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scence properties of
Ca1+xSr2�xAl2O6:Eu

3+ (0 # x # 1) red phosphors
based on composition modulation†

Biao Shen, Jianghang Xu, Qinan Mao* and Jiasong Zhong *

A series of solid solution Ca1+xSr2�xAl2O6:Eu
3+ (0 # x # 1) phosphors has been successfully synthesized via

a high-temperature solid-state method. The phase structures, photoluminescence performances, and

fluorescence lifetimes, as well as the thermal stability properties, have been systematically investigated.

All of the samples possess a cubic structure system and belong to the Pa�3(205) space-group. Owing to

the 5D0 / 7F2 transition of the Eu3+ ions, the photoluminescence emission (PL) spectra demonstrate

a strong red emission band at around 612 nm. As the Sr2+ ions have been substituted by Ca2+ ions in the

CaSr2Al2O6:Eu
3+ composition, the luminous intensities are gradually enhanced owing to the average

bond lengths of Ca–O, Sr/Ca–O, and Sr–O, which are shorter. In addition, the PL intensities at 423 K for

the CaSr2Al2O6:0.02Eu
3+, Ca1.5Sr1.5Al2O6:0.02Eu

3+, and Ca2SrAl2O6:0.02Eu
3+ phosphors retain 84.5%,

76.1%, and 75.7% of their intensities, respectively, compared with their initial intensities at 303 K. The

results demonstrate that high-performance Eu3+-activated red-emitting phosphors can be obtained via

cation substitution.
1. Introduction

In the last few decades, white light-emitting diodes (WLEDs)
have been widely studied, owing to their typical advantages
such as long lifetime, high luminous efficiency, small volume,
high brightness, being environmentally friendly and having an
excellent stability, and they are considered as the fourth
generation of all-solid-state green lighting sources.1–7 Currently,
the most common way to fabricate commercial WLEDs is by
combining a blue InGaN LED chip with a YAG:Ce3+

(Y3Al5O12:Ce
3+) yellow-emitting phosphor.8–11 Nonetheless,

owing to the deciency of the red-emitting component, the devices
have some disadvantages, such as a high correlated color
temperature (CCT) and a poor color rendering index (CRI).12–14

Consequently, these WLEDs do not meet the requirements for
indoor illuminations, which limit their further development as
light sources in this eld.15–17 Therefore, in order to improve the
CCT and CRI, more and more well-performing red-emitting
phosphors have been studied.18,19 However, compared with
commercially available blue and green phosphors, many obvious
shortcomings exist in red-emitting phosphors.8,17,20 For instance,
M2Si5N8:Eu

2+ (M ¼ Ca, Sr and Ba) and Y2O2S:Eu
3+ possess poor

performances in terms of the chemical stability, luminescence
efficiency and environmental protection (for example, the
ngineering, Hangzhou Dianzi University,

@hdu.edu.cn; jiasongzhong@hdu.edu.cn

tion (ESI) available. See DOI:

the Royal Society of Chemistry
production of sulde gas).20–22 Therefore, the development of
a novel red-emitting phosphor at a low cost, that is non-polluting,
has a superior stability, and satisfactory luminous efficiency is
urgently needed to satisfy the requirements of warm WLEDs.14,19

In order to obtain a well performing red phosphor for use in
WLEDs, the host lattice is one of the important factors.23 In
recent years, aluminate-based phosphors have been extensively
used for their excellent properties, such as a good luminous
efficiency, high CRI and wide excitation range.24–26 For example,
Ce3+-doped Lu3Al5O12 yellow phosphor and Eu2+-doped SrAl2O4

green phosphor possess good luminescence performances.27,28

Furthermore, compounds containing the M3Al2O6 (M ¼ Ca, Sr)
structure have received signicant attention owing to their
particular crystal structure and excellent chemical
stability.15,24,29 In particular, there are several kinds of cation
sites in the crystal structure of M3Al2O6 with a low symmetry,
which effectively enhance the intensity of the 5D0–

