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Abstract 

Rare-earth-doped phosphors are functional inorganic materials whose 
optical response is controlled jointly by the crystal structure of the host, 
the oxidation state and site symmetry of the activator, dopant 
concentration, defects, and thermal history. This methodology paper 
presents a compact and reproducible protocol for correlating structural 
characteristics with optical performance in oxide phosphors, using 
europium- and dysprosium-activated strontium aluminate as a 
representative system while retaining applicability to yttria, borate, 
molybdate, phosphate, and titanate hosts. The proposed procedure 
combines controlled powder synthesis with X-ray diffraction (XRD), 
scanning electron microscopy/energy-dispersive spectroscopy 
(SEM/EDS), Fourier-transform infrared spectroscopy (FTIR), UV–visible 
spectroscopy, photoluminescence excitation/emission (PLE/PL), decay 
analysis, and CIE chromaticity calculations. XRD establishes phase purity, 
lattice response, and crystallite size; microscopy verifies particle 
morphology and dopant distribution; spectroscopic measurements 
identify host absorption and characteristic 4f–4f or 4f–5d transitions. 
Literature up to 2016 shows that improved crystallinity can enhance Eu³⁺ 
emission, Dy³⁺ commonly produces blue–yellow emission, and 
SrAl₂O₄:Eu²⁺,Dy³⁺ exhibits broad green emission with persistent 
luminescence. The methodology emphasizes concentration-series 
measurements and explicit identification of concentration quenching 
rather than reporting a single composition. Representative outcomes are 
stated as literature-consistent expectations and are not presented as newly 
measured data. The framework is suitable for laboratories seeking a 
concise protocol for phosphor screening, structure–property analysis, and 
optimization for lighting, display, sensing, or persistent-luminescence 
applications. 

 
Introduction 

Phosphors are host lattices containing a small 
fraction of optically active ions that absorb 
energy and re-emit it at characteristic 
wavelengths. Rare-earth ions are particularly 
valuable because their partially filled 4f shell 
produces sharp, element-specific transitions, 
while divalent ions such as Eu²⁺ can also show 
broad 4f⁶5d¹→4f⁷ emission that is strongly 

sensitive to the host crystal field. The theoretical 
basis for interpreting trivalent rare-earth spectra 
was established by Judd (1962) and Ofelt (1962), 
whose intensity framework links transition 
probabilities to local symmetry and ligand 
environment. Consequently, optical 
characterization is incomplete without parallel 
structural characterization of the host lattice. 
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A practical phosphor-development study 
therefore requires three linked questions: 
whether the intended host phase has formed; 
whether the activator has been incorporated 
without creating dominant impurity phases; and 
whether the resulting excitation, emission, and 
decay behavior is favorable at a realistic dopant 
concentration. Persistent alkaline-earth 
aluminates illustrate this interdependence. Hölsä 
et al. (2001) showed that Eu²⁺ provides the 
principal blue/green emitting center in MAl₂O₄ 
hosts and that selected trivalent rare-earth co-
dopants can strongly modify afterglow behavior. 
This paper defines a step-by-step methodology 
for obtaining the structural and optical evidence 
needed to answer these questions within one 
coherent experimental design. 
 
Literature Review 

The literature up to 2016 demonstrates that 
synthesis route, host chemistry, activator 
valence, and heat treatment all influence 
phosphor performance. In persistent strontium 
aluminate, Peng et al. (2004a) prepared 
nanoscale SrAl₂O₄:Eu,Dy by solution combustion 
and reported broad green emission near 513 nm, 
while their sol–gel study produced a related 
emission band near 506 nm and demonstrated 
that a single phase could be obtained at a lower 
processing temperature than conventional solid-
state routes (Peng et al., 2004b). These studies 
established combustion and sol–gel processing 
as useful alternatives when finer particle sizes 
and improved chemical homogeneity are 
required. 

