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Abstract

In order to develop red emitting phosphors for W-LEDs, a series of Eu®* (2, 4, 6 and 8
mol%) doped potassium magnesium borate (KMB) phosphors were prepared using a solid state
reaction technique at 700 °C. The structure, morphology, optical and luminescent properties of
prepared phosphors were investigated using X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FTIR), scanning electron microscope (SEM), absorption spectrometer
(UV-Vis) and spectrofluorimeter. In accordance with the XRD analysis, the undoped and Eu®*
doped phosphor samples have a single phase cubic crystal structure with P2;3 space group.
Based on the FTIR studies, all of the synthesised phosphor samples have metallic and Bos
bonds. The absorption bands in the UV-Vis-NIR region were identified and the energy band
gap values were evaluated using the absorption spectra. The excitation spectra of Eu®* ions
doped KMB phosphors were recorded at 617 nm emission wavelength and it consist of four
excitation bands. From the excitation spectra, 398 nm is the most prominent excitation band
among all the excitation bands, so this wavelength has been employed to obtain the emission

spectra. Four emission bands were identified in emission spectra at 594, 617, 650 and 711 nm
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corresponding to the electronic transitions of Eu®" ions *Dy—'F1, *Do—'F, “Do—'F3 and
°Dy—'F4. The strong intense emission band was noticed at 617 nm among all these
luminescence bands. The luminescence intensity enhanced up to 6 mol% with rising Eu®* ion
concentration, furthermore activating ion concentration increased the luminescence was
intensity decreased. This is attributing to the concentration-quenching effect. The CIE and
CCT values were computed using luminescence spectra and the decay life time values of all
Eu** doped phosphor samples were estimated. All of these findings suggest that the prepared
KMB: Eu** red light emitting phosphor materials are appropriate for white light emitting diode
and display applications.

Keywords: Solid-state reaction; Rare earth ion; Emission analysis; CIE; KMgBO; phosphor.

1. Introduction

Rare earth (RE) doped phosphor materials are commonly used in lighting, display
devices, storage devices, medical instruments and a variety of other applications [1, 2]. Aside
from the various applications of RE doped phosphors, the lighting and display industries are
focused on developing efficient high intensity white light emitting diodes (WLEDSs) due to
their advantages in terms of high brightness, reliability, long lifetime, low environmental
impact and energy savings [3]. The WLEDs are expected to replace conventional incandescent
and fluorescent lamps in the near future. Basically the white light is composed of many colours
and the LED produce monochromatic colours, hence it is a considerable challenge for LED
technology [4, 5]. The commercial WLEDSs are produced by three systems such that, red, green
and blue (RGB) combined LED, RGB phosphor coated UV light emitted LED and yellow
phosphor coated blue colour emitted LED [6, 7]. The commercially used red phosphor
Y,0,S:Eu®" has lower efficiency than blue and green phosphors and is unstable due to sulphide

gas release [8]. Despite having a high luminous efficiency, the WLED still has a low CRI due
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to a lack of red light [9]. As a result, more efficient red or orange red emitting phosphors
required for WLED fabrication. Hence it is essential to find novel red or orange-red light
emitting phosphors with stable host materials, it exhibits prominent absorption and emission
under ~400 nm excitation. Recently researchers have been concentrated to develop the novel

orange-red materials for use in white LEDs [10].

Rare earth oxides (RE,O3) are the most stable elements, in which the rare earth ions
hold typically a trivalent state [11]. Because of the optical, electronic and chemical properties
deriving from their 4f electrons, the rare earth oxides have been extensively utilized in the
areas of luminescent devices, optical transmission, bio-chemical probes and medical diagnosis
[12, 13]. In addition the RE doped inorganic compounds are utilized in several applications.
The luminescence properties of Eu®* ions are due to intra 4f° (4f-4f) transition mechanisms
between the excited and ground states [14]. Because the 4f shell is shielded by the outer filled
5s and 5p shells, the emission wavelength of the Eu®" ion 4f-4f transition is relatively
insensitive to host and temperature. Currently, transitions of Eu®* ions are acquiring attention
can improve the colour temperatures and colour rendering index (CRI) of white light emitting
diodes [15]. The improvement in the lighting efficiency of WLEDs is strongly reliant on the

advancement of phosphor materials.