7F2 transi-
tion.20 Additionally, the composition of the host structure can
be adjusted by modifying the cations in the M site, and then
improving the activator environment and luminescent proper-
ties.30 It is well known that the Eu3+ ion is one of the most
efficient red luminescent rare-earth activators, which always
emit a bright red light with a high luminous efficiency.12,14,31 In
addition, the Eu3+ ions have two intense excitation peaks at
approximately 393 nm (7F0–

5L6) and 465 nm (7F0–
5D2) in most

host lattices, which are suitable for use in near-ultraviolet LED
chips and blue LED chips.21,32 Moreover, the Eu3+ ions possess
strong red emission peaks at approximately 590 nm and 615 nm
originating from their 5D0–

7Fi (i ¼ 1, 2) transitions.3,33,34
RSC Adv., 2021, 11, 12981–12989 | 12981
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In this work, a Eu3+-doped Ca1+xSr2�xAl2O6 (0 # x # 1)
composite has been studied as a potential alternative to red-
emitting phosphors. The luminous efficiency and thermal
stability can be improved by adjusting the proportion of the
Ca2+ and Sr2+ ions. In addition, Ca1+xSr2�xAl2O6 has a cubic
structure with a Pa�3(205) space-group, which provides a suitable
environment for Eu3+ ions. Furthermore, the ionic radius of the
Eu3+ ions (r¼ 0.947�A, CN¼ 6) is similar to that of Ca2+ ions (r¼
1.00�A, CN¼ 6) and Sr2+ ions (r¼ 1.18�A, CN¼ 6), indicating the
signicant possibility of using the Eu3+ ion to replace the Ca2+

and Sr2+ sites in the Ca1+xSr2�xAl2O6 host lattice. Hence, a series
of Ca1+xSr2�xAl2O6(0 # x # 1) red phosphors have been
synthesized using the solid-state reaction method. The crystal
structures, morphologies and photoluminescence emission
(PL) properties of the phosphor samples have been studied in
detail. In addition, the concentration quenching and thermal
stability have also been investigated.
2. Experimental section
2.1 Preparation of the samples

A series of CaSr2Al2O6:yEu
3+ (y ¼ 0.005, 0.01, 0.02, 0.03, 0.04,

0.05 and 0.10) and Ca1+xSr2�xAl2O6:0.02Eu
3+ (x ¼ 0, 0.2, 0.4, 0.6,

0.8 and 1.0) phosphors were successfully synthesized using
a high-temperature solid-state method. CaCO3 (99.99%), SrCO3

(99.99%), Al2O3 (99.99%) and Eu2O3 (99.99%) were used as raw
materials. First, these starting materials were weighed accord-
ing to the stoichiometric ratio, and then mixed uniformly, and
ground thoroughly for 30 min. Aer that, the compounds were
placed into alumina crucibles and pre-sintered at 800 �C for 6 h
in air. The phosphor samples were then reground for 20 min
and calcined at 1250 �C for 5 h. Finally, the resulting powder
samples were naturally cooled to room temperature in the
furnace and ground again for further characterization.
2.2 Characterization

The phase purity information of the samples was characterized
on a MiniFlex 600 X-ray diffractometer using Cu Ka (l ¼ 1.5405
Fig. 1 XRD patterns based on the Rietveld refinement results for (a) Ca
mental values are shown by black crosses. The Rietveld calculated val
respectively. The Bragg reflections are given as green short vertical lines

