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1. Introduction

Luminescence and luminescence quenching of
K>Bi(PO,4)(M00,4):Sm>* phosphors for horticultural
and general lighting applicationst
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Akvilé Zabiliate-Karalitine, Prancigkus Vitta,® David Enseling,® Thomas Justel

and Arturas Katelnikovas () *@

e

The purpose of this study is to investigate the optical properties of Sm>" doped K,Bi(PO,)(MoO.,)
phosphors as possible candidates for application in light emitting diodes (LEDs) for horticultural and
general lighting applications. Sm>* doped phosphors with 0.5%, 1%, 2.5%, 5%, 10%, 25%, 50%, 75% and
100% Sm>* have been prepared by solid state reaction method. The synthesized materials were
investigated by X-ray diffraction (XRD) and scanning electron microscopy (SEM). The room temperature
(RT) reflection, excitation, and emission spectra, photoluminescence (PL) decay curves, as well as
temperature dependent emission and excitation spectra and PL decay curves were measured and
discussed. Moreover, quantum efficiencies, and lumen equivalents (LE) were determined and discussed.
The prepared K,Bi(PO4)(MoO,):Sm>* phosphor samples show moderate quantum efficiency, high colour
purity, and a high quenching temperature. These properties are required for phosphors if they are under
consideration for application in LEDs and other areas. It was also shown, that the PL emission of the
phosphor well matches the absorption of the main plant pigments thus making it a good candidate for
horticultural lighting applications. Using this phosphor and a near-UV LED a phosphor-converted LED
(pcLED) prototype, meeting the photophysiological needs of plants, was designed. Supplementing the
prototype with a green or lime LED the colour rendering index and luminous efficacy of radiation of the
prototype is greatly increased thus making it more efficient and pleasant for people present at the
greenhouse.

the YAG:Ce (Y3Al;0,,:Ce®") phosphor emitting in yellow spectral
range and such device yields bluish white light due to lack of

The discovery of efficient blue light emitting (In,Ga)N diode by
S. Nakamura in 1991" started the era of solid state lighting (SSL).
The blue light emitting (In,Ga)N chip usually is combined with

“ Institute of Chemistry, Faculty of Chemistry and Geosciences, Vilnius University,
Naugarduko 24, LT-03225 Vilnius, Lithuania.
E-mail: arturas. katelnikovas@chf.vu.lt

? Department of Optical Materials, Institute of Physics of the Czech Academy of
Sciences, Cukrovarnickd 10/112, 162 00 Praha 6, Czech Republic

¢ Univ. Artois, CNRS, Centrale Lille, Univ. Lille, UMR 8181 — UCCS - Unité de Cata-
lyse et Chimie du Solide, F-62300 Lens, France

 Faculty of Physics, Institute of Photonics and Nanotechnology, Vilnius University,
Saulétekio al 3, LT-10257 Vilnius, Lithuania

¢ Department of Chemical Engineering, Miinster University of Applied Sciences,
Stegerwaldstr. 39, D-48565 Steinfurt, Germany

i Electronic supplementary information (ESI) available: XRD patterns; Rietveld

refinement data; IR spectra; PL decay curves; Sm** concentration dependent unit

cell parameters; CIE 1931 and CIE 1976 colour coordinates; PL lifetime values; IH

decay curve fit parameters; drawing of designed pcLED prototype. See DOI:

10.1039/d0ma00369g

This journal is © The Royal Society of Chemistry 2020

intensity in the red spectral region. It is considered that for
household applications the white LEDs should emit warm-white
light (colour temperature between 2700 and 3000 K) which
resembles the incandescent light sources.> To increase the frac-
tion of red light, usually Eu®" activated nitride phosphors such as
(Ba,Sr,Ca),SisNg:Eu®* or more commonly (Sr,Ca)AlISiN;:Eu®* are
added.®* However, synthesis of these nitride phosphors requires
advanced techniques (protective atmosphere, high synthesis tem-
perature, reducing atmosphere, etc.). Besides, Eu** ions in these
nitride matrices emit broad spectra, which extends to the deep red
spectral region where the human eye is very insensitive. Thus, a
large part of emission energy is wasted and the luminous efficacy
of such light sources decreases. According to Zukauskas et al.* the
ideal red-emitting phosphor should possess a peak emission around
655 nm with FWHM < 30 nm in order to obtain light sources with
3500 K colour temperature and high colour rendering index.

With constant development of (In,Ga)N semiconductor chips
the near-UV emitting LEDs become more and more efficient.’
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This has opened an alternative way to produce white light, i.e.
combination of near-UV emitting LED with a blend of blue,
green and red emitting phosphors. There are many more
phosphors that can be excited by the near-UV radiation if
compared to the blue light. Therefore, this approach is some-
what advantageous. Besides, the efficient blue-emitting (BaM-
gAl;,0,7:Eu”")® and green-emitting ((Ba,Sr),SiO4Eu®" and
(Ba,Sr,Ca)Si,0,N,:Eu*")”® phosphors already exist and are well
developed. Therefore, the remaining issue is finding the effi-
cient, thermally stable and low cost red emitting phosphor.
Eu®" and Mn*" doped phosphors fulfill these requirements and
are receiving lots of attention.”'® However, Sm*" doped inor-
ganic phosphors are an interesting alternative to Eu®>* and Mn**
ions since they exhibit a strong emission at around 650 nm and
can be excited with near-UV radiation. On the other hand, Sm**
ions usually possess low absorption strength due to spin
and parity forbidden character of their intraconfigurational
[Xelaf® — [Xe]4f® transitions.'™'* Some host matrixes such as
molybdates, tungstates, vanadates are known to increase the
absorption strength of rare earth ions due to overlapping of
their low lying charge transfer (CT) band"® with 4f levels of Sm**
ions. Furthermore, the rare earth doped phosphors based on
these host matrices gain lots of attention for application in
lasers,'* up-converters,'” security pigments,*® etc.