Generally borate compound substances have well thermally and chemically stable with
the rigid crystal nature of the closely bonded 3-dimensional matrix, it has been attracting
significant attention for light-emitting utilisations [16]. RE activated borate phosphors possess
high attention by dint of their utility of synthesis at low temperature and good near ultraviolet
(NUV) transmittance characteristics. Recently researchers investigated various RE doped
borate materials, like as Tm** activated Sr,B,Os [17] and Ce*" activated NaSrBO; [18] are for

blue luminescence, Th** activated Sr,B,O0s [19] and Ce** activated NaBaBO; [20] are for
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green emission, LiSr,(BO3); doped with Sm®" [21] and CaB,0, [22] doped with Eu®* are for
red emitting material. In 2010, the crystal nature of a novel borate KMgBO;3; was firstly
reported by Wu et al. [23], and then RE free Mn** doped KMgBO; was reported in 2014 [24].
Based on literature survey, no reports on structural nature, optical properties and

photoluminescence characteristics of Eu** ions activated KMgBO; (KMB) phosphor material.

This paper describes the preparation, structural nature, optical properties and emission
characteristics of Eu** activated KMgBO3 phosphors made using a solid state technique. The
structural, morphological, optical, emission, excitation and decay life time characteristics of the

prepared phosphors were thoroughly investigated.

2. Experimental
2.1. Sample synthesis

The KMgBO3: xEu** phosphors (x= 0, 2, 4, 6 and 8 mol%) were synthesised using the
solid state technique. High-purity powders of H3BO3; MgO, K,CO3 and Eu,O3 were used as
starting materials without further purification. Based on the stoichiometric relation, the
corresponding initial materials were weighed then mixed, and a small amount of acetone was
added before crushing in an agate mortar for 60 minutes to obtain uniformity. Which were
sintered in a porcelain crucible at a temperature of 200 °C for 120 minutes. After that, the
phosphor powders were ground again for 30 minutes and placed in a porcelain crucible heated
at 700 °C with the help of a muffle furnace for 5 hours. Then being slowly cooled to laboratory
temperature and the samples were examined.

The XRD profiles for the KMB: xEu®" (x = 0, 2, 4, 6 and 8 mol%) series were obtained
using a Shimadzu XRD-6000 diffractometer in the Bragg-Brentano geometry. This instrument
was outfitted with a Cu, X-ray source, a scintillation counter as a detector, and a Ni filter to

eliminate Kg radiation. The FTIR spectrometer Shimadzu tracer-100 with ATR Diamond
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accessories was used to obtain the IR spectrum of phosphors in the 500-4000 cm™ range. A
scanning electron microscope was used to measure the phosphor surface study investigation
(SEM, S-4800). The diffusion reflectance spectra were taken using a UV-Vis-NIR
Spectrophotometer (Varian: 5000). The decay curves, excitation and emission spectra were
recorded using a fluorescence spectrometer (EDIN-BURGH FLS980) equipped with a 450 W
xenon lamp.
3. Results and discussion
3.1. Crystal structure

The XRD pattern of solid state synthesised KMB: xEu®" (x= 0, 2, 4, 6 and 8 mol%)
phosphors is shown in Fig. 1, the diffraction bands are similar to the ICSD no. 174336 without
any supplementary peaks. This result confirmed that the current phosphors are single phased,
pure cubic crystals with the P2;3 space group and lattice constant a = b = ¢ = 6.8344 [24]. All
the diffraction peaks were indexed with miller indices. Eq.1 [25] gives the mean crystallite size
(D) derived from the Debye-Scherer's relation.

Dn= kKM[B(20) cosO] (1)
where A: X-ray wavelength (1.5405 A), k: constant (0.9), p: full-width at half maximum
(FWHM, in radian) and 0: diffraction angle of an observed profile. The prominent diffraction
peak at (0 1 2) was utilised to obtained the D values of the KMB: xEu** (x= 0, 2, 4, 6 and 8
mol%) phosphors and were identified to be 1.146, 1.135, 1.120, 1.021 and 0.982 um,
respectively.

3.2. FTIR study

FTIR exhibits molecule vibration characteristics due to infrared wavelength (IR)
absorption. The absorption intensity indicates how sharply the absorption energy can be
exchanged to molecules, causing the molecule dipole moment to change and causing molecule

vibrations. Fig. 2 exhibits the FTIR spectra of the KMB: xEu** (x= 0, 2, 4, 6 and 8 mol%)
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phosphors. By this spectra the absorption bands observed at 2900-3700 cm* assigned to —OH
molecule stretching vibrations, these bands were owing to materials are absorbing surrounding
water contents [26]. 1663 cm™ absorption band was identified to asymmetric stretching B-O
bonds bending vibration. 1305 cm™ absorption band was observed and it belongs to B-O
asymmetric stretching vibrations. 1004 and 856 cm™ absorption bands were noticed and its
corresponding to B-O bending vibrations of trigonal BOs. At absorption peak 703 cm™
absorption bands were identified and these are belongs to Mg/K-O stretching vibrations of
Mg/KOs Octahedron [27] FTIR spectra confirm the presence of B-O of trigonal BO3; and
metallic bonds in KMB.
3.3. Morphological studies

