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ARTICLE INFO ABSTRACT
Keywords: In new research growth long after glow material is a potential candidate due to its physical
Optical properties, chemical stability and wide application in modern solid-state lightning (LED), display
Morphology devices, dosimetry and sensors. A cerium doped strontium aluminate phosphor (SrAl,04:Ce>")
White phosphor . . . .

. was synthesized by conventional solid-state reaction method. The crystal structure and
Photoluminescence . . s L . .
Dielectric morphology of phosphors, while doping rare earth metal and lithium metal ion was investigated

by using X-ray diffraction, Raman spectroscopy and field emission scanning electron microscopy.
Fourier transformed infrared spectrum results of the synthesized phosphor composition conforms
the characteristic vibration bands of synthesized phosphor. Surface composition analysis of the
prepared samples was examined using X-ray photoelectron spectroscopy. Photoluminescence
emission band observed at ~420 nm, ~490 nm and ~610 nm region under the excitation
wavelength of 256 nm. Wight light emission was confirmed using the Commission Internationale
de L’Eclairage (CIE) chromatic coordinate graph. The correlated colour temperature (CCT) value
of 0.5% Ce®** doped SAO of phosphors was calculated is in the range of 1543 K, which is indicated
the synthesized phosphors performance as warm white light source. The obtained phosphor has a
high dielectric constant and low loss tangent which is useful to optoelectronic devices.

1. Introduction

Rare-earth doped alkaline earth aluminates have sought high interest in the modern research community for their stable thermal
and chemical properties, and long-after-glow phosphorescence. They can be widely used for lighting applications in the automobile
and electronic industries [1]. Among the various rare earth aluminate phosphor material, SrAl,04 (SAO) is considered to be the
foremost promising base material when blended with rare earth metal ions [2] due to its increased brightness, safety, long duration,
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and minimal toxicity [3]. Alkaline aluminate (SrAl,04) associated with the tridymite structure, space group (P2;), and AlO4 tetrahedral
vibration [4] are synthesized on a large scale by solid-state reaction method for its reproducibility. Kim et al. reported different doping
compositions of SrAl,04:Eu?*, Dy>" green emitting phosphors [5,6]. Cerium (Ce>*) doped aluminate phosphors are used in fast
scintillators and long-after-glow (LAG) phosphorescent materials. From the 5d-4f transition, the emission of a broad spectrum with two
peaks was observed under a long wavelength UV region [7]. Li et al. reported the emission spectrum of solid-state synthesized Ce>*
doped Sr3Al,06 phosphor with broad emission peaks centered at 455 nm and 487 nm [8]. Combustion synthesized Ce®>* doped SrAl,04
white light emission phosphors, resulting in the simultaneous blue and green-yellow band emission at 0.5% of Ce>*. The addition of
the flux of H3BOs3, the inhibitor of Ce, and the charger compensator of Li  results in the synthesis of a novel green phosphor of SrAl;04:
Eut, Ce3*, Li* that may be used to eliminate the flickering luminosity of AC LEDs [9]. Yihua Hu et al. reported about self-reduction of
Ce** when calcined in the open atmosphere during the process of preparation of Y5.95Al5012 :Ce*0.05, Which makes Y.95Al5012
:Ce*10.05 phosphor emit yellow color (~531 nm) under excitation of blue light, for the reason that a part of Ce*" has been reduced
into Ce®** [10,11]. The solution combustion method has been used to synthesize Ce>" doped SrAl,04, and its photoluminescence
characteristics have been reported [12]. Significantly, the interaction between electrons and phonons contributes to the explanation of
the temperature-dependent increase in the dielectric constant. The higher dielectric constant value is due to stronger space charge
polarisation in lower frequency regions. This might be described using a polarisation mechanism similar to the conduction process. The
polarisation is produced by the local displacement of the applied field caused by the electrical exchange of the number of ions in the
materials. The point at which the space charge can no longer support and conform to the external field is as frequency rises. A low
dielectric constant is frequently preferred for a variety of applications, such as high-speed integrated packages, which call for materials
with a dielectric constant of less than 3.5 and minimal dielectric loss, and satellite communication applications, which need materials
with a dielectric constant of 2.5 [13-18].

In this paper, SrAl,04 is used as the host material and is doped with different concentrations of stimulator Ce>* to make phosphors
through the solid-state reaction method under different annealing temperatures. The luminescence properties and their basic char-
acteristics such as the structural, optical, and morphology of the synthesized materials are examined in detail.