Host structure can be as important as activator 
chemistry. Eu³⁺-doped cubic Y₂O₃ is a standard 
red phosphor because Eu³⁺ occupies 
crystallographic sites that support strong 
⁵D₀→⁷FJ emission. Packiyaraj and Thangadurai 
(2014) found that Y₂O₃:Eu³⁺ nanoparticles 
annealed at higher temperature showed greater 
crystallinity and stronger red 
photoluminescence, illustrating why XRD peak 
development and thermal treatment should be 
correlated with PL intensity rather than 
discussed independently. In SrAl₂O₄:Eu²⁺,Dy³⁺, 

Kshatri and Khare (2014) used XRD, SEM, and 
EDX together with PL and afterglow 
measurements and reported a strong emission 
near 515 nm. The study is especially relevant 
methodologically because it integrates 
composition, structure, morphology, and 
luminescence within one sample series. 

Trivalent dysprosium provides a complementary 
model for line-emitting phosphors. Kharabe et al. 
(2015) reported blue and yellow emissions from 
Dy³⁺-activated LiCaBO₃ and a red Eu³⁺ band near 
614 nm in the corresponding Eu³⁺ series. Dutta et 
al. (2015) showed that Dy³⁺/K⁺-doped CaMoO₄ 
could be assessed by XRD, TEM, FTIR, excitation 
spectroscopy, decay analysis, and quantum-yield 
calculations, confirming the value of 
multimethod characterization for assessing both 
crystal phase and radiative behavior. 
Vidyadharan et al. (2016) similarly used XRD and 
Judd–Ofelt analysis to study Dy³⁺ in 
Sr₀.₅Ca₀.₅TiO₃ and observed characteristic 
emissions around 481, 574, and 638 nm, while 
also showing that lifetime changes with dopant 
concentration. 

The 2016 study of Wako et al. extended 
structure–luminescence analysis to 
SrAl₂O₄:Eu²⁺,Dy³⁺,Nd³⁺ thin films, demonstrating 
that substrate temperature and argon pressure 
can shift XRD peaks and alter PL intensity 
through changes in crystal field and 
microstructure. Beyond lighting, rare-earth-
doped phosphors can also act as spectral 
converters; Lian et al. (2013) reviewed 
downshifting, downconversion, and 
upconversion routes for reducing spectral 
mismatch in photovoltaic devices. Taken 
together, the pre-2017 literature supports a 
methodology in which (i) phase identity is 
verified first, (ii) morphology and composition 
are checked, (iii) excitation and emission are 
mapped across a concentration series, and (iv) 
lifetime, color coordinates, and quenching 
behavior are used to determine the optimum 
formulation rather than selecting it from 
emission intensity alone. 

Table 1. Representative literature used to define the characterization strategy 

Study Host / dopant Key methods Methodological relevance 

Peng et al. (2004a) SrAl₂O₄:Eu,Dy Combustion, TEM, 
PL 

Nanoscale synthesis; broad Eu²⁺ 
emission 

Packiyaraj & 
Thangadurai (2014) 

Y₂O₃:Eu³⁺ XRD, TEM, PL, 
lifetime 

Annealing/crystallinity–PL 
correlation 



Optical and Structural Characterization of Rare Earth Doped Phosphor Materials 

21 

Kshatri & Khare 
(2014) 

SrAl₂O₄:Eu²⁺,Dy³⁺ XRD, SEM/EDS, 
PL, decay 

Integrated structural and optical 
analysis 

Dutta et al. (2015) CaMoO₄:Dy³⁺,K⁺ XRD, TEM, FTIR, 
PL, decay 

Spectral parameters and 
quantum-yield approach 

Vidyadharan et al. 
(2016) 

Sr₀.₅Ca₀.₅TiO₃:Dy³⁺ XRD, PL, JO 
analysis, CIE 

Concentration/lifetime and color 
analysis 

 
Methodology 

1. Experimental Design and Sample 
Series 

A concentration-series design is recommended 
because luminescence may initially increase with 
activator content and then decrease through 
non-radiative energy migration or concentration 
quenching. As a representative system, prepare 
SrAl₂O₄:Eu²⁺,Dy³⁺ powders with Eu fixed at 
approximately 1 mol% and Dy varied at 0, 0.5, 
1.0, and 1.5 mol% relative to the Sr site. The exact 
series may be adapted to another host such as 
Y₂O₃:Eu³⁺ or CaMoO₄:Dy³⁺, but all compositions 
must be synthesized under identical batch size, 
thermal schedule, and atmosphere. Include an 
undoped host or host-only reference whenever 
the host has appreciable intrinsic emission. 