One of the feasible applications of Sm*" doped ions are
phosphor-converted LEDs (pcLEDs) for greenhouse lighting.
The growing human population and limited natural resources
require a different attitude towards the crop growth such as,
e.g., vertical farming. By applying hydroponics, aeroponics and
being designed within skyscrapers, vertical farms can save land,
water, and energy.'” However, due to the vertical structure and
the closed environment such farms require artificial lighting.
Up to date, the most widely used luminaires for greenhouse
lighting are high pressure sodium (HPS) lamps.'® However,
LEDs are promising light sources and were shown to be super-
ior in terms of luminous efficiency, electricity usage, and life
span if compared to HPS and compact fluorescent (CF)
lamps."® The pcLEDs, containing far-red Cr** doped gallium
garnet, as well as Bi*" doped near-UV and Mn** doped far-red
CazAlZn04y, La(MgTi),05:Mn**, Ba;GdNa(PO,)F:Eu** and
Ba;CaK(PO,);:Eu**,Mn*" phosphors, have already been
proposed for horticultural applications.>®*>* The reason Sm**
doped phosphor are so attractive for the greenhouse lighting is
the fact that they exhibit PL in spectral regions matching the
absorption of plant pigments such as chlorophylls a and b as
well as phytochrome red (P;), and far-red (Pg) residing in
the deep-blue (400-460 nm), red (600-680 nm), and far-red
(700-740 nm) spectral regions.”> Another important feature of
Sm>" doped phosphors is the aforementioned band in the deep-
red region (around 650 nm), which increases the colour rendi-
tion properties. For this reason, the pcLED containing
K,Bi(PO,4)(M00,):Sm*" phosphor could be used for both: horti-
cultural and general lighting. This is of particular importance
in situations when the farm staff or botanical garden visitors
are present at the greenhouse, as this kind of pcLED supplemen-
ted with a green spectral component could yield significantly
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higher colour rendering index (R,) and LE values than common
greenhouse lighting.

In this work, we investigated phosphors according to the
composition K,Bi(PO,)(M0Q,):Sm>" as potential candidates for
near-UV LEDs. The synthesized phosphors possessed excellent
colour saturation, high LE values, and moderate quantum
yields. These materials also possessed high thermal quenching
temperatures which is a huge benefit for practical application
in pcLED for horticultural and general lighting.

2. Experimental

Herewith described K,Bi(PO,)(M0O,):Sm*" (where Sm**
concentration is 0.5%, 1%, 2.5%, 5%, 10%, 25%, 50%, 75%
and 100%) phosphors were synthesized by high temperature
solid-state reaction technique. The starting materials K,CO3
(99+% Acros Organics), Bi,O3; (99.9% Acros Organics), Sm,03
(99.99% Tailorlux), MoO; (99+% Acros Organics), and
NH,H,PO, (99% Reachem Slovakia) were weighed in stoichio-
metric proportions and thoroughly blended in an agate mortar
with some acetone. The blend of starting materials was trans-
ferred to a porcelain crucible capped with the lid and then
annealed at 600 °C for 10 h in air three times. The resulting
powder was reground after each annealing. Before the synthesis
Sm,0; was annealed at 900 °C for 2 h in air, whereas K,CO;
was dried at 170 °C for 5 h in air to remove absorbed moisture
and CO,.

The phase purity of the synthesized phosphors powders was
checked by XRD. The XRD patterns were recorded from 5° < 26
< 80° using Ni-filtered Cu K, radiation on a Rigaku MiniFlexII
diffractometer working in Bragg-Brentano focusing geometry.

L and

The scanning speed and step width and was 5° min~
0.02°, respectively.

For the Rietveld refinement, XRD measurements were per-
formed using the Ultima IV - Rigaku diffractometer working in
Bragg-Brentano focusing geometry. The XRD patterns were
collected by scanning at intervals of 0.01° in the 20 range
from 5° to 100° (integration time 5 s) using Cu K, radiation
(1.5406 A). The Rietveld refinement technique was used to
analyse the XRD data assuming that K,Bi(PO,)(Mo0O,):Sm>"
has an orthorhombic structure with Ibca (#73) space group.
Indeed, the structures of K,Bi(PO,)(M00,)*® and K,Sm(PO,)-
(Mo0,)*” have already been solved and both present an iso-
structural form with same Ibca space group. The FullProf Suite
program was>® applied to refine the structural model and the
peak profiles were calculated using the Thompson-Cox Hast-
ings pseudo-Voigt function.?®

Bruker ALPHA ATR spectrometer (with 4 cm™~ resolution)
was used to record the infrared spectra of the prepared materi-
als within the 3000-400 cm™* range.

FE-SEM Hitachi SU-70 scanning electron microscope was

1

used to take SEM images of prepared phosphor powders.