2. Experimental

Srax) Al,04:xCe3* phosphors were prepared by considering the good quality chemicals using the solid-state reaction (SSR)
method. The molecular weight percentage of the elementary materials such as strontium carbonate (SrCO3; Sigma Aldrich), aluminum
oxide (AlyOs; Alfa Aesar), and Cerium oxide (CeOy; sigma) were mixed in cognate for an hour. With the addition of a small quantity of
ethanol to the synthesized mixture, the entire composition was moved to alumina crucibles (area = 18.23 cm?) and was kept in a
furnace for 12 h with the temperature set at 1100 C (Ramping rate of the furnace: 5 °C/min) under ambient conditions. The obtained
powders were reground and heated at 1200 °C for 12 h in a reducing atmosphere where carbon powder (reduction agent) was kept
around the alumina crucible. This sample was crushed further for 15 min was subjected to different characterizations.

3. Characterization techniques

The crystalline phase of the prepared material was identified by X-ray diffraction (XRD; PANalytical) with Cu-Kal radiation of
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Fig. 1. XRD structural pattern, (left) SAO: x Ce ((x = 0.1, 0.2, 0.3, 0.4, 0.5, 1% MW %) powder, (right) pure SAO and 0.5% Ce doped SAO phosphors
at two different temperature.
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wavelength (A = 1.5406 A), under a preset voltage and current values of 40 kV and 40 mA respectively. The surface morphology of this
sample was recorded in field emission scanning electron microscopy (FESEM, Hitachi 6600). Micro Raman spectrometer (HORIBA)
was used for the Raman spectroscopic analysis with Nd:YAG semiconductor laser excitation of 532 nm. The vibrational spectroscopic
analysis was further conducted using Fourier transformed infrared (FTIR) spectroscopy (Bruker, Alpha T), and their composition
profile was examined using X-ray Photoelectron Spectroscopy (XPS) (ULVAC-PHI, PHI 5000 version probe III). X-ray photoelectron
spectroscopy was performed at a base pressure of 1x 10-7 Pa equipped with the AlKa emission line (1486.6 eV). Using a 450 W xenon
lamp excitation source, photoluminescence (PL) spectra of the sample were recorded in a spectrofluorometer (Horiba- Fluorolog BFL3-
111). Electrical studies were examined by using HIOKI- LCR METER IM 3536 instrument in the frequency range from 4 Hz to 8 MHz at
different temperatures.

4. Result and discussion

The X-ray diffraction (XRD) pattern in Fig. 1, shows the presence of a monoclinic SrAl,04 phase with Py;, which matches with
JCPDS file No. 34-0379 [19]. The addition of Ce3*t (ionic radius 0.101 nm) ions in the crystal lattice, with a similar radius of Sr** (ionic
radius) 0.126 nm)’ has not modified the crystal structure [20] which was evident from the peak of the XRD spectra [21]. The crystal
structural phase of the final product is found by the planes (011), (—211), (220), (211), and (031) attributed to major peaks at 26 values
of 19.96°, 28.39°, 29.29°, 29.93° and 35.14°, respectively. In addition to this, the peaks between 28 and 30° correspond to the minor
secondary structural phase formation of Sr4Al;4025 and Sr3Al;O¢ [22,23].

The moderate grain size (D) of the particles is calculated from the broadening peaks observed in the crystal lattice as in equation (1)
quoted by Scherrer [24].

D = 0.9M/p cosb (€D)

The crystallite size of the prestine SrAl,04 and 0.1, 0.2, 0.3, 0.4, 0.5, and 1 MW% ced+ doped SrAl»04 is calculated to be ~51 nm,
~55nm, ~52 nm, ~54 nm, ~56 nm, ~57 nm, and ~53 nm, respectively. The lattice parameter (a = 8.44 A, b=28.82 /DX, c=5.145A)
are calculated using equation (2), which is confirmed by Rietveld refinement with the goodness of fit y?> = 5.1, as shown in Fig. 2.
Obtained parameters by Rietveld refinement are recorded in Table 1.

2 2 i 2
1 .12 {£+k sin ﬂ+1772hlcosﬂ}
d*>  sin® p |a® b? c2 ac

(2

Raman spectroscopy analysis is used to find numerous modes of vibrations present in the sample. The Raman spectrum of the 0.5%
Ce doped SrAl,0,4 sample is displayed in Fig. 3. The characteristic peak is around 465 cm ™, attributed to the bending mode of O-Al-O
bonds in corners distribution along [Al04]° tetrahedral, which is representing the polymorphs existing in the synthesized sample [25].
A significant fact is that the peak value is obtained at 465 cm ™! in the non-crystallized arrangement, when the sample was annealed at
low temperatures, which recommends that the [AlO4] unit is stabilized first as a rigid unit, whereas the derangement occurs only from
the orientation of such units with minor oxygen shifts. The minor peak around 175 cm ~! represents tetrahedral tilts [26].