12982 | RSC Adv., 2021, 11, 12981–12989
�A) radiation. Scanning steps of 1� min�1 were used when
scanning the 2q range from 10� to 80�. The crystal structure
parameters were further analyzed and rened via the Rietveld
method using the soware program General Structure Analysis
System (GSAS). The morphology was detected using scanning
electron microscopy (SEM, FEI Apreo HiVac). The element
compositions were studied using energy dispersive X-ray spec-
trometry (EDX), using a spectrometer attached to the SEM. X-ray
photoelectron spectroscopy (XPS) analysis was carried out using
the monochromatic Al Ka excitation source. The PL spectra,
photoluminescence excitation (PLE) spectra and the lumines-
cence decay curves of the prepared samples were measured on
a spectrometer (UK, Edinburgh, FS5) using a continuous and
pulsed xenon lamp (150 W) as the excitation source. The
thermal quenching was studied from 303 to 503 K using PL
equipment with a homemade temperature control system.
3. Results and discussion
3.1 Phase structures and morphology analysis

The crystal structure and occupation probability, as well as the
phase purity of the CaSr2Al2O6:0.02Eu

3+ and Ca2SrAl2O6:0.02-
Eu3+ samples were developed using the GSAS Rietveld rene-
ment, as illustrated in Fig. 1. The crystallographic standard data
cards of ICSD-520249(CaSr2Al2O6) and ICSD-520250(Ca2SrAl2-
O6) were employed as the initial structural model. The nal
renement results for the CaSr2Al2O6:0.02Eu

3+ and Ca2SrAl2-
O6:0.02Eu

3+ samples, as well as their standard cell parameters,
are presented in Table 1. Accordingly, the CaSr2Al2O6:0.02Eu

3+

and Ca2SrAl2O6:0.02Eu
3+ samples possess a cubic structure

system with a space-group of Pa�3(205). In addition, the unit cell
volume of CaSr2Al2O6:0.02Eu

3+ (a¼ 15.456�A, V¼ 3692.4�A3) and
Ca2SrAl2O6:0.02Eu

3+ (a ¼ 15.380 �A, V ¼ 3638.3 �A3) are smaller
than those of pure CaSr2Al2O6 (a ¼ 15.550�A, V ¼ 3760.0�A3) and
the Ca2SrAl2O6 (a ¼ 15.408�A, V ¼ 3658.0�A3) host, respectively.
The shrinking of the unit cell volume further demonstrates that
the Eu3+ ions have successfully moved into the host. It is well
known that the percentage difference for the ion radius between
Sr2Al2O6:0.02Eu
3+ and (b) Ca2SrAl2O6:0.02Eu

3+ samples. The experi-
ues and the difference curves are indicated with red and blue lines,
.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Structural parameters for the CaSr2Al2O6:0.02Eu
3+ and Ca2SrAl2O6:0.02Eu

3+ samples

CaSr2Al2O6 CaSr2Al2O6:0.02Eu
3+ Ca2SrAl2O6 Ca2SrAl2O6:0.02Eu

3+

Crystal system Cubic Cubic Cubic Cubic
Space group Pa�3(205) Pa�3(205) Pa�3(205) Pa�3(205)
Units, Z 24 24 24 24
a (�A) 15.550 15.456 15.408 15.380
V (�A3) 3760.0 3692.4 3658.0 3638.3
Rp (%) 10.05 8.01
Rwp (%) 13.53 11.24
RE (%) 4.58 4.94
c2 8.718 5.187

Fig. 2 Unit cell crystal structures of (a) CaSr2Al2O6, and (b) Ca2SrAl2O6 with the coordination environments for Ca2+, Sr2+, and Al3+.
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the host and doped ions should be less than 30%.8 As for Al3+

ions (r ¼ 0.39�A, CN ¼ 4), Ca2+ ions (r ¼ 1.00�A, CN ¼ 6) and Sr2+

ions (r ¼ 1.18�A, CN ¼ 6), the values were calculated and found
to be �142.82%, 5.3% and 19.7%, respectively. Therefore, there
is no possibility of Eu3+ ions being doped into Al3+ sites.
Moreover, the unit cell crystal structure diagrams of the
CaSr2Al2O6 and Ca2SrAl2O6 samples with the coordination
environments of Ca2+, Sr2+, Al3+ are presented in Fig. 2. Obvi-
ously, there are six kinds of crystallographic sites for the Ca and
Sr atoms in the three crystal structures, including Ca1, Ca2, Ca3,
Sr2/Ca4, Sr3/Ca5 and Sr1 in CaSr2Al2O6 and Ca1, Ca2, Ca3, Sr2/
Fig. 3 (a) XRD patterns of Ca1+xSr2�xAl2O6:0.02Eu
3+ (x ¼ 0, 0.2, 0.4, 0.6