RT reflection spectra, as well as RT and temperature depen-
dent (77-500 K) excitation and emission spectra, and PL decay
curves were recorded on an Edinburgh Instruments FLS980

This journal is © The Royal Society of Chemistry 2020
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spectrometer. The detailed description of the employed experi-
mental setup is given in our previous publication.*

The external quantum efficiencies (EQE) were determined by
an integrating sphere method. The entire experiment can be
summarized by the following equation:*°

Tem,s: — |1 N,
EQE _ f em, sample ‘[ em, Teflon % 100% = em % 100% (1)
jlref,Teﬂon - f]ref, sample Nabs

where [Ieon Tefion and [Iem Tefion are integrated emission intensi-
ties of the phosphor sample and Teflon, respectively. J‘[refﬂsample
and [Iref Teon are the integrated reflectance of the phosphor
sample and Teflon, respectively. Nen, is the number of emitted
photons and N,y is the number of absorbed photons. The EQE
for each sample was measured three times to collect some
statistical data.

The pcLED prototype was made of a commercial green
(LUMILEDS, 530 nm), lime (LUMILEDS, 540 nm peak wave-
length), and near-UV (Kingbright KTDS-3534UV405B, 405 nm
peak wavelength) LEDs as well as a remote silicone-phosphor
converter. The near-UV LED was soldered to a custom-made
PCB board with an attached white polyvinyl chloride foam
(Simopor, SIMONA) cone shaped collimator. Six remote light
converters were made by mixing different concentrations
(20 and 30 wt%) of the K,Bi(PO,)(M00,):5%Sm>" phosphor
powder with transparent silicone (Dowsil™). The mixture was
shaped within disk shaped poly(methyl methacrylate) moulds
of different thickness (1, 2, and 3 mm). Afterwards, different
phosphor converters were used to cover the collimator in order
to attain the desired pcLED spectral power distribution (SPD).
For the final prototype the 3 mm converter with 30 wt%
phosphor concentration was used, so as to obtain SPDs with
a CCT value close to 3000 K. The additional lime and green
LEDs were mounted on a separate PCB board and were used to
increase the colour quality of the resulting SPD.

All measurements were performed at room temperature and
ambient pressure in air unless specified otherwise.

3. Results and discussion

The K,Bi(PO,)(M0oO,) host matrix adopts an orthorhombic
crystal structure with the Ibca (#73) space group.”® The struc-
ture is constructed by PO, and MoO, tetrahedra, and K" and
Bi** polyhedrons. Both, Bi** and K, ions are eightfold-
coordinated. The phase purity of all the synthesized samples
was investigated by recording powder XRD patterns. The XRD
pattern of K,Sm(PO,)(Mo0Q,) is shown in Fig. 1. The pattern of
the synthesized sample is in good agreement with the reference
pattern of K,Bi(PO,)(MoO,) (PDF4+ (ICDD) 04-013-6373). Due to
the similar ionic radius and the same charge it is expected that
Sm** ions occupy Bi’" sites. As expected, the position of reflexes
slightly shifted towards higher 20 values if Bi** ions were replaced
by smaller Sm** ions (see Fig. S1, ESIt). All of the synthesized
K,Bi(PO4)(M0O,4):Sm*" phosphors were single phase compounds
regardless the Sm®" concentration (see Fig. S2, ESIT). XRD pat-
terns show that a solid solution forms at any Bi**/Sm*" ratio which

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 XRD patterns of K,Sm(PO4)(MoO,4) and K;Bi(PO4)(MoQO,) reference.

is in line with Vegard’s law.*" This law predicts that a complete
solid solution can be obtained if the difference of cations size is
less than 15%. In the present case, this condition in respected
because the ionic radii of cations are 1.17 A and 1.079 A for yy;Bi**
and v Sm**, respectively.**

The morphological features of K,Bi(PO,)(M0O,):Sm>* pow-
ders were investigated by taking SEM images. The SEM images
under different magnification of K,Bi(PO,)(M00,):50%Sm>"
sample are given in Fig. 2. The powder particles consist of
smaller crystallites possessing a rod-like shape. Another interest-
ing feature is that there are very little or even no dust particles on
top of the larger particles. This indicated the high quality of the
prepared powders, because no washing of the obtained samples
was performed. Moreover, no difference in particle morphology or
size was observed with varying the Sm** content.

Rietveld refinement was performed in order to evaluate to
which extent the Sm*®" substitution for Bi*" influences the
lattice parameters. Rietveld refinement of K,Sm(PO,)(MoO,)
powder XRD pattern is shown in Fig. S3 (ESIt). It is obvious,
that measured and calculated patterns match very well. The
calculated lattice parameters a, b, ¢, and V as a function of Sm**
concentration are given in Fig. 3. The increasing samarium
concentration results in a linear (R* > 0.994) decrease of lattice
parameters a, b, and V. However, the lattice parameter ¢
increase with increasing Sm®" concentration. These results
demonstrate that the K,Bi(PO,)(M0O,) unit cell lengthens
along c-axis when Bi*" is substituted by Sm** ions. This is also
supported by the shift of the respective reflexes in the XRD
patterns of K,Bi(PO,)(M00,):Sm>" phosphors, which are shown
in Fig. S1 (ESIt). Furthermore, the calculated unit cell para-
meters of K,Bi(PO,)(MoO,) doped with Sm*®" are tabulated in
Table S1 (ESIt). Even though some changes in lattice para-
meters were observed, the overall decrease/increase of lattice
parameters is small: Aa, Ab, Ac, and AV being 1.12%, 0.30%,
0.18%, and 1.24%, respectively. The bismuth ions are in a (a, b)
plane of the structure. Replacing it with a smaller samarium
ion implies that the a and b parameters decrease, as observed.