Fig. 4 (a, b) displays the FESEM image pure and 0.5 MW% Ce doped SrAl;04 phosphors at 200 nm magnification. In pure SrAl;04
sample exhibits an irregular structure with lots of holes and spaces which arises due to the emission of gases during the synthesis
process [27]. The morphology of the sample is changed from a needle-like structure to a shiny plate structure while doped with Ce, as
displayed in Fig. 4 (b), this means that Ce®** ions favor plate-like structure and also have smaller ionic radii than that of Sr** ion. This is
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Fig. 2. Rietveld refinement pattern.
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Table 1
Structural parameter.
Compound SrAl,04
Structural Parameters
a, b, c (A) 8.42,8.81, 5.14
a, B, v () 90, 93.38, 90
Space group P
Structure Monoclinic
Goodness of fit (x?) 5.1
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Fig. 3. Raman spectrum of 0.5 MW% Ce doped SrAl,O4.

associated with the change in morphology to plates [2]. The plate-like structure shows luminescent properties when compared with
other irregular structures [28,29].

Fig. 5 displays the FTIR spectrum of the SrAl;04 phosphors obtained for a 0.5 MW% Ce. A firm absorption band around at 3455 and
3424 cm™! rising from O-H stretching and the bending mode vibration of water due to atmospheric conditions. The bands between
500 cm ™! and 1000 cm ~! corresponds to the IR active vibration modes of SAO. The symmetric and antisymmetric stretching bands of
phosphors appeared between 418 cm ™! and 483 cm ™! with the peaks at 536 cm ~!, 711 em ™! and 646 cm ™! representing the 0O-Al-O
and Sr-O vibrations, respectively. The two bands at 1478 cm ™! and 1639 cm ™! are appropriate to the C-O vibrations [30]. The FTIR
stretching and vibration results confirm the existence of Sr, Al, and O components in SrAl;O4 phosphors.

XPS analysis of 0.5 MW% Ce doped SrAl,04 phosphor is shown in Fig. 6. The chemical elements (like C 1s, O 1s, Sr 3d, Al 2p, and Ce
3d) of phosphor are found in the photoelectron signals. The reference signal C 1s is observed around 285.1 eV and 289.7 eV repre-
senting the existence of adventitious carbon due to atmospheric exposure of the sample. The binding energy value at 531.5 eV is
represented as O 1s as a result of the formation of metal oxides [31]. Binding energy at 74.1 eV is represented as Al 2p state present in
the phosphor and two peaks present at 133.6 eV and 135.3 eV confirm the attendance of Sr 3d, which is in good agreement with the
reported information [32]. Ce 3d spectrum has bi-peaks at higher binding energies. The peaks at 888.9 eV and 901.4 eV are corre-
sponding to Ce 3ds,/2 and Ce 3d3/, respectively, which confirms the standard separation of Ce 3d valence state [33].

Fig. 7 displays the excitation spectrum of 0.5 MW% Ce doped SrAl,04 phosphor recorded in the range between 250 nm and 450 nm.
The excitation spectrum at 256 nm is ascribed to the transition of 4f-5d from the ground state of Ce>* ion which corresponds to the
transition from the 2Fs,, ground state to the different excited states such as D55 and 2Ds 5 respectively.

The photoluminescence emission spectra of as-synthesized phosphors were observed between 300 nm and 900 nm. Fig. 8 shows the
emission spectra of 0.1 MW% and 0.5 MW% Ce>* doped SrAl,0, phosphors, recorded using an excited wavelength of 256 nm. The
sample reveals three major peaks at ~420 nm, ~490 nm, and ~610 nm which are significant transitions of 4f-5d transitions of 2D,
and 2D3 /2 t0 2F5/2 transitions, respectively [2]. The combination of transition is well known resulting in near white light emission of
Ce>* element due to the magnetic dipole transition which is intensely influenced by the ligand field around the Ce3* dopant ion site
[34]. Since the emission intensity of the 2Ds,5 — 2Fs,5 (blue region) is more intense compared to 2D3,5 — 2Fs,5 (green region) peak on
account of Ce>" ions located at the high symmetry site in the host with an inversion center however, the blue region exhibits higher
intensity when Ce®* ions detected at a low symmetry site (without an inversion center).

The critical energy distance (R.) can be found using Blasse Eq. (3) [35].
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Fig. 4. FESEM image for pure SAO, SAO: 0.5 MW% Ce phosphors.
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Fig. 5. FTIR spectra of pure SrAl,04, 0.5 MW% Ce®* doped SrAl,0,.
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here N represents the number of Z cations in the unit cell (i.e. 4), V is the Volume of the unit cell = 383.8 x 1073 nm and X, is the
critical concentration = 0.5.