the range of 31.5� to 33.5�. (b) The variations of the lattice parameters (a

© 2021 The Author(s). Published by the Royal Society of Chemistry
Ca4, Ca5 and Sr1 in Ca2SrAl2O6, respectively. The abundant
octahedrons [CaO6] consist of Ca

2+ ions surrounded by six O2�.
In addition, the Sr1, Sr2/Ca4 and Sr3/Ca5 sites are coordinated
with nine, eight and seven oxygen atoms, respectively. Among
them, the polyhedral structures of the Ca and Sr atoms provide
suitable conditions for the Ca2+ and Sr2+ ions, which can be
easily replaced by Eu3+ ions.

The XRD patterns of the CaSr2Al2O6:yEu
3+ (y ¼ 0.005, 0.01,

0.02, 0.03, 0.04, 0.05 and 0.10) and Ca1+xSr2�xAl2O6:0.02Eu
3+ (x

¼ 0, 0.2, 0.4, 0.6, 0.8 and 1.0) samples were measured and are
shown in Fig. 3a and S1a.† As the Eu3+ ions are doped into the
, 0.8 and 1.0) samples and the corresponding enlarged XRD patterns in
and V) as a function of the Ca2+ content.

RSC Adv., 2021, 11, 12981–12989 | 12983
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host or Sr2+ ions are substituted by Ca2+ ions, no other impurity
phases can be observed. In addition, with the increasing Eu3+

concentration, the main diffraction peaks gradually shi
towards the higher side of the angles, as presented in Fig. S1b.†
Based on the Bragg equation (2d sin q¼ nl), in which d, l and q,
respectively, correspond to interplanar crystal spacing, the
wavelength of the X-ray and the diffraction angle, this
phenomenon can be attributed to the Ca2+ or Sr2+ ions that are
replaced by the Eu3+ ions. Thus, with the increasing concen-
tration of Eu3+ ions, the interplanar crystal spacing (d) will
decrease owing to the effective ionic radius of the Eu3+ ions (r ¼
0.947 �A, CN ¼ 6) being smaller than those of the Ca2+ or Sr2+

ions. Similarly, the Sr2+ ions are gradually replaced by Ca2+ ones
in the Ca1+xSr2�xAl2O6:0.02Eu

3+ (x ¼ 0, 0.2, 0.4, 0.6, 0.8 and 1.0)
samples, the main diffraction peaks shi to a larger angle value,
as shown in Fig. 3a, which can be attributed to the larger Sr2+

ions, which are displaced by smaller Ca2+ ones. In addition, the
variations in the cell parameter a and the unit cell volume V in
Fig. 4 (a) A representative SEM image of CaSr2Al2O6:0.02Eu
3+, and the co

Al K-edge, (e) O K-edge, and (f) Eu L-edge. (g) The EDX spectrum of Ca

12984 | RSC Adv., 2021, 11, 12981–12989
the Ca1+xSr2�xAl2O6:0.02Eu
3+ samples have been demonstrated

in Fig. 3b. Obviously, the lattice parameters present a linear
decline owing to the enhancement of the Ca2+ contents, in
which the a and V reduce from 15.456 to 15.380�A and 3692.4 to
3638.3 �A3, respectively. These results further conrm the
substituted Ca2+ for the Sr2+ sites in the host lattice of
Ca1+xSr2�xAl2O6:0.02Eu