SEM images of KMB: xEu®* (x= 2, 4, 6 and 8 mol%) phosphor material are shown in
Fig. 3(a-d). It indicates the irregular morphological structures as grinding of the materials while
preparing and high temperatures used for making the phosphor material. From all the images
was observed in sizes of the particles varied from 1 to 3 um.
3.4. Diffuse reflectance studies

DRS spectra of KMB: XEu** (x= 2, 4, 6 and 8 mol%) phosphors are shown Fig. 4.
According to the absorption spectra, prominent absorption peaks at 259, 387and 1451 nm were
caused by electron passage from a valence band to a conduction band. Besides, as the
concentration of Eu** ions increased, the absorption peaks slightly shifted towards the lower
wavelength (blue shift). There were no weak absorption peaks observed in any of the samples
in the UV-Vis region, indicating that surface defects, traps, and impurities are very low. The
optical energy gap (Eg) for the KMB: XEu®** (x= 2, 4, 6, and 8 mol%) phosphors was calculated
using wood and Tauc's relation. The Eg is a combination of photon energy and absorbance, as
defined by Eq. 2 [28].

hva « (hv - Eg)k 2
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where h: Planck’s constant, v: frequency, Eg: optical energy gap, a: absorbance and k: constant
combined to various class of electronic transitions (k=1/2, 2, 3/2 and 3). From the literature
that oxide materials have direct allowed electronic transitions, k=1/2 was employed in standard
Eq. 2 as a result, the Eg values were estimated by extrapolating the straight doom of the tail or
the curve (hva)® = 0 in an absorption spectrum, as shown in Fig. 5. The Eg values for KMB:
XEu** (x= 2, 4, 6, and 8 mol%) phosphors estimated from this graph were 4.19, 4.10, 4.01, and
3.75 eV, respectively. Energy gap values were decreased as Dy*" concentration increased due
to structural defects such as vacancies and the degree of structural order disorder in the crystal,
which is capable of exchanging the intermediate energy level allocation within in the band gap.
3.5. Photoluminescence studies
The excitation spectra monitored under 617 nm emission wavelength of the KMB: xEu**
(x= 2, 4, 6 and 8 mol %) phosphors are depicted in Fig. 6. It has excitation peaks at 306, 363,
398 and 467 nm that are attributed to intra 4f-shell electronic transitions of Eu®" ions from the
'Fo ground-state and thermally populated lowest-lying °Hs, °Das, °Ls, and °D, states,
respectively. When compared to other absorption peaks, the band at 398 nm is the prominent
one, which corresponds well to the emission of commercial N-UV chips, exhibited a relatively
high intensity, indicating that the samples studied can be excited by N-UV light.
The emission spectra recorded under 398 nm excitation wavelength of the KMB: xEu®*
(x= 2, 4, 6 and 8 mol %) phosphors are depicted in Fig. 7. The emission spectra has intense red
emission centered at 617 nm originates from the Dy — 'F, transition and it is dominant in the
luminescence spectrum, which is an advantage for obtaining red phosphor of high color purity.
Other weaker emission bands at were identified in emission spectra at 594, 650 and 711 nm
corresponding to the electronic transitions of Eu®" ions *Dy—'F1, *Do—'F5 and °Do—'Fa,
respectively. The Eu®* ions are known as structural markers, this is because they exhibit two

spectrally adjacent emissions: one falling in the yellow spectral range and related to the Dy —
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’F1 transition, is of purely magnetic dipole (MD) nature (according to the selection rule AJ = 0,
+1, except of 0 — 0') and its probability is almost unchanged with respect to the host matrix
and another falling in the red spectral range and related to the Dy — F, transition, is purely
electric dipole (ED) and it is rather sensitive to the local symmetry of the rare-earth site and its
distortion (a hypersensitive transition). In general, when Eu®* ions are located in sites without
inversion symmetry, the red emission from the °Dy — 'F, ED transition dominates in the PL
spectrum, whereas the yellow emission originating from the °Dy — 'F; MD transition becomes
dominant when Eu®* ions occupy sites with inversion symmetry [29]. For KMB: xEu**
phosphors, the ED transition is dominant, suggesting that Eu®" ions reside in sites without
inversion symmetry, which agrees with the structural analysis (C3 and CS site symmetries).
Based on the Eu®* ion concentration variance of the luminescence intensity, initially enhances
and attains a maximum at x = 6 mol% and further deflation owing to the concentration
quenching influence. The concentration quenching is originated by the progress of non-
radiative energy alter among surrounding Eu®* ions if the activating concentration reaches a

critical value [30, 31].