2. Raw Materials and Synthesis 

Use analytical-grade Sr(NO₃)₂, Al(NO₃)₃·9H₂O, 
Eu(NO₃)₃·5H₂O, Dy(NO₃)₃ (or nitrate solutions 
prepared from the corresponding oxides), and 
urea as fuel for solution combustion. Calculate 
the oxidizer-to-fuel ratio from total nitrate 
oxidizing valence so that all samples have the 
same nominal fuel balance. Dissolve the salts in 
deionized water, combine under continuous 
stirring, and adjust only the minimum solution 
volume required for homogeneous mixing. Heat 
the precursor in a preheated furnace at about 
500–600 °C until spontaneous combustion 
produces a porous powder. Lightly grind the ash 
and then calcine at approximately 1000–1100 °C. 
For Eu²⁺-containing SrAl₂O₄, carry out the final 
heat treatment in a weak reducing atmosphere, 
because Eu³⁺ must be reduced to the optically 
active Eu²⁺ state. This workflow follows the logic 
of combustion and sol–gel routes reported for 
SrAl₂O₄:Eu,Dy by Peng et al. (2004a, 2004b) and 
is consistent with later combustion-based 
structural/optical studies (Kshatri & Khare, 
2014). 

3. Structural Characterization 

Record powder XRD patterns over 2θ ≈ 10–80° 
using Cu Kα radiation. Identify the host phase by 
comparison with an appropriate reference 
diffraction file, and inspect every sample for 

impurity peaks. Determine the strongest peak 
position, full width at half maximum (FWHM), 
and relative intensity using the same background 
and peak-fitting procedure for all compositions. 
Estimate the apparent crystallite size from D = 
Kλ/(β cosθ), where β is the instrument-corrected 
FWHM in radians. Report the equation as an 
estimate rather than a direct particle-size 
measurement. If sufficient peaks are available, 
lattice parameters may be refined and compared 
across the dopant series to evaluate substitution-
induced strain. The XRD interpretation should 
explicitly distinguish phase formation from 
crystallinity improvement, an important point 
demonstrated in Y₂O₃:Eu³⁺ after annealing 
(Packiyaraj & Thangadurai, 2014). 

4. Morphology, Composition, and 
Bonding 

Examine powder morphology by SEM at at least 
three non-overlapping fields and two 
magnifications. Report agglomeration, grain 
shape, approximate particle-size range, and 
porosity qualitatively unless statistically 
adequate image analysis is performed. Use EDS to 
verify Sr, Al, O, Eu, and Dy and to exclude major 
foreign elements; EDS should be treated as semi-
quantitative for low dopant levels. Record FTIR 
spectra in the mid-infrared region to confirm 
characteristic metal–oxygen lattice vibrations 
and to detect residual nitrate, carbonate, 
hydroxyl, or organic species. Dutta et al. (2015) 
provides a useful precedent for combining XRD, 
microscopy, FTIR, and luminescence in rare-
earth-doped oxide phosphors. 

5. Optical Characterization and Data 
Analysis 

Collect diffuse-reflectance UV–visible spectra 
from approximately 200–800 nm using the same 
sample packing thickness. Convert reflectance to 
the Kubelka–Munk function when an optical 
band-edge estimate is required. For 
luminescence, first record a PLE spectrum while 
monitoring the dominant emission; then select 
one or more excitation wavelengths within the 
strongest absorption/excitation region and 
record PL spectra over the visible range. Correct 
spectra for instrument response if quantitative 
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comparison is intended. Normalize only when 
comparing spectral shape; use unnormalized 
integrated intensity when comparing 
performance among dopant concentrations. For 
Eu²⁺ hosts, expect broad host-sensitive 
4f⁶5d¹→4f⁷ emission, whereas Eu³⁺ and Dy³⁺ 
generally show sharper intra-4f lines. The 
distinction follows the spectroscopic principles 
summarized by Judd (1962) and Ofelt (1962) and 
is observed experimentally across Eu³⁺, Dy³⁺, and 
Eu²⁺ phosphors in the selected literature. 