3+.
The morphology and composition of the as-prepared

CaSr2Al2O6:0.02Eu
3+ sample were examined using SEM and

are presented in Fig. 4a. Obviously, irregular blocky particles
with sizes ranging from 0.5 to 10 mm can be observed.
Furthermore, the elemental distribution was studied using EDX
mapping, as exhibited in Fig. 4b–f. It was found that the Ca, Sr,
Al, O and Eu elements are distributed homogeneously on the
surface. As expected, the EDX spectrum further proves that only
the Ca, Sr, Al, O and Eu elements exist, as demonstrated in
Fig. 4g. Meanwhile, to conrm whether some Eu2+ ions existed
in the CaSr2Al2O6:Eu

3+ sample, the high-resolution XPS scan
rresponding elementmapping images: (b) Ca K-edge, (c) Sr L-edge, (d)
Sr2Al2O6:0.02Eu

3+.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 PLE and PL spectra of CaSr2Al2O6:0.02Eu
3+.
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spectrum for the Eu 4d region is shown in Fig. S2.† The pres-
ence of two peaks located at 134.4 and 141.0 eV are indicative of
the Eu3+ 4d5/2 and 4d3/2 core levels, respectively, and the well-
known peak around 129.4 eV associated with Eu2+ (4d5/2) was
not observed.35 Therefore, there was no Eu2+ present in the
prepared sample.
3.2 Photoluminescence properties

The PLE and PL spectra of the CaSr2Al2O6:0.02Eu
3+ sample are

shown in Fig. 5. The broad band with a maximum at approxi-
mately 250 nm is known as the charge transfer (CT) process,
which is ascribed to the transition from the O2� 2p state to the
Eu3+ 4f state. Meanwhile, the PLE spectrum contains several
sharp peaks between 350 and 500 nm owing to the typical intra-
4f transitions of the Eu3+ ions.19,36 Obviously, the two strongest
peaks at 393 and 465 nm, originating from the 7F0 /

5L6 and
7F0 / 5D2 transitions of the Eu3+ ions, respectively, can be
observed, which illustrate the prepared sample can be excited
by the near ultraviolet and blue LED chips effectively.36 Upon
excitation at 393 nm, several emission peaks from 550 to
750 nm, corresponding to the electronic 5D0/

7Fi (i¼ 0, 1, 2, 3,
4) transitions, are present in the PL spectrum.3 The most
Fig. 6 (a) PL spectra of CaSr2Al2O6:yEu
3+ (y¼ 0.005, 0.01, 0.02, 0.03, 0.0

emission intensities from 5D0 / 7F2 based on various Eu3+ concentratio

© 2021 The Author(s). Published by the Royal Society of Chemistry
intense emission peak at 612 nm and four other weaker emis-
sion peaks at 579, 594, 653 and 707 nm can be found, which are
in good agreement with the 5D0 /

7F2,
5D0 /

7F0,
5D0 /

7F1,
5D0 /

7F3 and
5D0 /

7F4 transitions of the Eu3+ ions, respec-
tively.32,37,38 These results reveal that the Eu3+ ions have occupied
a site with a narrow crystal symmetry in the lattice of
CaSr2Al2O6.

In order to investigate the inuence of Eu3+ concentrations
on the luminescent intensity, the PL spectra of the CaSr2Al2-
O6:yEu

3+ (y ¼ 0.005, 0.01, 0.02, 0.03, 0.04, 0.05 and 0.10) phos-
phors with different Eu3+ ion concentrations have been
measured, as shown in Fig. 6a. Clearly, all of the samples exhibit
the same spectral shapes around 612 nm, except for the lumi-
nous intensities. With the increase in the concentration of Eu3+

ions, the emission intensity is rst enhanced and then reaches
the maximum at 2mol%, and then decreases gradually owing to
the concentration quenching mechanism, as demonstrated in
Fig. 6b. In the CaSr2Al2O6 matrix, the spacing between the
adjacent Eu3+ ions will become smaller if the doping concen-
tration of the Eu3+ ions reaches a certain value. Thus, the non-
radiative energy transfer will increase, and then result in
a decrease in the emission intensity. In general, non-radiative
energy transfer occurs as an exchange interaction or electric
multipole–multipole interaction from the sensitizer ions to the
activator ions.37 Among these, the exchange interaction makes
a vast difference when the critical distance is less than 5 �A.
Thus, the critical distance Rc between the Eu3+ ions is calculated
according to the Blasse theory.8 For the CaSr2Al2O6:0.02Eu

