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Abstract

SrAl,0,Eu** green-light emitting powder phosphor was prepared within a few minutes at furnace temperature as low
as 550 °C by using combustion method. The prepared powder was characterized by X-ray diffraction, scanning electron
microscopy and Fourier-transform infrared spectrometry. Several ESR lines are exhibited by the phosphor, and some are
seen in the low field region apart from lines in the g~2.0 region. Crystal fields that were relatively strong arose from distor-
tions close to the Eu?" ion lead to lines in the low field region. The photoluminescence of Eu®*-activated SrAl,O, shows a
green-emission dominant peak around 514 nm, which can be attributed to the 4f°5d' — 4f” transition of Eu** ions from the
synthesized phosphor particles at an excitation wavelength of 345 nm.

1 Introduction

Rare-earth and transition-metal-ion-doped alkaline earth
aluminates have been widely investigated due to their excel-
lent physical, optical and eco-friendly properties [1-3]. The
alkaline earth aluminates phosphors doped with rare earth
ions are functional inorganic materials that exhibit strong
luminescence properties. These materials have attracted
much attention in terms of the range of their applications,
such as display devices, signage, medical applications, emer-
gency rescue guidance systems, and storage devices [4-6].
In addition, these systems have been known to be excel-
lent long-persistence phosphors due to their high efficient
luminescence centers and potential to emit light a long time
after the excitation has ended [7, 8]. Strontium aluminate
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(SrAl,O,) phosphors, in particular, have been investigated
widely due to their persistent phosphorescence with high
quantum efficiencies and good chemical stabilities [9].
Strontium aluminates doped with Eu** ions are finding use
in a variety of applications such as luminous paints, emer-
gency lighting, safe traffic, wall painting, films, artificial fib-
ers, rubbers, textiles ceramics, lamp industry, color display,
radiation dosimetry, X-ray imaging [10]. SrAl,O, co-doped
with Eu?* and Dy>* have been extensively investigated due
to their excellent properties. The materials can be used in
construction to detect damage to bridges, low-level escape
systems during general power failures, textile printing, clock
watches, electronic dial plates, and luminous paints [10-13].

SrAl,O, belongs to the large family of stuffed tridymite
structures which consists of corner-sharing AlO, tetrahe-
drons, with each oxygen shared with two aluminum ions
and a Sr** cation that occupy interstitial sites within the
tetrahedral frame work. It is known that at room tempera-
ture, SrAl,O, is monoclinic, with a P2,/n space group and,
at high temperatures, it is hexagonal, with a P6;22 space
group. Structural phase transitions occur between these two
types of structures during cooling. Strontium aluminate has
conventionally been synthesized by a solid-state method
at high temperature, but nowadays SrAl,O, is prepared by
low-temperature synthetic techniques such as chemical pre-
cipitation, combustion synthesis, and a sol-gel process. A
spray pyrolysis method and a reversed micelles method have
been reported to synthesize strontium aluminate phosphors
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[14—19]. Strontium aluminate has been known to be an effi-
cient host material with broadband emissions.

The Eu** shows a large absorption of ultraviolet (UV)
light and a broad emission, ranging from UV to red light
due to a 4f°5d! —4f’(3S,,,) transition, depending on dif-
ferent crystal-lattice environments. The green-emitting
Eu’*-doped phosphor has been widely investigated.
Zhong et al. [20] reported the synthesis and spectroscopic
investigation of Ba3La6(SiO4)6:Eu2+ green phosphors
for white light-emitting diodes. Xia et al. [21] reported
CagLa,(Si0,),(PO,),0,:Eu**, a novel apatite green-emit-
ting phosphor. Lii et al. [22] investigated near-UV and a
blue-based LED fabricated with CayZn(Si0,),Cl,:Eu" as
a green-emitting phosphor. Komukai et al. [23] studied a
high-luminescence BaZrSi;0,:Eu”" blue-green-emitting
phosphor. Li et al. [24] reported a Ba;Sic0,,N,:Eu’" green-
emitting phosphor for white LEDs. The aluminate of interest
in the present study is Eu”** activated SrAl,O, phosphor.

Electron spin resonance (ESR) spectroscopy, in particu-
lar, is a very important method that allows the establish-
ment of the symmetry of the paramagnetic center and the
charge state. In this regard, the aim of this investigation was,
therefore, to study the ESR of the Eu*" activator in SrAl,0,
powder phosphor. The combustion process is fast, simple
and safe and requires a low temperature for preparation of
phosphors as materials. Taking this point into account, in the
present paper, we have successfully prepared SrAl,O,:Eu
phosphor at a relatively low temperature via a solution-
combustion process. The prepared phosphor was well char-
acterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), Fourier transforms infrared (FT-IR),
electron spin resonance (ESR) and photoluminescence (PL)
techniques.

