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Synthesis of green phosphor SrAl,O,: Eu?*, Dy*': Rietveld refinement
and optical properties
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Strontium aluminate (SrAl,O,), SrAl,0,: Eu** and SrAl,O,; Eu**/Dy** phosphors were
prepared by solution combustion method. The XRD patterns of the sample were analysed
using Rietveld refinement. The analysis confirmed the multiphase structure consisting of
hexagonal (P6;space group) and monoclinic (P12, space group) phases. The refinement x>
values in the range of 2.1-2.8. The crystal structure model was generated based on the
refined data. The refined unit cell volume show increment after Eu and Dy doping. The
estimated crystallite size is approximately 19 nm and slightly increase after calcination.
The emission spectra of the Eu** doped SrAl,O, sample shows a broad emission band with
a peak around 500 nm, corresponding to 4f°5d’—4f’ transition. With additional Dy**
doping, the emission peak shifted towards 522 nm, which emitted green light as illustrated
by the CIE diagram. The synthesized compounds were also characterized by FTIR and
UV-vis for their chemical bonding and energy band gap respectively.
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1. Introduction

Phosphors incorporated with lanthanide ions have been widely investigated due to the
suitability of these materials in numerous applications, such as light sources, light emitting diodes
(LEDs), colour displays, and bioimaging [1-3]. One of the well-known phosphor materials is
strontium aluminate (SrAl,O4) doped lanthanide ions. This material has attracted considerable
interest from researchers due to its excellent phosphorescence properties, including thermal and
chemical stability, high quantum efficiencies and long luminescence lifetime [4-7]. Previously,
zinc sulphide doped with Co, Cu, and Mn was considered as the main phosphorus material that
could obtain long luminescence lifetime. Later, strontium aluminates become well known due to
longer luminescence lifetime [8].

Various activators, including Eu®*, Dy*, Er**, Tb*, and Nd*, have been used as doping
agents to obtain the desired luminescence property [9-12]. Moreover, transition metal ions,
including Mn?*, Ni%*, Cu®*, and Zn*, have been incorporated for enhancing luminescence intensity
[13]. Strontium aluminate doped Eu®* has become notable as the material that can be applied in
novel smart fabrics and persistent luminescent materials [14, 15]. The addition of Dy*" in samples
can improve the optical properties [16]. In this study, Eu, Dy co-doped SrAl,O, phosphor
synthesised using combustion method is reported. This study is essential to provide information on
the synthesis method of SrAl,O, phosphor material and investigate the effect of adding rare earth
elements (Eu2+, Dy3+) on the structural and optical properties of SrAl,O, Rietveld refinement was
carried out to carefully analyse the structural properties of the prepared sample. To the best of the
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authors knowledge, Rietveld refinement has not been fully reported for SrAl,O, samples in other
published literature. The optical properties of prepared SrAl,O,: Eu**, Dy** phosphor powder were
investigated using photoluminescence (PL) analysis and ultraviolet-visible (UV-vis) spectroscopy.
Meanwhile, the structural and chemical bond properties were analysed using X-ray diffraction
(XRD) and Fourier transform infrared (FTIR) spectroscopy, respectively. This study would
provide additional knowledge on the structural and optical analysis of SrAl,O,. Eu®*, Dy*
phosphor.

2. Experimental procedure

2.1. Sample synthesis

Stoichiometric amount of Sr(NOj), (99.5%, QReC), AI(NOs);-9H,O (98.9%, Sigma-
Aldrich), Eu,O5(99.9%) Huizhou GL Tech. Co. Ltd, Dy,03(99.9%) Huizhou GL Tech. Co. Ltd,
and urea ((NH,),CO) Bendosen 99.8% were prepared to synthesise SrAl,O,: Eu**, Dy* phosphor.
1 M of 65% nitric acid (HNO3) was added to Eu,O3; and Dy,0sto form Eu(NOz); and Dy(NOs3)s,
respectively. The conversion of these rare earth compounds into nitrate form. Then, Eu(NOs); and
Dy(NOs); were mixed with Sr(NOs),, AI(NOs)s-9H,0, and (NH,),CO. Next, the solution was
stirred for 2 h at 200 rpm and 70 °C using a magnetic stirrer. After that, the solution was
transferred into an alumina crucible, placed in a preheated furnace, and maintained at 600 °C. At
first, the solution was boiled to remove water, followed by decomposition under the existence of a
large amount of gases. Later, the reagent immediately combusted and generated foamy and
voluminous ash. The mixture becomes foam, which breaks with a flame and burns to
incandescence. This process occurred about 9 min until completion. Afterwards, the crucible was
removed and cooled to room temperature. The sample was ground into powder form using an
agate mortar and pestle. For calcination, the sample was heated at 1,100 °C for 1.5 h.