Mater. Adv., 2020, 1,1427-1438 | 1429
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Fig. 2 SEM images of K,Bi(PO4)(M00,4):50%Sm>" powder at different magnifications.
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Fig. 3 Unit cell parameters of K,Bi(PO4)(MoO,4):Sm** as obtained from
the Rietveld refinement.

The IR spectra of an undoped K,Bi(PO,)(M0O,) sample and
samples doped with 25%, 50%, 75% and 100% Sm>" are shown
in Fig. S4 (ESIt). All IR spectra consist of several absorption
bands in the range of 400-1100 cm ™. The three sharp absorp-
tion bands at 650-450 cm™ " are attributed to the PO, bending
vibrations. The strong absorption band at 900-700 cm™ ' are
due to Mo-O stretching vibrations in MoO, tetrahedrons,
whereas strong absorption bands at 935 and 1045 cm™ " can
be ascribed to symmetric and asymmetric vibrations of PO,
tetrahedrons, respectively.®® It is also interesting note that there
are some significant changes in IR spectra when Bi** ions
are replaced by Sm** ions. For instance, the absorption band
at 1045 cm ™" shifts to 1075 cm ™ if Bi*" ions are fully replaced
by Sm*" ions. Similar shift to higher energies was observed
for bands at 520, 555, and 585 cm ' (in Bi-compound)
which moved to 530, 570, and 615 cm ', respectively (in
Sm-compound). Moreover, the absorption band at 935 cm™"
shifts to 960 cm ™~ if Bi** are fully replaced by Sm**. When 25%
Sm** are introduced into the host lattice an additional weak

1430 | Mater. Adv., 2020, 1,1427-1438

absorption band at 960 cm ™" appears (see Fig. S4b, ESIT). With
further increase of Sm*®" concentration, the intensity of absorp-
tion band at 960 cm ' increased, whereas the intensity of
absorption band at 935 cm ™" decreased and finally vanished
in Sm compound. The parallel case was observed for the
absorption bands at 780 and 725 cm ™" (in Bi-compound). The
intensity of the former one gradually increased with increasing
Sm>". Contrary, the intensity of the latter one decreased with
increasing Sm** concentration and completely disappeared in
fully Sm>" substituted compound. This leads to a conclusion
that the energy of PO, and MoO, vibrations increases if heavier
Bi** ions are replaced by the lighter Sm®* ions. Similar beha-
viour of IR spectra were also observed in other isostructural
compounds.®>°

The excitation spectra of K,Bi(PO,4)(M0O,) doped with 0.5%,
5% and 50% Sm** were measured by monitoring emission at
598 nm and are given in Fig. 4(a). All spectra contain a broad
band in the range of 250-300 nm. This band can be attributed
to the CT transition from oxygen to samarium. There are typical
sets of excitation lines of Sm®* transitions in the range of
300-570 nm, corresponding to the transition within the [XeJ4f®
configuration from ground level °Hs, to the higher energy levels
of Sm** ion: 363 nm (*Dy, + *P3)5), 378 nm (*Dy 5 + *Ly7ps + °Pyp),
390-405 nm (*Lyzjp + Frpp + Py + *Kizpp + Maipy + Lisp),
480 nm (o + Mysp + "ap + “Lap).®® The schematic
representation of observed Sm** optical transitions in reflection,
excitation, and emission spectra are given in Fig. 4(f) for better
visualization.

The body colour of undoped K,Bi(PO,)(M0O,) was yellowish
and this is in line with the reflection spectrum shown in
Fig. 4(c). The yellowish body colour originates from the slight
absorption in the range of 360-480 nm by the undoped sample.
The absorption in the UV range is caused by an 0>~ — Mo®"
charge transfer related to the host matrix. The body colour of
K,Sm(PO,)(M00,), in turn, was even more yellowish, due to
rather strong absorption of Sm*" ions in the blue and near-UV
spectral region. All these absorption lines originate from °Hs/,
ground state level to the excited levels of Sm*" ions. Moreover,
these absorption lines match well with the ones observed in
excitation spectra, which clearly shows that K,Bi(PO,)(M0O,):Sm**
phosphors can be efficiently excited in the blue and near-UV
spectral region, where the strongest emission of the most
efficient LED chips is observed. The reflectance at longer
(600-800 nm) wavelengths for both undoped and fully Sm**

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Excitation (em = 598 nm) and (b) emission (lex = 404 nm) spectra of K,Bi(PO4)(MoQ,):Sm>*, inset shows emission integral intensity as a
function of Sm** concentration, (c) reflection spectra of K,Bi(PO4)(MoO,4) and K>Sm(PO4)(MoO,). Sections of the CIE 1931 colour space diagrams with
colour points of (d) K2Bi(PO4)(MoO,4):Sm** as a function of Sm** concentration and as a function of temperature of (e) 5% Sm>* doped sample. (f)

schematic energy level diagram of transitions in Sm>* ions.

substituted compounds is close to unity, which shows a high
brilliance of the samples. In order to calculate the optical band
gap of synthesized compounds, a Tauc plot was derived from
the reflection spectra by employing the Kubelka-Munk
function.?® It turned out that the optical band gap is similar
regardless of the Sm*" concentration and was 327 nm (3.79 eV)
and 313 nm (3.97 eV) for the undoped and completely Sm**
substituted compound, respectively.