2 Experimental

Eu?*-doped SrAl,O, crystals aluminates were prepared
with the chemical formula SrEu, ,,Al,O, by a solution-
combustion process (Source materials were: 0.5641 g
Sr(NOj),, 2.0 g AI(NO;);-9H,0, 3.900 g CO(NH,),,
0.0114 g Eu(NO;);-5H,0). 0.0309 g of H;BO; was used
as a flux. To perform the combustion reaction, the starting
materials were placed in a 100 ml glass beaker and mixed
with a minimum amount of deionized water. The reaction
was carried out in solution at 80 °C for 20 min to obtain
a homogenous solution. Then the solution was introduced
into a muffle furnace preheated to 550 °C. Initially, the solu-
tion was boiled and underwent a dehydration process. This
was followed by decomposition with the evolution of large
amounts of gas. The mixture was then frothed and swollen,
thus forming a foam which burst into a flame and glowed to
incandescence. During incandescence, the foam underwent

further swelling to the capacity of the container. The entire
combustion process was completed in less than 5 min. The
beaker was taken out, and the foamy product was crushed
into a fine powder. This powder was white in color and its
properties were evaluated.

X-ray diffraction data were recorded at room temperature
on a X’Pert Pro Diffractometer (Panalytical) using CuKa
radiation in the 20 range of 10° to 80°. Powder morphol-
ogy was studied using scanning electron microscopy (SEM,
Hitachi S-3200N, Japan). Fourier transform infrared (FT-
IR) was performed with Thermo-Nicolet equipment in the
range of 400-4000 cm~!. The photoluminescence emis-
sion and excitation spectra of the samples were recorded by
using a spectrofluorophotometer (RF-5301PC SHIMADZU)
equipped with a Xenon lamp. A powdered sample of 100 mg
was placed in a quartz tube for the ESR measurements. The
ESR spectra of the sample were recorded on a JEOL FE1X
ESR Spectrometer, operating in the X-band frequencies,
with a field modulation of 100 kHz.

3 Results and discussion
3.1 X-ray diffraction studies

Figure 1 shows the X-ray diffraction peak of Eu**-doped
SrAl,O,. All peaks are in good agreement with the joint
commission standard pattern for SrAl,O, (JCPDS File No.
74-0794) and (JCPDS File No. 31-1336) for monoclinic
and hexagonal phases, respectively. It is well known that
SrAl,O, had two phases, depending on the temperature:
below 650 °C the monoclinic form is stable, and above
this temperature, SrAl,O, crystallizes with hexagonal
symmetry [25]. From the XRD it was confirmed that the

Monoclinic JCPDS File No. 74-0794
—_— 1 L || 1l ‘ || ol 1 . oo mut b Howh,
3 o
© S
p g I
= s T Eu?*doped SrAl, O,
= 2 ™4
2 S 3 (| S -
[ s A& N o o {
- = o  Su
£ o F SR - »g,é sz \
- e - S o
Hexagonal JCPDS File No. 31-1336
[ - | L Ao 1. |
T T T T
10 20 30 40 50 60

20 (Degrees)

Fig. 1 XRD pattern of SrAl,0,:Eu** phosphor
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small amount of Eu** had no effect on the SrAl,O, phase
composition. We can simply assume that the ionic radii
of Eu?* (1.3 A) are roughly equivalent to that of Sr2*
(1.31 A) so that Eu®* ions can easily substitute for Sr2*
sites and have no effect on the SrAl,O, phase composi-
tion [26]. We have used a combustion method to obtain a
crystalline phase of SrAl,O, which requires much lower
furnace temperatures compared to the solid-state method.
The crystallite size was calculated by applying the well-
known Scherer’s equation: D=0.9 A/p cosB, where A is
the wavelength of incident X-ray, § is the FWHM of the
main peak and 0 is the corresponding Bragg’s diffraction
angle. The crystallite size calculated from this method is
found to be 29.39 nm.

3.2 FT-IR

Figure 2 shows the FT-IR spectrum of the SrAl,O4:Eu
powder. Absorption band arising from O-H stretching
vibration of water occur at ~3650 to 3400 cm™'. The
sample shows the peak at ~1500 cm™'. The peak of our
sample at ~ 1500 cm™' is in good agreement with the
measurements of Misevicius et al. [27]. Misevicius et al.
reported that the exact origin of this peak, however, is not
very clear. Importantly, in the 1000-400 cm™" fingerprint
region, several sharp bands are observed due to typical

Fig.2 FT-IR spectrum of 80

metal-oxygen absorptions (Sr—O and Al-O stretching fre-
quencies) [2, 27].