2.2. Sample characterization

XRD patterns of the samples were collected using a Rigaku AX-2500 Advance X-ray
spectrometer with Cu-Ko, radiation (A = 0.154 nm). The General Structure Analysis System
(GSAS) with graphical user interface (EXPGUI), and visualisation for electronic structural
analysis (VESTA) software were employed for structural refinement and to visualize the refined
structure of compounds, respectively. A Perkin Elmer Spectrum 100 FTIR spectrometer with
attenuated total reflection (ATR) mode in the range of 4500-400 cm * was used to record the
sample's IR absorption spectra. The PL was measured using a Horiba Fluoromax-4
spectrofluorometer in the range of 400-700 nm. The absorption spectra were obtained using a
Shimadzu UV-1800 UV-vis spectrometer in the range of 200-1,100 nm.

The crystallite size was calculated using the Debye-Scherrer equation:

D =kl/p cos 6 @

where D is the average crystal size, k is the Scherrer constant (i.e., 0.90), £ is the full at half
maximum, and 6 is the diffraction angle.
The energy band gap can be calculated using the Tauc relation:

(ahv)* = K? (hv — Eg) (2)

where a is the coefficient of absorption, hv is the energy of photon, K is fixed depending on the
form of transition, and E, is the band gap. The band gap energy can be estimated by plotting (ahv)®
against /v and extending the linear region of the graph to (ahv)? = 0. The intersection point of the
line at the x-axis is the band gap value.
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3. Results and discussion

The XRD pattern of undoped SrAl,O, before and after calcination is shown in Figure 1(a).
After calcination, it can be seen that the peak becomes narrower, and the intensity increases. From
the XRD patterns in Figure 1(b), all spectra contain intense and sharp peaks, indicating high
crystallinity. All the peaks matched well with the Joint Committee on Powder Diffraction Standard
(JCPDS) No. 34-0379, confirming that the samples are SrAl,O,. The spectra were further analysed
with Rietveld refinement. The refined XRD results are shown in Figure 1(c—d). The solid black
line shows the Rietveld refinement, whereas the red + point is the measured XRD spectra. The
quality of the Rietveld refinement is estimated in terms of the weighted profile R-factor (Rup),
unweighted profile R factor (R,), and chi-squared (x%), as listed in Table 1. Table 1 also lists the
crystallographic parameters extracted from the Rietveld refinement of the corresponding XRD
spectra. From the results, it is observed that the samples contain multiphase structures, which are
consistent with previous findings [4]. The formation of these structures depends on the heat
treatment during sample preparation, whereby a monoclinic phase is formed at low temperatures
and a hexagonal phase is formed at high temperatures [17-19]. A hexagonal structure typically
forms at the transition temperature of 650 °C [18]. Based on the analysis, it is confirmed that the
main phase present in the samples is the hexagonal phase with P63 space group (shown as a red
tick vertical line in Figure 1(c—d)).
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Fig. 1. a) XRD pattern for undoped SrAl,O, before (black solid line) and after calcined (red dash
line). b) XRD pattern for SrAl,O,, Eu?* doped SrAl,O, (1.0 mol%) and Eu** Dy** co-doped SrAl,O,
(1.0 mol %) phosphors after calcination. Rietveld refinements of XRD patterns for (c) undoped, (d)

Eu?* doped and (e) Dy** doped. Observed (red +), calculated (black line) and difference between
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observed and calculated (blue line). First and second detected phases are denoted by red and black
tick vertical lines respectively.