There are five main groups of emission peaks of Sm*" in
emission spectra (Lo, = 404 nm) of K,Bi(PO,)(M0O,):Sm**
(Fig. 4(b)). All these lines originate from transitions from *Gs,
level to: °Hs,, (ca. 565 nm), °Hy), (ca. 600 nm), ®Hoy, (ca. 650 nm),

Photon energy (eV)

®H,1, (ca. 710 nm), and °Hy;,, (ca. 784 nm) states of the Sm>* ion,
respectively. The emission lines for these transitions are very
broad and resemble bands rather than sharp lines. This is due
to electron-phonon interaction, that causes line broadening,
therefore, the lines are not well resolved at room temperature.
This is not, however, the case in emission spectra recorded at 77 K
temperature as shown in Fig. 5(b). This fine splitting of the single
transition to several components is caused by the crystal field
generated by O°~ ligands acting on the Sm*" central ion. Since
Sm®" ions possess half-integer spin, each **'L; multiplet is split
up into J + 1/2 Stark sublevels.***> Additionally, the inset in
Fig. 4(b) demonstrates that the emission intensity achieved its
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maximum value for the sample doped with 5% Sm**. When the
Sm*" concentration is higher than 5%, the emission intensity
decreases. It is well-known that a cross-relaxation processes
between two adjacent Sm** ions are responsible for the
quenching.®® Several transitions of one Sm®* ion can resonate
with transitions of another Sm>" ion in close proximity leading
to the non-radiative decay to the ground state of both ions.
These transitions can be written as:

4 6 6 6
Gspp + "Hsjp = “Frapp + 7Fspn
4 6 6 6
Gsip t "Hs;p = "Fopp + Fopp

4 6 6 6
Gspp + "Hspp = "Fypp + "Frapp

The energy difference (AE) between the involved transitions are
given in Table 1.7 It is evident, that AE of the respective
transitions are very similar and, therefore, the cross-relaxation
processes are highly possible.

The PL decay curves for *Gs;, — °H,, transition (598 nm) of
K,Bi(PO,)(M00,4):Sm>" specimens with different Sm** concen-
trations are depicted in Fig. 6(a). In order to calculate the
effective PL lifetime values, the following equation has been
used:*®

00

o — oS0 @)

[o 1(n)de
where I(t) is PL intensity at a given time ¢ after the cut-off of the
excitation light. The calculated t.g values as a function of Sm**
concentration are given in Table S3 (ESIt). These values
decrease from 1.62 ms for 0.5% Sm®* doped sample to 0.43
ms for 25% Sm** doped sample. The reason for the effective PL
lifetime value decrease is the resonant interaction of the Sm®>*
ions.*® The PL decay curves for samples doped with 50%, 75%
and 100% Sm>" ions were not measured since their PL decay
was too fast for the available experimental setup.

In order to understand the interaction between Sm*" ions,
the Inokuti-Hirayama (IH) model of PL decay kinetics was
applied to decay curves measured on a series of K,Bi(PO,)(-
Mo0,):Sm>" powder phosphors. The PL decay curves were fitted
with a function defined by the IH model:*°

3
t t\ s
- q( ) + bekg (3)
Trad Trad

where 7,4 is radiative decay time of luminescence center at zero
rate of energy transfer (ET), q is a factor that defines the rate of
ET, and s = 6, 8, 10 for dipole-dipole (dd), dipole-quadrupole

I(t) =Ipexp| —

Table 1 Energies of transitions involved in cross-relaxation process
between Sm** ions. D and A stand for donor and acceptor, respectively

Sm** (D) Sm** (A)

Transition AE (em™) Transition AE (em™)
Gy — Fripn 7450 ®Hs/, — °Fsp 7050
Gy = °Fopp 8850 ®Hs;, — ®Fop 9090
1Gsjp = °Fyy 10020 ®Hs, — °Fiip 10480
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(dq), and quadrupole-quadrupole (qq) interaction, respectively.
To identify the dominant type of interaction, each curve was
fitted with s = 6, 8, and 10. One of the analysed curves (for 5%
Sm>" doped sample) together with fitted curves of the IH model
is depicted in Fig. 6(b). The enlarged part of 5% Sm** doped PL
decay curves with fitted IH lines are given in the upper inset of
Fig. 6(b), whereas the respective residuals are depicted in the
lower inset of the same figure. The parameters extracted from
all the fits are summarized in Table S4 (ESIT). As can be seen in
Fig. 6(b) the IH function fits the data well, which supports the
presence of resonant interaction between Sm>* ions, i.e. cross-
relaxation. But, the differences between the fits corresponding
to dd, dq or qq interaction between luminescent centers, are
very small and all of them provide a good agreement with the
experimental data. Analogous results were obtained for most of
the samples, which made the selection of the dominating type
of interaction of Sm*®" ions in the examined material difficult.
The fits obtained for different values of parameter s were rated
by a visual check of the agreement with the experimental decay
curve, visual check of the residuals and by calculation of an

error of the fit as Err =

L 2
270“1‘" ye;p"”) . Concerning these

n Yexpn

criteria, fits obtained for s = 8 repeatedly showed slightly better
results. However, the differences between fits are too small and
none of the types of interaction can be objectively distinguished
as the dominant one. All types of interaction between Sm** ions
are reported also in literature - dd,** dq,** and qq** - and
in some cases migration of the excitation energy among Sm*"
ions was reported too. To examine the presence of migration
in our system the generalized Yokota-Tanimoto model** was
employed. This model extends the IH function*® for the tem-
poral evolution of decay kinetics by terms describing the
migration of excitation energy. Hence, if migration among
Sm®" ions was present in our system, a better agreement to
experimental data than that obtained by the IH model would be
found. No such results were observed. Therefore, it is supposed
that migration does not occur in the examined range of Sm**
concentration in K,Bi(PO4)(M0O,4):Sm>".