3+

phosphor, the values obtained were V¼ 3692.4�A3, Xc¼ 0.02 and
N ¼ 48. Therefore, the Rc was found to be 19.44 �A, which is
much larger than 5 �A. Therefore, the non-radiative energy
transfer between the Eu3+ ions is the electric multipole–multi-
pole interaction. Herein, there are three types of electric
multipole–multipole interaction, including dipole–dipole (d–d),
dipole–quadrupole (d–q) and quadrupole–quadrupole (q–q)
interactions, respectively. Based on Dexter's theory, the type of
electric multipole–multipole interaction can be veried using
the following formula:31

I

c
¼ K

1þ bðcÞq=3
(1)
4, 0.05, and 0.10) phosphors with different Eu3+ concentrations. (b) The
ns; the inset shows the fitting curve of log(I/c) versus log(c).

RSC Adv., 2021, 11, 12981–12989 | 12985
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in which I corresponds to the PL emission intensity, c repre-
sents the concentration that exceeds the optimal concentration,
K and b are constants and q ¼ 6, 8, and 10 represent the d–d, d–
q and q–q interactions, respectively. As shown in the inset of
Fig. 6b, the relationship between log(I/c) and log(c) was found
to be almost linear, and the slope was tted and found to be
�1.61. Therefore, the value of q was calculated to be 4.83, which
is close to 6, indicating that the concentration quenching
mechanism of the Eu3+ ions in the CaSr2Al2O6 phosphors is a d–
d interaction.

Aer that, to systematically investigate the change in the
luminescent intensity of the Eu3+ ions in the Ca1+xSr2�xAl2O6

host when the Sr2+ ions are increasingly replaced by Ca2+ ions,
we adjusted the molar ratio of Ca : Sr from 1 : 2 to 2 : 1. In
addition, we used 2 mol% as the doped concentration of Eu3+

ions, which has been veried as the optimal concentration in
CaSr2Al2O6. As seen in Fig. 7a, all of the samples show the same
spectral shapes with increasing Ca2+ concentrations (x) from
0 to 1.0. Clearly, the luminous intensities of the Eu3+ ions
gradually increase with the enhancement of the Ca2+ concen-
trations. When x reaches 1.0, the emission intensity of the
Ca2SrAl2O6:0.02Eu

3+ phosphor was found to be 3.55 times
greater than that of the CaSr2Al2O6:0.02Eu

3+ phosphor, as
depicted in Fig. 7b. The enhancement of the PL characteristics
with the addition of Ca2+ may be attributed to some different
factors. The bond lengths of the Ca, Sr/Ca and Sr ions coordi-
nated with their ligands is one of the most prominent of these.
Herein, the average bond lengths of Ca–O, Sr/Ca–O and Sr–O are
shorter in Ca2SrAl2O6 than those in CaSr2Al2O6, as illustrated in
Table S1.† Thus, with the increment of the Ca2+ doping
concentrations, the average bond lengths of Ca–O, Sr/Ca–O and
Fig. 7 (a) PL spectra of Ca1+xSr2�xAl2O6:0.02Eu
3+ (x ¼ 0, 0.2, 0.4, 0.6, 0.

emission intensities of the Eu3+ ions at different Ca2+ concentrations; the
Ca2+ concentrations. (c) Photographs of the obtained phosphors under