3.6. Emission decay

Fig. 8 represents the emission decay curves of KMB: xEu®*" (x= 2, 4, 6 and 8 mol%)
phosphors samples. The luminescence was observed at 617 nm (decay from the metastable
excited state °Dy). The decay curves are purely doubled exponential for all the investigated
samples. This suggest that the existing of Eu** ions in two discrete crystallographic positions
with different coordination and symmetry. The decay lifetime of all the prepared samples have
estimated, and were found to be 1.20, 1.05, 0.69 and 0.65 ms for KMB: xEu** (x= 2, 4, 6 and 8

mol%) phosphors, respectively. With the enhancing of the Eu®* activating level in KMB, the
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length among the dopant ions deflation caused to enhancing cross-relaxation probability, which

decreases the decay lifetime.

3.7. Chromaticity coordinates and CCT

Fig. 9 illustrates the CIE (Commission International de I'Eclairage) 1931 colour
coordinates (x, y) of emission of the KMB: xEu®** (x= 2, 4, 6 and 8 mol%) phosphors. The (x,
y) coordinates were estimated from the PL spectra and their values are computed in Table 1.
The prominent luminescence intensity (X = 6 mol%), the chromaticity coordinates are (0.6445,
0.3515) assigning to a predominent wavelength of 617 nm falling in the red colour region.

Table 1. CIE and CCT values of KMB: XEu®* (x= 2, 4, 6 and 8 mol%) phosphors.

Sample CIE (X,y) CCT (K)
KMB: 2 mol% Eu’* (0.6413, 0.3556) 1087
KMB: 4 mol% Eu** (0.6426, 0.3545) 1077
KMB: 6 mol% Eu** (0.6445, 0.3515) 1058
KMB: 8 mol% Eu** (0.6433, 0.3531) 1069

The correlated colour temperature (CCT) was determined using the McCamy’s
empirical formula:

CCT =-437 n® + 3601 n - 6861 n +5514.31 ©)

Where n = (x-xe)/(y-ye) and xe = 0.332, ye = 0.186 are the coordinates of the epicentre
of convergence. The determined values of CCT are listed in Table 1. The prominent
luminescence intensity (x = 6 mol%), the CCT value 1058 K. This is indicated that the emitted
light is warm light.

4. Conclusions
The traditional solid-state reaction technique used to synthesized the novel single-phase

red light emitting KMB: xEu** (x= 0, 2, 4, 6 and 8 mol%) phosphors. A systematic
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investigation of the crystal structure, morphology, molecular vibrations, optical and
luminescent characteristics of the prepared phosphors was accomplished. The XRD prompted
that all the prepared phosphors crystallize in the cubic system with P2,3 space group without
any additional peaks. This is suggested that the prepared all the samples are in single phase
without any impurity elements. The FTIR studies confirmed that all the prepared samples
having B-O of trigonal BO3, B-O-B linkages and metallic bonds. The optical energy band gap
values were estimated by using absorption spectra. The emission spectra recorded under 398
nm, the emission bands were observed at 594, 617, 650 and 711 nm corresponding to the
electronic transitions of Eu** ions *Dy—'F1, *Do—'F, *Do—'F3 and Dy—'F4 respectively.
Among all these emission bands the prominent emission band observed at 617 nm. The
emission intensity enhanced with the rise of Eu®" ion concentration up to 6 mol%, further
enhancement of doping concentration the emission intensity is decreased which is due to
concentration quenching effect. The CIE and CCT values were evaluated from emission
spectra, which were confirmed that the emitted light in red coloured warm light. The decay life
time values were estimated for all Eu** doped phosphors samples. All these results recommend
that the present prepared phosphor samples are well suitable for red component in white light
emitting diode and display applications.
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Fig. 2. FTIR spectra of KMB: xEu®** (x=0, 2, 4, 6 and 8 mol%) phosphors.
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Fig. 3 (a-d). SEM images of KMB: xEu** (x= 2, 4, 6 and 8 mol%) phosphors.
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Fig. 4. Absorption spectra of KMB: XEu>* (x= 2, 4, 6 and 8 mol%) phosphors.
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Fig. 5. Tauc’s plot of KMB: XEu** (x= 2, 4, 6 and 8 mol%) phosphors.
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Fig. 6. Excitation spectra of KMB: XEu®** (x= 2, 4, 6 and 8 mol%) phosphors.
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Fig. 7. Emission spectra of KMB: xEu** (x= 2, 4, 6 and 8 mol%) phosphors.
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Fig. 8. Emission decay curves of KMB: xEu®** (x= 2, 4, 6 and 8 mol%) phosphors.
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Fig. 9. CIE diagram of KMB: xEu** (x= 2, 4, 6 and 8 mol%) phosphors.
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