The Sm®" concentration dependent colour points of
K,Bi(PO,4)(M00,):Sm>" samples were calculated from the room
temperature emission spectra and are given in Fig. 4(d). All
colour points are located directly on the edge of CIE 1931 colour
space diagram which demonstrates an excellent colour purity.
The colour points slightly shift downwards along the edge of
the CIE 1931 colour space diagram upon increasing the Sm**
concentration. This shift of colour points can be attributed to
the self-absorption of the *Gs;, — °Hs), luminescent band. The
increase of Sm®' concentration leads to stronger self-
absorption, thus the relative intensity of *Gs;, — ®Hs,, emission
decrease resulting in stronger relative intensity in orange and
red spectral regions. The exact calculated colour coordinates in
both CIE 1931 and CIE 1976 format are given in Table S2 (ESIT)
together with lumen equivalent values LE (Im W ). The
calculated LE values are relatively insensitive to the change of
the Sm®" concentration and are around 270 Im Wy, . This
value surpasses or is at least very close to that of other orange to

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) PL decay curves (lex = 404 NnM, Aem = 598 nm) of K>Bi(PO4)(MoO.4):Sm>* as a function of Sm** concentration, inset shows average t values as a
function of Sm>* concentration. (b) Inokuti—Hirayama fit of K>Bi(PO4)(MoO4):5%Sm** sample PL decay curves. The upper inset shows enlarged part of
the beginning of PL decay curve and the lower inset shows the respective residuals for fits with s = 6, 8, or 10.

red emitting commercial or in scientific literature reported phos-
phors, such as Sr,SisNg:Eu®" (Zem = 620 nm, LE = 240 Im Wy, ),
CaAlSiN;:Eu®’ (fem = 650 nm, LE = 150 Im W, '), CaS:Eu®’
(Aem = 650 nm, LE = 85 Im Wy '),"> K,Bi(PO,)
(M0O,):Eu®’, (Aem = 615 nm, LE = 200 Im W, '),” Liz;Ba,Las
(M00,)g:SmM*" (Zem = 645 nm, LE = 212 Im Wop, 1), LizBa,-
Laz(MoO,)g:Eu’®’, (em = 615 nm, LE = 312 Im Wy, 1),*
Y,M0,0:5:75%Eu’" (Zem = 613 nm, LE = 242 Im W 1), or
Eu,M0,40;5 (4em = 618 nm, LE = 208 Im W, 1)."?

Another important feature of the phosphors for practical
application is colour coordinate stability at high temperatures.
The colour coordinates in the CIE 1931 and CIE 1976 colour
space diagrams of 5% Sm®" doped sample as a function of
temperature are tabulated in Table S5 (ESIf). The graphical
representation of the change in CIE 1931 coordinates of
K,Bi(P0O,)(M00,):5%Sm>" sample as a function temperature is
shown in Fig. 4(e). The colour coordinates remain on the edge
of CIE 1931 colour space diagram in the temperature range of
77-500 K. This shows that emission does not lose the colour
purity in this temperature range. Besides, the colour coordi-
nates shift to the orange region with increasing temperature.
This finding is attributed to the emission line broadening at
elevated temperatures. Calculation of colour coordinates
involves the photopic human eye sensitivity curve with the
maximum at ca. 555 nm (matches “Gs, — °Hsj, emission).
The human eye is also very sensitive to the orange light
(*Gs» — °Hy, transition at ca. 600 nm). The sensitivity of the
human eye for the deep red colour, however, is very low.
Therefore, the line broadening at this spectral region has very
little impact on colour coordinate. In this sense, the emission
line broadening in green and orange spectral regions will
impact the colour coordinate more significantly. This is exactly
what was observed for our samples. Moreover, this shift is close
to linearity, which enables these materials to eventually work as
a luminescent temperature sensor.

This journal is © The Royal Society of Chemistry 2020

Temperature-dependent emission spectra in the range from
77 to 500 K for the 5% Sm®* sample were recorded and are
presented in Fig. 5(a). At 77 K temperature the emission
spectrum is well resolved and the sharp lines from Stark
components are visible. At a temperature of 500 K the peaks are
so much broadened that they are not distinguishable anymore.
The emission intensity decreases at elevated temperatures, the
phenomenon is known as thermal quenching. The thermal
quenching TQ;,, value (temperature at which the phosphor loses
half of its efficiency) and thermal quenching activation energy (E,)
can be determined from the temperature dependent integrated
emission spectra employing a Fermi-Dirac model.**”>°

I(T) 1
Iy 1+ Be Ea/kT

4

Here I(T) and I, are the temperature dependent emission integral
and the highest observed value of the emission integral, respec-
tively. B is the quenching frequency factor. E, is the activation
energy, k is the Boltzmann constant (8.617342 x 10> eV K ),>*
and T is the temperature in K. The thermal quenching activation
energy for K,Bi(PO,)(M00,):5%Sm>" sample is 0.032 eV + 0.004 eV.
From eqn (4) the TQ, values can easily be calculated employing the
following equation:

—F A

TQ, ), = K xn(1/B) (5)
The determination of TQ,/, value from the previously mentioned
data are depicted in Fig. 5(c) and revealed TQ,,, = 630 K + 37 K.
While the chip in high power LEDs can heat up to 150 °C (420 K),”
TQ,,, value is very important, since this phosphor loses half of its
efficiency at a much higher temperature. The relatively high thermal
quenching temperature can be explained by the fact that the
emission intensity decrease is compensated by thermal broadening
of emission lines at elevated temperatures. Therefore, the total light
output decrease much slower.
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The temperature dependent PL decay curves of the sample
with 5% Sm®" were recorded in order to understand the
thermal quenching process. The temperature dependent decay
curves are depicted in Fig. S5 (ESIt). It is clear that the
temperature has not a significant effect on the decay curves
shape; therefore, the PL decay curves recorded at 77 and 500 K
are only shown. From every temperature dependent PL decay
curve, the effective PL lifetime values were calculated and are
given in Fig. 5(c). The effective PL lifetime values slightly
increase from 1.11 ms to 1.23 ms with increasing temperature
from 77 to 500 K. The exact temperature dependent effective PL
lifetime values are listed in Table S6 (ESIT).

One of the most important factors determining the practical
value of the phosphors is the external quantum efficiency.
Calculated external quantum efficiencies upon 404 nm excita-
tion are shown in Fig. 7. The external quantum efficiency can be
expressed as:*

EQE = IQE X Jjege (6)

Here, IQE is the internal quantum efficiency and #es. is the
escape efficiency of photons from the phosphor particle. The
highest EQE value was 34% for the sample doped by 1% Sm>*. A
further increase of the Sm®* concentration leads to a severe
decrease in the external quantum yield caused by already
mentioned cross-relaxation processes. The rather large experi-
mental error for low Sm®>* concentrations is due to rather low
absorption strength of the respective phosphors. It is also
known that the optimal phosphors for almost any application
are submicron-sized, spherically shaped powders with a non-
agglomerated narrow size distribution.>® Therefore, it is
expected that quantum efficiency could be further improved
by optimizing particle size and shape.

One of the ways to increase the absorption is preparing the
ceramics from the phosphors. This approach results in a longer
path of excitation radiation and thus yields its stronger absorp-
tion. The ceramic disks with diameter of 8 mm and thicknesses
of 0.52, 0.8, and 1.31 mm were prepared from 5% Sm>* doped

40 F
K,Bi(PO,)(MoO,):Sm*
I Ay =404 nm
S 30 }
= I
g | t
2 r
L r
£ 20
] L
g |
s |
| %
S 10
g |
ol } o
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Fig. 7 Quantum efficiencies of K,Bi(PO4)(MoQ,):Sm** phosphors as a
function of Sm** concentration.
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sample by pressing the powder at 30 kN force in a uniaxial press
and annealing the disks at 600 °C for 2 h in air. Then these
ceramic disks were placed on the top of 375 and 400 nm LEDs
and the emission spectra of the obtained light source were
recorded. The emission spectra of K,Bi(PO,)(M00,):5%Sm>"
ceramic discs excited with 375 nm and 400 nm LEDs are given
in Fig. 8(b) and (d), respectively. The emission spectra were
normalized to the strongest Sm*" emission line (at 597 nm) in
order to better observe the changing absorption of ceramic
disks with increasing the thickness. The emission spectra of
375 and 400 nm LEDs were also measured and are represented
in Fig. 8(a) and (c), respectively.

The obtained results indicate that the absorption of ceramic
disks increases with thickness. However, some light from LED
still passed through the prepared ceramic disks regardless the
thickness of disks. It was also observed that the emission
spectrum of the LEDs changed considerably after passing the
disk. This clearly demonstrates that 375 and 400 nm emitting
LEDs are suitable for excitation of K,Bi(PO,)(M00,):5%Sm>*
ceramic disks. It is also evident that 400 nm LED emission is
absorbed stronger since there are more absorption lines of
K,Bi(PO,)(M00,):Sm>" samples in this spectral region as was
already shown in Fig. 4(c).

Fig. 9 demonstrates the calculated colour coordinates of 375
and 400 nm emitting LEDs and light sources obtained by
combining these LEDs with various thickness ceramic disks
of K,Bi(PO,)(M00,):5%Sm>" specimen. In both cases, the pure
orange-red light cannot be obtained since the colour coordi-
nates are inside the CIE 1931 colour space diagram. This is due
to the fact that some LED emission still passes through the disk
and the combination of violet and orange colours is obtained.
Increasing the thickness of ceramics placed on the 375 nm
emitting LED leads to a shift of colour coordinate towards the
edge of CIE 1931 diagram and this correlates well with the
increasing absorption of LED emission. All colour coordinates
of this light source are in the orange-red spectral region.
However, different results were obtained for ceramic disks
placed on top of the 400 nm emitting LED. In this case, the
colour coordinates moved from blue to purple and, finally, to
the pink region of CIE 1931 colour space. Thus the light sources
with various colours can be obtained by selecting the appro-
priate thickness of ceramic disks.