Meanwhile, another phase detected is the monoclinic phase material with P12; space
group (shown as a black tick vertical line in Figure 1(c—d)). The refined hexagonal and monoclinic
phases generated using Vesta software are shown in Figure 2. The lattice parameters agreed well
with published data [20, 21]. It is found that the lattice parameter ¢ for doped samples is slightly
larger than the undoped sample. The refined lattice angles for all samples are o = f = 90° and y =
120°. The refined unit cell volume (V) increased after the sample had been doped with Eu and Dy,
implying that the addition of other elements increases the cell volume. The x?values in the range
of 2.1-2.8 show a good refinement result considering the samples have multiphase structures. It is
also observed that some of the XRD data did not fit well, indicating the presence of impurities in
the sample, which might be due to unreacted chemicals present in the sample. The crystallite size
of the undoped sample is stated in Figure 1(a). The crystallite size after calcination increased from
19.2 nm to 22.5 nm. The increment is likely due to crystallite growth by the thermal effect [22].
The crystallite sizes of undoped SrAl,O., SrAlLO,: Eu*, and SrAl,O,: Eu*'/Dy*" are 22.5 nm, 25.2
nm, and 22.8 nm, respectively. From Figure 1(b), the sample doped with Eu®" has the biggest
crystallite size. However, the size becomes smaller for Dy**, Eu** co-doped SrAl,O, sample. The
difference in crystallite size is probably due to differences in ionic radius [23].

Table 1. Lattice parameters, unit cell volume, and fit goodness (x°) in SrAl,O, (doped and undoped) as
obtained from Rietveld refinement.

Sample SrAlL,O, Eu:SrAl,O, Dy/Eu: SrAl,O,
Space group P63 P63 P63
hexagonal hexagonal hexagonal
a (A) 8.8567(5) 8.8476(5) 8.8697(3)
b (A) 8.8567(5) 8.8476(5) 8.8697(4)
c(A) 8.3804(7) 8.6632(7) 8.6531(4)
o=p 90.0 90.0 90.0
Y 120.0 120.0 120.0
Volume(A®) 569.308(3) 587.314(3) 589.564(2)
Rp(%) 11.42 12.64 10.69
Rwe(%0) 14.21 16.32 17.31
12 2.817 2.065 2.241

Fig. 2. (a) Refined hexagonal phase (P63 space group) and (b) monoclinic (P121 space group)
generated using Vesta software.

The results of FTIR analysis for SrAl,O4 SrAl,O4: Eu®, and SrAl,O,; Eu*/Dy*" are
shown in Figure 3. Based on the results, all the samples show a peak at 3750 cm™*, which is due to
N-H stretching vibration. This peak likely originates from nitrates present in the starting material
[24]. A broad band observed at 3454 cm™* is caused by the O-H stretching vibration of free and
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hydrogen-bonded hydroxyl groups. The presence of this broad band is due to the humidity level in
the air [25]. Next, the peak appearing in the region of 1712 cm™ is due to C-O vibration. The
presence of a very weak band in 1360 cm™ is from the symmetric stretching of N-O group
vibration, which could originate from nitrates in the raw material [26]. Another peak found at 742
cm ' is caused by the stretching of Sr-O vibration. Furthermore, the symmetric bonding of O-Al-O
is discovered at 437 cm*. The FTIR results are summarised in Table 2.
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Fig. 3. FTIR Spectra of SrAl,Oy4, SrAl,Oy:
1 mol% Eu®* and SrAl,O4: 1 mol% Eu®*, 1 mol% Dy** phosphor powder

Table 2. FTIR analysis of SrAl,O,4, SrAlL,Oy:
1 mol% Eu®* and SrAl,O,: 1 mol% Eu?*, 1 mol% Dy** phosphor powder.