3.3 SEM

The SEM micrographs of the Eu**-activated SrAl,O, phos-
phor is shown in Fig. 3a—f. Morphology of the prepared
powder shows that the particles are overlapped and aggre-
gated. The size of is also irregular with different shapes. The
enlarged view of Fig. 3b (zone b) is shown in Fig. 3c. Parti-
cles with pores and voids are clearly visible on the enlarged
image. A large amount of gas escaped as a result of the
combustion reaction. Figure 3d shows that the particles also
possess crystal and plate-like morphologies. The plates are
irregular in shape and size. Both small and large plates are
present. The enlarged view of Fig. 3e (zone e) is shown in
Fig. 3f. From this image, it can clearly be observed that the
plates are composed of nano-sized needles. Features inher-
ent to the combustion product include pores, voids, plates,
and needles.

3.4 Electron paramagnetic resonance studies

The ESR spectrum recorded at room temperature of the
europium-doped SrAl,O, phosphor is shown in Fig. 4. Sev-
eral lines are seen mainly in the low field region of the spec-
trum, and the dominant lines are observed at g~ 18.5, 6.3,
4.2,2.99,2.93,2.025 and 1.99. Other lines have g-values
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Fig.3 SEM images of SrAl,0,:Eu** phosphor

equal t0 9.9, 4.4. Compared to other rare-earth ions, the Eu?**
ion is characterized by a relatively long relaxation time, and
this makes it possible to observe its ESR spectrum at ambi-
ent temperatures. A normal ESR spectrum of the ion consists
of seven equally spaced fine structure lines in case crystal
field interaction is small compared to the microwave energy
at 10 GHz. Nearest neighbors of the europium ion and the
local symmetry strongly influences the separation between

15.0kV 13.1mm x30.0k

these fine structure lines. Due to the hyperfine interaction of
the unpaired electron with Eu?* (I1=5/2) nucleus, each of the
seven fine structure lines splits into six lines. As there are
two stable isotopes of europium ('3'Eu and '**Eu), there will
be two sets of six hyperfine lines in the spectrum. S-state
rare-earth ions Eu and Gd in polycrystalline powder systems
exhibit typical ESR spectra which are quite different from
those of glassy or disordered systems like zeolites [28, 29].

@ Springer
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Fig.4 ESR spectrum of SrAl,O,:Eu** phosphor

However, in some cases, even for materials which are
crystalline, there can be occurrence of the disorder in cer-
tain lattice sites which can result in the distribution of
crystal field experienced by the europium ion and the situ-
ation could be like that of a glassy material (polycrystal-
line Pb,_ /) La,Zr,_ TiO;) [29]. The observed spectrum
in the present case appears to be similar to spectra of dis-
ordered or glassy systems.

Eu?* and Gd** ions are different in the category of rare-
earth ions as they have half-filled 4f shells. The electronic
configuration of these ions is [Xe]4f”. The ions have L=0
as they are pure S-states. Consequently, they have spheri-
cally symmetric charge clouds. This makes the ion unaf-
fected by the crystal field caused by the nearest neighbor
ions. Therefore, crystal field interactions will be extremely
small. However, higher order perturbations are present and
lead to perceptible crystal field effects. These perturba-
tions arise from spin—orbit coupling and result in split-
ting of the states. Examples of higher states with L#0 are
°D,,, and 6P7/2, and these states are mixed with the ground
state which is a pure S-state. This mixing mediated by
spin—orbit coupling enables the ion to interact with the
crystal field. It should be emphasized that there is no direct
coupling between the ion and the crystal field. The inter-
action gives rise to a splitting of the ground state. These
splitting states are manifested as crystal field effects in the
observed ESR spectrum. The symmetry of the lattice site
occupied by a Eu?* ion is determined by nearest neighbor
ions. As the location and orientation of these neighboring
ions change, there will be a corresponding change in the
local symmetry at Eu?* ion site. Local symmetry varia-
tions will cause a change in the magnitude of the crystal
field at the ion, and there will be a corresponding change
in the observed ESR spectrum.

@ Springer

Eu?" and Gd*" ions exhibit a unique ESR spectrum in
glass systems, disordered lattices and some special cases of
polycrystalline powder samples. A spectrum which has some
similarities to this unique spectrum is also displayed by the
Eu”* ion in the present SrAl,0,:Eu®* phosphor. Brodbeck
and Iton [30] describe this kind of spectrum as a U-spec-
trum. Some of the explanations given earlier consider the
Eu’* ion to experience strong crystal fields when the ion is
in low coordinated sites resulting in a weak shoulder line
at g~4.2. For the case of an ion with a high coordination
number, lines are expected at g=5.6, 2.6 and 1.96. Despite
these explanations, the reasons are believed to be not all that
satisfactory. On the other hand, Brodbeck and Iton [30] give
a more meaningful explanation for the U-spectrum. They
consider the magnitude of crystal field interaction (Hcg) and
Zeeman splitting hv (where v is the microwave frequency).
This consideration allows Brodbeck and Iton to classify the
observed ESR spectrum into different regions, viz., weak,
intermediate and strong crystal field regions. Weak crystal
field region corresponds to the case where H /hv < %4. ESR
lines are mostly confined to the free-electron region (g ~2.0).
Intermediate region is divided into lower intermediate crys-
tal field region and higher intermediate region. In the lower
region 1/4 <Hcp/ hv<1. Here ESR lines are expected over
a wide range of g-values extending from 2.0 to co. Strong
crystal field corresponds to the case where Hp/ hv >4 and
ESR lines are determined by transitions within the Kramer’s
levels.