Measure decay curves at the principal emission 
wavelength after pulsed or shuttered excitation. 
Fit the simplest model that describes the data 

adequately: a single exponential for a nearly 
uniform emitting environment, a bi-exponential 
or stretched model only when justified by 
residuals and physical reasoning. Calculate CIE 
x,y coordinates from the corrected emission 
spectrum and, when appropriate, correlated 
color temperature or yellow-to-blue intensity 
ratio. Concentration quenching is identified 
when integrated PL intensity decreases above an 
optimum dopant level while phase purity 
remains essentially unchanged. Kharabe et al. 
(2015) and Vidyadharan et al. (2016) show why 
concentration-dependent intensity and lifetime 
should be interpreted together rather than 
independently. 

 

Figure 1. Step-by-step synthesis and characterization workflow for rare-earth-doped phosphor powders. 
 

Table 2. Measurements and minimum reporting outputs 

Technique Primary output Minimum comparison across 
series 

XRD Phase, peak position, FWHM, 
crystallite-size estimate 

Same scan range and fit settings 

SEM/EDS Morphology and elemental 
verification 

Same magnification plus several 
fields 

FTIR Lattice/impurity vibrations Same baseline correction 

UV–Vis/DRS Absorption edge / excitation 
window 

Same packing and reference 

PLE/PL Excitation bands, emission 
peaks, integrated intensity 

Same slit widths, power, 
detector settings 

Decay/CIE Lifetime and color coordinates Same excitation/emission 
conditions 

 
Results 

Because this paper specifies a methodology and 
does not claim a new experimental campaign, the 
outcomes below are representative, literature-
consistent results that the proposed protocol is 
designed to test. For a successfully prepared 
SrAl₂O₄:Eu²⁺,Dy³⁺ series, XRD should primarily 
match monoclinic SrAl₂O₄, with stronger and 
narrower reflections after adequate calcination 

indicating increased crystallinity. Wako et al. 
(2016) reported systematic changes in peak 
position and width with processing conditions in 
SrAl₂O₄:Eu²⁺,Dy³⁺,Nd³⁺ films, showing that small 
structural changes can accompany optical 
changes even when the nominal host remains the 
same. If additional peaks appear, they should be 
assigned before any PL enhancement is 
attributed to dopant optimization. 
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SEM is expected to show agglomerated 
combustion-derived particles with a porous or 
irregular morphology, while EDS should confirm 
the host elements and rare-earth dopants 
without strong contamination. Morphology is not 
expected to equal XRD crystallite size because 
one SEM particle may contain many coherent 
crystallites. For Y₂O₃:Eu³⁺, Packiyaraj and 
Thangadurai (2014) found that higher-
temperature annealing increased 
particle/crystallite dimensions and strengthened 
red emission; this is the type of structure–
property correlation that should be sought rather 
than treating each instrument independently. 

Optically, SrAl₂O₄:Eu²⁺,Dy³⁺ should show a broad 
green band associated with Eu²⁺ 5d→4f emission. 
Values around 506–520 nm have been reported 
in closely related samples (Hölsä et al., 2001; 
Peng et al., 2004a, 2004b; Kshatri & Khare, 2014). 
Dy³⁺ in other oxide/borate hosts is expected to 
produce characteristic blue and yellow lines, 
including transitions around 480–490 and 570–
580 nm, as observed by Kharabe et al. (2015) and 
Vidyadharan et al. (2016). Eu³⁺-activated 
materials generally exhibit a dominant red 
⁵D₀→⁷F₂ transition near 610–615 nm when Eu³⁺ 
occupies a non-centrosymmetric environment, 
consistent with the Eu³⁺ results reported for 
Y₂O₃ and LiCaBO₃ phosphors.