Non-radiative energy transfer between the doping ions can point to either electric multipolar/exchange interactions due to the



G. Kumar K et al. Heliyon 9 (2023) e17429

Sr3d Sr3d, = Experimental Al 2p 741 eV = Experimental
133.6 eV Theoretical Theoretical
;i
t
\

" = \
: < / %
z 2 [

7] 7]
Z : 7 \

= c \
= £ " ‘L

T T T T ! ) )
130 132 134 136 138 140 78 76 74 72 70
Binding energy (eV) Binding Energy (eV)
O1ls Experimetal Ce 3d = Experimental
531.6eV Theoretical Theoritical

5 s

. =}
9, 8
z z
= 7]
8 8
£ £

I T T T T T T T T
536 534 532 530 528 880 890 900 910
Binding energy (eV) Binding Energy (eV)
c1S 285.1 eV = Experimetal
_— Theoritical
.I
L)
289.7 eV

Intensity (a.u)

T T , T T 1
284 286 288 290 292
Binding energy (eV)

Fig. 6. XPS spectra for 0.5 MW% Ce doped SAO phosphor.

interaction between Ce>" jons being stimulated by increasing doping concentration. Either exchange interactions occur at a smaller
value of R, (<0.5 nm), or electric multipolar interactions prevail. In the case of SrAl;04: S phosphors, the value of R, was calculated
to be 1.540 nm, hence the sample exhibits electric multipolar interactions [36].

Fig. 9 displays the Commission Internationale de L’Eclairage (CIE) chromaticity graph of the SrAl,04:xCe®t sample, for analyzing
the precise emission colour and its purity of the as-synthesized SrAl;04:xCe>" phosphors. The CIE chromaticity coordinates (x =
0.23002, y = 0.21383) of the phosphors are specified in Fig. 9, which are symbolized by a cross mark. The emission colour is found in
the white region for the SrAl,04: xCe3" phosphors displayed in Fig. 8. Since these outcomes, it is confirmed that the as-synthesized
SrAl,04:xCe>t phosphors are apt for white light emission under near ultraviolet excitation wavelength [34,37].

The colour quality of the synthesized phosphor is found by correlated colour temperature (CCT) calculations, which describe the
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Fig. 7. Photoluminescence excitation spectrum for 0.5 MW% Ce doped SrAl,04 phosphor.
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colour produced by a light source and is calculated from McCamy empirical Eq. (4) [38].
CCT = — 4490 + 35250 — 6823.3n + 5520.33 @

where, n = ;:; , Xe = 0.332, yo = 0.186, is the epicenter

A source with a CCT value below 3000 K is typically treated as a “warm” lamp, whereas those with a CCT value greater than 4000 K
are considered as “‘cool’’ sources [39]. The calculated CCT value of the present synthesized 0.5 ce3t doped SrA1204 phosphor is 1503
K, which is in warm appearance. The outcomes show the potential of the as-synthesized phosphors for a display device and white light
emitting diodes (WLEDs) applications.

The investigation of the dielectric properties of material plays a major role in the field of super capacitors, energy storage, opto-
electronics, LEDs, ferroelectrics, etc., [40,41]. The dielectric constant and loss tangent for the SrAl;04:0.5% ce’t phosphor was
investigated as a function of frequency in the range of 4 Hz-8 MHz with different temperatures as shown in Figs. 10 and 11. The values
of the dielectric constant appear initially random for the current sample in the low frequency range a large frequency dispersion in
dielectric constant was discovered, which might be attributed to cation valency fluctuations and space charge polarisation at the
sample electrode interface and grain, but it shows stable values from 3 kHz to 8 MHz. According to Koop’s hypothesis, the applied
frequencies inflict a major impact in dielectric properties [42]. Generally, the dispersion in dielectric constant may also be caused by
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Fig. 10. Showing dielectric constant variations at different temperatures with various frequencies for SrA1,04:0.5% Ce®* phosphor.