The properties of a pcLED prototype

Fig. 10 demonstrates the eligibility for horticultural applica-
tions and the chromaticity coordinates of the proposed horti-
cultural pcLEDs. Fig. 10(a) shows the absorption spectra of the
main plant pigments: chlorophylls a and b,'® as well as phyto-
chromes P; and Pg.>* The magenta curve in Fig. 10(b) shows the
proposed pcLED SPD for the illumination of plants at green-
houses. The SPD of the prototype consists of the spectral
component in the near-UV region, arising from LED electro-
luminescence, and sharp phosphor PL bands in the yellow, red,
deep-red and far-red spectral regions. The unusual near-UV
LED emission shape with two peaks is caused by the absorption
of the K,Bi(PO4)(M00,):5%Sm>*" phosphor. Fig. 10(a) and (b)

This journal is © The Royal Society of Chemistry 2020
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demonstrate the good match between the absorption spectra of
the plant pigments and the SPD of the pcLED, which makes
Sm*" doped K,Bi(PO,)(MoO,) phosphor a good candidate for
horticultural applications. The spectral and colour properties of
the proposed SPD is given in Table 2. The D, value presented
in the table is defined as the closest distance between the
chromaticity of the test light source and the black-body

This journal is © The Royal Society of Chemistry 2020

radiation (Planckian locus) in the CIE («/, 2/3v") coordinates.
It may attain positive or negative values for the test source
chromaticity being above or below the Planckian locus,
respectively.®® The sources of light are considered white if their
chromaticity does not deviate from the Planckian locus more
than Dy, = +0.006.°° It is seen in Table 2 that the SPD of the
pcLED for plants has a D,, of 0.038, which is significantly
greater than £0.006 meaning that it is not considered as white
light. Besides, it is characterized by a particularly poor colour
rendering index R,, which is equal to 35. This is due to the
absence of a spectral component in the green spectral region.
Such lighting conditions might cause discomfort for people
working in greenhouses or a bad visual experience for visitors
in botanical gardens. The suggested solution to this problem is
the use of supplementary green or lime LEDs which are to be
switched on only in the presence of people. If the right amount
of the supplementary light is chosen, the chromaticity coordi-
nates of the resulting SPD are situated close to the Planckian
locus and, thus, the white light is obtained. The SPDs of pcLED
prototypes containing the additional green and lime spectral
components are presented in Fig. 10(b) and labelled as Green
and Lime, respectively. Their spectral properties are given in
Table 2. It is evident that both prototypes have D, values less
than +0.006 and can be considered as white light sources. It is
also seen that pcLED + Lime is characterized by a higher
LE value, as well as better colour rendering properties than
PcLED + Green. However, pcLED + Green has higher CCT value.
It is important to note, that for different excitation to phosphor
PL light ratios, the resulting SPDs would be characterized
by different spectral properties. The 1931 CIE chromaticity diagram
depicted in Fig. 10(c) presents the chromaticity coordinates of
the proposed pcLED prototypes for plants without (magenta
triangle) and with supplementary lime (yellow square) and

Mater. Adv., 2020, 1,1427-1438 | 1435
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designed plant pcLED without and with supplementary green and lime LED

lighting are noted as magenta triangle, yellow diamond and yellow square,

respectively. The white dots on the Planckian locus represent CCT values of common light sources — 2000, 3000, 4500 and 6500 K.

Table 2 The spectral properties of the proposed horticultural pcLED light
sources

Light source CCT, K Dyy R, LE, Im W'
pcLED for plants — 0.0382 44 166
PcLED + lime 2716 0.0012 79 274
PCcLED + green 3151 0.0055 76 243

green (yellow diamond) LEDs. Diagram also shows the xy
coordinates of K,Bi(PO4)(M00,4):5%Sm>* phosphor (red circle),
near-UV (blue circle), green (cyan circle), and lime (green circle)
LEDs. The dashed and dotted triangles, present the possible
chromaticities of light sources supplemented with lime and
green LEDs, respectively.

It is important to note, that some plants also require blue
light with a peak around 450 nm matching the absorption
spectrum of plant pigments carotenoids.'®*® Under such cir-
cumstances, the proposed pcLED can be easily supplemented with
a blue direct emission InGaN LED. The schematic representation of
the prepared pcLED prototype is given in Fig. S6 (ESIt).

4. Conclusions

In summary, single phase K,Bi(PO,)(M0O,):Sm*" phosphors
were prepared by solid state reaction at a moderate temperature
of 600 °C with a Sm*" content up to 100%. Samples showed
bright orange-red luminescence under near-UV excitation.
These materials possess excellent colour purity and thermal
stability as well as a moderate quantum yield (34% for the 1%
Sm*" doped sample). The low absorption of samples with small
Sm>*" concentrations can be overcome with preparation of
ceramic disks, which increases the path length of the excitation
radiation. All the mentioned features make our synthesized
phosphors promising candidates for application in (In,Ga)N

1436 | Mater. Adv., 2020, 1,1427-1438

LED as a red-emitting component or for luminescent tempera-
ture sensors. Finally, analyses of decay curves of K,Bi(PO,)
(M00,):Sm** samples by IH model showed that IH function
can be applied to the experimental data quite well; however, the
dominant mechanism of the energy transfer is hard to identify.
The SPD of the designed pcLED prototype matches well the
absorption spectra of the main plant pigments - chlorophylls a
and b, and phytochromes P;, Pg. Moreover, the supplementa-
tion of the prototype with a green or lime LEDs greatly increases
its colour rendition properties and LE value, which could be
very useful for the greenhouse staff or its visitors.
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