 

Figure 2. Illustrative concentration-dependent PL trend used to interpret an optimum dopant level. 
Curves are schematic and are not experimental data. 

 

Table 3. Expected interpretation criteria for a concentration series 

Observation Interpretation Required check 

PL rises with initial dopant 
addition 

More emitting centers / improved 
energy transfer 

Phase purity unchanged 

PL falls above optimum 
concentration 

Possible concentration quenching Check lifetime and impurity 
peaks 

XRD peaks narrow after 
calcination 

Higher crystallinity / larger 
coherent domains 

Instrument broadening 
corrected 

Emission peak shifts 
slightly 

Crystal-field or site-environment 
change 

Repeat under identical settings 

Afterglow strengthened by 
Dy³⁺ 

Trap population altered Measure decay/TL if available 

 
Conclusion and Discussion 

The proposed methodology provides a compact 
route for determining how rare-earth 
incorporation changes the structure and optical 
response of phosphor materials. Its central 
principle is correlation: a high emission intensity 
is meaningful only when phase purity, dopant 
incorporation, thermal history, morphology, and 
measurement conditions are documented. XRD 

should be used to confirm the host and quantify 
peak changes; SEM/EDS and FTIR should test 
morphology, elemental composition, and 
chemical cleanliness; and PLE/PL, decay, and CIE 
analyses should establish the practical optical 
response. The approach is deliberately 
concentration-based because the optimum rare-
earth level is system-specific and can be limited 
by concentration quenching.The literature up to 
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2016 supp orts several general conclusions. First, 
improved crystallinity can strengthen emission, 
as demonstrated for Y₂O₃:Eu³⁺ (Packiyaraj & 
Thangadurai, 2014). Second, Eu²⁺ emission is 
highly host-sensitive and broad, making 
SrAl₂O₄:Eu²⁺ particularly suitable for green 
persistent luminescence; Dy³⁺ can modify 
trapping and afterglow behavior in this host 
(Hölsä et al., 2001; Kshatri & Khare, 2014). Third, 
trivalent ions such as Dy³⁺ and Eu³⁺ retain 
characteristic line emissions that are valuable for 
interpreting local symmetry and color output 
(Kharabe et al., 2015; Vidyadharan et al., 2016). 
Finally, processing conditions can alter the 
crystal field and luminescence even without 
changing the nominal chemical formula, as 
shown in the thin-film study of Wako et al. 
(2016). These observations justify a 
methodology that holds synthesis conditions 
constant while varying only one main factor at a 
time. For future experimental use, the protocol 
can be strengthened by adding Rietveld 
refinement, Raman spectroscopy, absolute 
photoluminescence quantum yield, temperature-
dependent PL, and thermoluminescence where 
equipment is available. If the objective is 
photovoltaic spectral conversion, upconversion 
or downconversion measurements may also be 
added, consistent with the application 
framework reviewed by Lian et al. (2013). The 
current methodology, however, is sufficient for a 
six-to-seven-page laboratory study focused 
specifically on optical and structural 
characterization and can be adapted to Eu-, Dy-, 
Tb-, Sm-, Er-, or Nd-doped oxide phosphors 
without changing its core logic. 

Step-by-Step Experimental Sequence 

1. Define host, activator, and 3–4 dopant 
concentrations plus a reference sample. 

2. Weigh precursors stoichiometrically and 
synthesize all compositions in one controlled 
batch series. 

3. Grind, calcine, and—when Eu²⁺ is required—
apply a controlled reducing treatment. 

4. Run XRD first; reject or separately discuss 
samples containing major impurity phases. 

5. Record SEM/EDS and FTIR to verify 
morphology, composition, and residual 
chemical species. 

6. Measure UV–Vis/DRS, PLE, PL, decay, and CIE 
coordinates under identical instrumental 
settings. 

7. Compare integrated intensity, lifetime, peak 
position, and XRD characteristics to 
determine the optimum composition and 
identify quenching. 
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