* lie between the
yellow-green region(Fig. 16b). Eu>* is well known for
its red-characteristic emission. Figure 16c demon-
strates KLAF:Eu®" colour coordinates in extreme red-
region on the graph. Respective colour coordinates
are also displayed on the graphs.

Likewise, CIE colour points for KNAF:Tb>"
(Fig. 17a) lies in yellow, KNAF:Dy>" (Fig. 17b) in
yellowish-green and KNAF:Eu’" (Fig. 17¢) in red-
region of the chromaticity diagram, respectively.
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Fig. 17 CIE chromaticity coordinates(x,y) high-lighted by the
star, circle and square marks on the chromaticity diagram for
a KNAF:Tb*" (1 mol%) phosphor under 355 nm excitation
wavelength, b KNAF:Dy*™ (1 mol%) phosphor under 457 nm
excitation wavelength, ¢ KNAF:Eu*" (1 mol%) phosphor under
390 nm excitation wavelength

Further, these colour coordinates (x,y) can be used
to calculate other CIE chromaticity coordination
parameters such as (u’,v') coordinates and Correlated
Colour Temperature(CCT) [46].

CCT = —449n° + 36251n>—6823.3n 4 5520.33 (5)

where, n=(x — x)/(y — yo). (Xe,ye) Trepresents the
coordinates of the point at the epicenter with value
equal to (0.332, 0.186). CCT values are calculated in
kelvin (K). Table 6 gives CCT (K) values along with
(x,y) & (u',v') coordinates for KLAF:Tb>*, Dy**, Eu®*
(1 mol %) phosphors. Similarly, Table 7 assembles the
CCT and (x,y) & (u’, V') values for KNAF:Tb>*, Dy*",
Eu’* (1 mol %) phosphors. CCT(K) values greater
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Table 6 CIE Chromaticity
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parameters for RE>" doped- RE*" ion (x,y) W',v) CCT(K) Application in w-LEDs
K,LiAIF, phosph
24146 PIOSPROTS Tb>+ 0.2581,0.5407 0.1151,0.5424 7106 > 5000 K, cool
Dy** 0.3252,0.4623 0.1647,0.5269 5688 > 5000 K, cool
Eu* 0.5815,0.4176 0.3397,0.5488 1759 < 5000 K, warm
Table 7 CIE Chromaticity
parameters for RE>" doped- RE*" ion (x,y) W',v) CCT(K) Application in w-LEDs
K,NaAlIF, phosph
2NaAlte phiosphors Tb>* 0.4156,0.5031 0.2026,0.5518 3951 <5000 K, warm
Dy** 0.3897,0.4616 0.2009,0.5354 4235 <5000 K, warm
Eu’* 0.5824.0.4168 0.3408,0.5487 1754 < 5000 K, warm

than 5000 K are considered good for cool white light
LEDs, whereas lesser values are applicable to warm
LED- lighting [47].u’ & v’ coordinates can be calcu-
lated from the following formulas:

4x
/ J—
YTy ot 3 ()
Yy
l J—
YT 1y —2xt3 @
CIE colour coordinates for KLAF:RE3* and

KNAF:RE’* along with its CCT(K) and values of u’ &
v’ coordinates are calculated from the above formu-
las. Although, softwares also calculates and displays
these values but it's worth to mark here that these
values are found to be somewhat similar to the values
that we have obtained by putting known CIE (x,y)
coordinates in the above formulas separately to check
the reliability of the software and our calculations.
(u',v') coordinates are useful in locating points on CIE
1976 colour chromaticity coordinate diagram.

5 Conclusion

Formation of two elpasolites K,LiAlFs and K;NaAlFg
in pure phase was confirmed by powder-XRay
Diffraction Analysis. Synthesis was successfully per-
formed via simple Wet-chemical method. It is
remarkable to observe PL emission in as-prepared
powders of trivalent rare earths-activated fluoro-el-
pasolite hosts. Gd**, Tb’*, Dy*" and Eu’*, all
showed their characteristic emissions in as-prepared

samples without any heat treatment. Encouraging
results were observed with gadolinium activated
phosphors. Sharp PL emission at 310 nm with
272 nm excitation, makes it very functional for SSL
applications. Luminescence decay data curves give
very long lifetime in milliseconds (ms) for these flu-
oride elpasolite-type structures. The minimum life-
time (7) recorded was equal to 4.6 ms that is for 5 mol
% Gd*" concentration in K;LiAlF, whereas 4.1 ms
was observed for K,NaAlFs:Gd (5 mol %). Other
quantities, quantum efficiency ()% and non-radia-
tive rates(A,r) have been calculated. The calculations
and the experimental values indicate that with
increase in dopant concentration, luminescence life-
time decreases considerably in these compounds.
Decrease in lifetime takes place due to increasingly
inefficient radiative energy transfers. PL was
observed for other rare earth ions (Tb>*, Eu**, Dy*")
also. Since emission due to Gd>* lies within the UV-
range, CIE colour coordinates were obtained for other
three impurity ions and manifested on MacAdam
ellipses. CCT(K) were computed for all the samples
using Mc-Camy’s equation. Further with the help of
radius percentage discrepancy (D,) equation, most
probable substitution site for the rare earth ions have
been investigated. It has been shown that impurity
ions can easily go to K ion site in K;LiAlFs but only
Tb>* and Eu®* (among the four ions) could substitute
for K* in K,NaAlF, host due to smaller radii size of
Na™ ion. Transitions involved during the PL emission
process in these elpasolites due to four-RE®" ions
have been summed up in Table 8, below:
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Table 8 Summary of PL emission due to RE*" ions in elpasolite phosphors (KLAF & KNAF)

RE*" ) (nm) (excitation

Jem (nm) (emission

Transitions involved Combined emission in spectral range

ions wavelength given) wavelength recorded) (for emission) (according to CIE coordinates)
G#T 2712 305 (weak) Psp, — 8Sop Ultra-violet(UV)
310 (strong) Py > 35S
b3+ 285 490 (strong) D, 'Fy Visible (greenish-yellow)
543 (very strong) °D,Fs
587, 590 (weak) >D,F,
622 (very weak) >D,F;
Dy** 350 481 (very strong) *Fopn *Hysp2 Visible (yellowish)
573 (strong) *For “Hi3
647 (very weak) *Fon *Hirp
Eu®t 390 592 (very strong) Dy — 'F, Visible (orange-reddish)
614 (strong) Dy - F,
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