12986 | RSC Adv., 2021, 11, 12981–12989
Sr–O are shorter, resulting in a larger average distance between
the doping elements. The larger distance will weaken the non-
radiative energy transfer from one Eu3+ to another Eu3+, and
nally signicantly enhance the efficiency of the radiative
transition in the Ca2SrAl2O6 host.5,39,40 Furthermore, the
Commission International de l’Eclairage (CIE 1931) chroma-
ticity coordination diagram for the Ca1+xSr2�xAl2O6:0.02Eu

3+

phosphors is exhibited in Fig. S3.† When the value of x
increases from 0 to 1.0, the CIE chromaticity coordinates shi
slightly from (0.6311, 0.3684) to (0.6488, 0.3508). All of the
results demonstrate that the obtained phosphors can be used as
excellent red-emitting phosphors for potential applications in
the eld of solid-state lighting. Meanwhile, the internal
quantum efficiency (IQE) of CaSr2Al2O6:0.02Eu

3+ and the Ca2-
SrAl2O6:0.02Eu

3+ samples were obtained and found to be 36.5%
and 46.3%, respectively, which are higher than those of the
commercially available phosphors Y2O2S:Eu

3+ (IQE: 35%),22

illustrating that the samples have promising application pros-
pects in solid-state lighting.

To further verify the promoting effect of the Ca2+ ions on the
Ca1+xSr2�xAl2O6:0.02Eu

3+ phosphors, the luminescent decay
curves of Ca1+xSr2�xAl2O6:0.02Eu

3+ (0# x# 1.0) were measured,
as presented in Fig. 8. Obviously, all of the curves are in
accordance with the following single exponential attenuation
formula:10,14

I(t) ¼ I0 + A exp(�t/s) (2)

In which I0 and I(t) correspond to the luminescent intensities at
time 0 and t, A is a constant, and s represents the uorescence
lifetime. According to the above equation, the average lifetimes
8 and 1.0) phosphors with different Ca2+ concentrations. (b) Integrated
inset shows the emission intensity from 5D0 / 7F2 based on different
daylight and 365 nm UV light.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 The luminescent decay curves of the Ca1+xSr2�xAl2O6:0.02Eu
3+

(0 # x # 1.0) phosphors. The inset shows the luminous lifetimes with
different Ca2+ concentrations.
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of phosphors decrease from 1.9340 to 1.5210 ms with the
increase of x from 0 to 1.0. This result is mainly ascribed to the
shorter average bond lengths of the Eu3+ ions in Ca2SrAl2O6

compared to those in CaSr2Al2O6.
As one of the crucial factors for the practical application of

WLEDs, thermal stability has been studied systematically. The
temperature-dependent PL emission spectra of the Ca1+xSr2�x-
Al2O6:0.02Eu

3+ phosphors with various Ca2+ concentrations
have been shown in Fig. 9a–c. Evidently, the PL intensities of
these phosphors present a slight decline as the temperature
increases from 303 to 503 K. Additionally, the trend is described
more clearly in Fig. 9d, in which the emission intensities
decrease gradually with the increase in temperature. In partic-
ular, the PL intensity at 423 K for the CaSr2Al2O6:0.02Eu

3+,
Fig. 9 The temperature-dependent PL spectra of the as-prepared C
concentrations: (a) x ¼ 0, (b) x ¼ 0.5, and (c) x ¼ 1.0. (d) The normal
temperature range of 303 to 503 K; the inset shows the fitted curves of

© 2021 The Author(s). Published by the Royal Society of Chemistry
Ca1.5Sr1.5Al2O6:0.02Eu
3+ and Ca2SrAl2O6:0.02Eu

3+ phosphors
drops to 84.5%, 76.1% and 75.7% compared with the initial
intensity at 303 K, respectively. All of the phosphors possess
excellent thermal stability performances. Generally speaking,
the rigidity of the crystal structure is an important factor for
thermal stability, and superior structural rigidity can produce
an excellent thermal stability.41 As for the Ca1+xSr2�xAl2-
O6:0.02Eu