Absorption peaks (cm™) Assignments

3750 N-H stretching vibrations
3454 O-H stretching vibrations
1712 C=0 vibrations

1360 N-O stretching vibrations
742 Sr-O stretching vibrations
437 O-Al-O symmetric stretching

PL analysis was conducted to analyse the luminescence properties of Eu®* doped SrAl,O,
and Dy*", Eu?* co-doped SrAl,O,. Figure 4 shows the emission spectra of Eu** doped SrAl,O, and
Dy**, Eu** co-doped SrAl,O, identified in the range of 400-700 nm under the UV excitation at 337
nm. The emission spectra of Eu** doped SrAl,O, sample show a broad emission band with a peak
at 500 nm. This emission corresponds to 4f°5d" — 4f' transition [27]. From the analysis, the sample
with 1 mol % Eu® concentration shows the highest emission intensity. Thus, this Eu®*
concentration was used for preparing Dy**, Eu** co-doped SrAl,O, sample. The emission peak
Eu®*, Dy*" co-doped SrAl,O, is at 507 nm and shifted to 525 nm with the increase of Dy*'
concentration. The higher Dy*"concentration results in a larger shift. This shift might be due to the
changes of the crystal lattice around Eu®* and the quantum size effect of the phosphor [28]. The
addition of Dy*" did not show its characteristic emission but is likely to transfer the absorbed
energy into the host matrix of Eu®* ions. The Eu* ions are predicted to substitute Sr sites with
similar crystallographic arrangement [29]. Dy*" can activate hole trap levels to extend the
afterglow. The valence electrons of Eu®* captured by Dy** donated traps can be released gradually
and recombined under thermal re-excitation with the excited state of Eu®* and then returned to the
ground state of Eu®, accompanied by green light emission. This process will result in long
afterglow. Therefore, more hole trap levels are created in SrAl,O4: Eu®* samples with higher Dy**
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concentrations, leading to higher PL intensities [30]. Figure 5 displays the Commission
International de L’Echairage (CIE) 1931 coordinates for Eu*", Dy** co-doped SrAl,O, excited at
337 nm. The chromaticity coordinate for green light is located at (0.2866, 0.5475) [31]. The
emission of SrAl,O,: Eu*, Dy3+ is confirmed in the green region with coordinate (0.27685,
0.57518) of the colour space after calculation using the colour coordinate.
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Fig. 4. PL emission spectra of samples SrAl,O,: Eu*, with 0.1, 0.3, 1.0 mol% concentration of Eu®*
(left) and SrAl,O,: Eu?*/Dy** with 1.0 mol% concentration of Eu** and 0.2, 0.4, 0.6, 0.8, 1.0 mol%
concentration of Dy**(right), excited at 337 nm wavelength radiation.
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Fig. 5. CIE plot coordinates of SrAl,04:1 mol% Eu?*, 1 mol% Dy*".

Based on Figure 6(a), the doped samples have almost the same spectrum as the undoped
sample due to the small percentage of rare earth used for each sample. The spectra have a strong
absorption band at 200 nm, followed by a weak broad band in the region of 240-600 nm. No
absorption band was observed after 600 nm. The weak bands observed are due to the structural
defects in SrAl,O, phosphor powder. The absorbance of the sample doped with Eu** and Dy*" is
slightly higher than the undoped sample. This might be caused by the increased absorption of
photon energy at longer wavelengths from the reduction in band gap [32]. Figure 6(b) shows the
Tauc plots for the energy band gap of undoped SrAl,O,, Eu** doped SrAl,O,, and Eu*, Dy**co-
doped SrAl,O,. The absorption can be considered as a direct band gap as it does not require
phonon during photon emission. From the graph, the band gap energy values for undoped SrAl,Oy,,
Eu®* doped SrAl,O,, and Dy**, Eu** co-doped SrAl,O, are 5.4264 eV, 5.3162 eV, and 5.4168 eV,
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respectively. The band gap decreases after doping SrAl,O, with Eu®* and Dy**. The decrease of
band gap is likely due to the localised rate of defects caused by the doping of Eu®* and Dy** ions
within the SrAl,O, host band gap. lonic radii are vital in the decrease of band gap. The ionic radii
for Sr**, Eu*, and Dy*" are 0.127 nm, 0.13 nm, and 0.091 nm, respectively. As the ionic radius of
Eu? is higher than Sr¥, it replaced Sr?* in SrAl,O,. The difference in ionic radii causes lattice
expansion in SrAl,O,. There is not much difference in the band gap after doping with Dy** as the
ionic radius of Dy** and Sr?* is almost similar [32].
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Fig. 6. (a) UV-vis Absorption spectra for SrAl,O,, 1 mol% Eu?* doped SrAl,O4 1 mol% Dy**, 1

mol% Eu®* co-doped SrAl,O, phosphors (b) Tauc plot for energy band gap estimation calculated
from absorption spectra of a) SrAl,Oy, b) SrALO,: Eu®* and c) SrALL,O,: Eu**/Dy*".

4. Conclusion

Undoped SrAl,0,, Eu®* doped SrAl,O, and Eu®, Dy*" co-doped SrAl,O, were
successfully synthesised using the solution combustion method. The XRD patterns were analysed
using Rietveld refinement with % values in the range of 2.1-2.8. Based on the analysis, it is
confirmed that the main phase is hexagonal with P6; space group. While another phase is
monoclinic with P12, space group. The crystallite size was found between 19 to 25 nm. The PL
analysis reveals that the sample produce broad emission band which corresponds to 4f°5d" — 4f
transition. For the Dy*", Eu*" co-doped SrAl,0, sample, the emission peaks slightly shifted
towards longer wavelength. CIE plots proved that this peak exhibit green emission which
potentially can be applied as a green phosphor for green LEDs.
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