the hopping exchange of charges between two localised states which is controlled by its density and the subsequent displacement of
charges with the applied field. The fact that electron exchange between two metal ions cannot follow the variation of external ac field
at higher frequency and thus attributed to the stability of the dielectric constant and loss tangent at the higher end of frequency [43]
whereas, the dipolar and interfacial polarisation determine the lower frequency. At higher frequency, dielectric constants are dictated
by electronic and ionic polarisation but dipoles owing to interfacial polarisation or space charge polarisation cannot retort [44,45]. For
the conduction process, grain boundaries have a stronger influence than at low frequencies. The dielectric constant is higher at thin
grain boundaries and this value at low frequency might be attributed to the inhomogeneous structure of dielectric induced by grain
boundaries and porosity [46]. Similarly, the loss tangent exhibits frequency-dependent dispersion. The existence of space charge at the
sample electrode interface and grain boundaries was confirmed by the presence of substantial dielectric loss at low frequency. The
non-uniform accumulation at the grain boundaries and sample electrode contact may be due to space charge polarisation. It is known
that the loss tangent is connected to mechanisms of resistive loss and relaxation loss. This leads in nearly same values of dielectric
constant and loss tangent behaviour at higher frequencies.

Figs. 12 and 13 show the fluctuation of dielectric constant and loss tangent with temperature for the present samples at 102 Hz, 103
Hz, 10* Hz, 10° Hz, and 10 Hz at temperatures ranging from 308 K to 433 K. The dielectric constant rises with increasing temperature
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Fig. 11. Showing dielectric loss variations at different temperatures with various frequencies for SrAl;04:0.5% Ce>" phosphor.

because of thermally activated charges indicating the presence of hopping conduction in the materials, according to the examination of
the dielectric dispersion curve. The electron-phonon interaction helps explain the rising trend of dielectric constant with temperature.
At high temperatures, electric dipoles accumulate enough thermal energy to follow changes in the applied field, whereas at low
temperatures, electric dipoles contribute minimally to polarisation. The observed trend of the present material shows minor variance.
An electric dipole is formed, which increases the dielectric constant due to the creation of vacancies by the rare earth cations [47].

The studies of the loss tangent with temperature reveals that the loss tangent increases with increasing temperature for the present
materials and is almost dependent on temperature. The dispersion behaviour of the loss tangent curve is similar to the dielectric
constant because of the existence of thermally activated free charge carriers which might also be due to the existence of flaws such as
aluminium vacancies and oxygen vacancies. Another important feature is conductivity, which dominates at higher temperatures,
leading in increase in tan 8. In the case of Ce®*, there is some deviation from the usual pattern of tan & fluctuation with temperature.

The graph shows that conductivity increases with temperature at a wide range of frequencies. The increased o, values with fre-
quency due to the electrical activity of conductive granules at high frequencies and temperature might be explained by the changing
polarisation behaviour of the dielectric materials (Fig. 14). When the thermal energy is on the order of the ion dipole interaction, the
dissociation of ion charge and water molecules occurs, allowing for the escalation of thermally driven charge carriers. At elevated
temperatures, electrical conductivity increased as a derivative of polarisation increasing owing to the simplicity that additional car-
riers of charge may collect in the lack of ion dipole connections [47]. The graph of In 6, vs 1/T is shown in Fig. 15, and it follows the
Arrhenius connection. As a consequence, based on the slope of the plot, the activation energy for ionic migration was determined and is
shown in Fig. 16. The present materials utilised in high frequency applications are confirmed by the AC conductivity and loss tangent
values.

5. Conclusion
The white light emitting SrAl,04:xCe>* phosphors are productively synthesized by the process of conventional solid-state reaction.
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Fig. 12. Temperature dependence of dielectric constant for SrAl,0,:0.5% Ce®* phosphor.
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Fig. 15. Plot of In (6,c) T versus 1000/T for SrAl,04:0.5% Ce>* phosphor.
The monoclinic phase of as-synthesized phosphors was verified by the XRD structural pattern and the phosphor thus emitted ~420 nm,
~490 nm, and ~610 nm under UV excitation of wavelength 256 nm due to the transition of 2D5 /2 — 2F5 /2 2D3 /o — 2F5 /2 and relaxed

level to %Fs s, respectively. The white light emission was affirmed by CIE chromaticity x, y coordinates. CCT value is calculated and

10



G. Kumar K et al. Heliyon 9 (2023) e17429

0.21 4
0.18 4
0.15 -
l/.

0.12 4

Activation Energy (E_)

0.09 4

0.06

2 3 4 5 6
log f

Fig. 16. Variation of ac activation energy with log frequency for SrAl,04:0.5% Ce>* phosphor.

observed in the acceptable limit and can be represented as the warm source. The SrAl;04:0.5 MW% Ce®' phosphor can be used as a
white light source when compared to phosphors of 0.1 MW% and can be considered a probable applicant for white LEDs applications.
The electron hopping is accountable for the dielectric polarisation in phosphor. The electron hopping plays an important role in
deciding the function of dielectric constant and loss factor with frequency as well as temperatures and also activation energy was
determined.
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