3+ phosphors, the rigidity of the crystal structure will
be reduced if the larger Sr2+ ions (r ¼ 1.18 �A, CN ¼ 6) are
replaced by smaller Ca2+ ions (r ¼ 1.00 �A, CN ¼ 6), which
eventually results in a decline in the thermal stability. Subse-
quently, in order to further conrm the mechanism of thermal
quenching, the activation energy (DE) of CaSr2Al2O6:0.02Eu

3+,
Ca1.5Sr1.5Al2O6:0.02Eu

3+ and Ca2SrAl2O6:0.02Eu
3+ was calcu-

lated using a modied Arrhenius equation as follows:16

IT ¼ I0

1þ A expð�DE=kTÞ (3)

Herein, I0 and IT correspond to the emission intensities of the
initial temperature (303 K) and the given temperatures (303–503
K), respectively, A is a constant, DE represents the activation
energy of thermal quenching and k is the Boltzmann constant.
According to the equation above, the relationship of ln (I0/IT �
1) and 1/kT has been plotted and tted in the inset of Fig. 9d.
The DE values of CaSr2Al2O6:0.02Eu

3+, Ca1.5Sr1.5Al2O6:0.02Eu
3+

and Ca2SrAl2O6:0.02Eu
3+ were tted and found to be 0.1189,

0.1606 and 0.1610 eV, respectively. Generally, the larger values
ofDE demonstrate that the excited state energy level locations of
Eu3+ are much further from the conduction band, which means
the thermal quenching is lower. Hence, these phosphors
possess a higher DE compared to those of KGd0.7TiO4:0.3Eu

3+

(0.08 eV)42 and Ca2Tb7.94(SiO4)6O2:0.06Eu
3+ (0.027 eV),43 which
a1+xSr2�xAl2O6:0.02Eu
3+ (0 # x # 1.0) phosphors with various Ca2+

ized PL intensities of the Ca1+xSr2�xAl2O6:0.02Eu
3+ phosphors in the

ln(I0/IT � 1) versus 1/kT.

RSC Adv., 2021, 11, 12981–12989 | 12987
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further demonstrates the remarkable thermal stability of the
Ca1+xSr2�xAl2O6:0.02Eu

3+ phosphors. In addition, the
temperature-dependent luminous lifetimes of the Ca1+xSr2�x-
Al2O6:0.02Eu

3+ phosphors were also measured from 303 to 503
K, as shown in Fig. S5.† The uorescence lifetimes decline to
a small extent, further indicating the excellent thermal stability
of these phosphors.

4. Conclusions

In conclusion, a series of novel red-emitting CaSr2Al2O6:yEu
3+

and Ca1+xSr2�xAl2O6:0.02Eu
3+ phosphors has been successfully

synthesized using a high-temperature solid-state method. The
phase purities and crystal structures have been systematically
investigated, and the results illustrate that all the samples
possess a cubic structure system with a Pa�3(205) space-group.
The PL spectra demonstrate that strong red emission located
at 612 nm, owing to the 5D0 / 7F2 transition of Eu3+ ions, is
observed. The optimal doping concentration is 2 mol%, and the
concentration quenching mechanism was determined and
found to be a dipole–dipole interaction. The substitution of Sr2+

ions by Ca2+ ions can signicantly increase the luminous
intensities of the Ca1+xSr2�xAl2O6:0.02Eu

3+ phosphors, and the
emission intensity of the Ca2SrAl2O6:0.02Eu

3+ phosphor was
revealed to be 3.55 times greater than that of the CaSr2Al2-
O6:0.02Eu

3+ one. Impressively, the Ca1+xSr2�xAl2O6:0.02Eu
3+

phosphors exhibit excellent thermal stability performances,
and at 423 K, the PL intensities of the CaSr2Al2O6:0.02Eu

3+,
Ca1.5Sr1.5Al2O6:0.02Eu

3+, and Ca2SrAl2O6:0.02Eu
3+ phosphors

retain 84.5%, 76.1% and 75.7% of their intensities compared to
their initial intensities at 303 K, respectively.
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