SrAl,O, crystallizes in the monoclinic structure with
space group P2,/n [31]. SrAl,O, is formed by a frame-
work of corner-sharing AlO, tetrahedral. This framework
results in the formation of cavities. The structure is derived
from stuffed tridymite structure where all the Si** ions are
replaced by AI’* ions. The presence of AI’* creates charge
imbalance which is compensated by placing Sr** ions in the
cavities which restore charge balance. Sr** ions are coordi-
nated by nine oxygens and occupy two different sites.

The presence of divalent Sr** ion and trivalent AI** ion
in the lattice brings out mixed occupancy where Al ions
are partially replaced by divalent ions. This kind of cation
exchange results from antisite cation exchange. This is also
termed as cation exchange disorder and is a point defect in
crystals. These defects are predicted to be present in the lat-
tice by theoretical calculations [32]. X-ray diffraction [33]
and X-ray absorption fine structure [34] investigations sup-
port the presence of such defects. On the other hand, they
are also directly observed by high-angle annular dark-field
(HAADF) and annual bright-field scanning transmission
electron microscopy [35]. Two Sr sites exist in the SrAl,O,
system, and the dopant Eu ion is expected to substitute both
these sites. This has been confirmed experimentally by low-
temperature luminescence studies of Eu’*-doped SrAl,O,
[36].
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The ionic radius of Sr** ion in nine-fold coordination is
1.31 A. The ionic radius of Eu>* ion in the same coordina-
tion is 1.3 A and is almost the same as Sr** ion radius [37].
On the other hand, the ionic radius of AI** ion (0.39 A) is
small and therefore, Eu?* ion substitutes Sr?* sites in the
SrAl,O, system. There is a possibility of formation of oxy-
gen vacancies in the lattice due to cation disorder mentioned
earlier and also due to non-stoichiometry. Theoretical cal-
culations predict an ease of formation of oxygen vacancies
when cation disorder is present in the lattice compared to
a perfect cation-ordered system [38]. Oxygen vacancies
located near Eu”" ions may bring changes in the symmetry
of the substitutional sites and lead to distortions. Distortions,
in turn, alter the crystal field and make the Eu** ion experi-
ence stronger crystal fields. ESR lines will appear in the
lower field region of the spectrum which is expected in the
case of intermediate crystal fields discussed earlier.

It is observed that ESR lines are also seen near g=2.0
region in Eu?* doped SrAl,O,. Oxygen vacancies could be
in positions which are far from certain Eu>* ions. These
ions would then be not perturbed by vacancies, and the local
symmetry would be preserved leading to lines in the free-
electron region.
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Fig.5 Typical photoluminescence spectra of SrAl,O,:Eu?* phosphor

Fig.6 Typical photographs of
SrAl,0,:Eu?" phosphor sample
under a room light (appearance:
a white powder) and b UV

365 nm (appearance: a green
emission of Eu**)

3.5 Photoluminescence studies

The photoluminescence excitation and emission spectra of
europium doped SrAl,O, phosphor are shown in Fig. 5. The
excitation spectrum of this phosphor is recorded by keep-
ing the emission wavelength fixed at 514 nm. The observed
absorption peak at 345 nm is assigned to the characteristic
4f7 — 4f%5d! transition of the Eu®>* ions. Keeping the excita-
tion wavelength fixed at 345 nm, the emission spectrum of
this phosphor includes a broad band peak at 514 nm with a
full width at half maximum about 77 nm is observed, which
is typical of the 4f°5d! — 4f” emission of the Eu** ions.
In SrAl,0,, Eu?* could easily substitute for Sr** ions with
comparable ionic radius and same charge. A broad band in
the region 400-625 nm was observed in the present study,
peaking at an emission wavelength of 514 nm. This result
indicates that the prepared powder emit green light. The
photo image shown in Fig. 6 confirms this point. It is worth
to mention that the green emitting phosphor can be prepared
by the combustion synthesis, which is simpler, safer, more
energy saving way and within a shorter time compared to
the solid-state reaction method. It is well known that the
emission of Eu® is attributed to the transition from 4f%5d
to the ground state 4f”. The 4f electrons are not sensitive to
the crystal lattice environment, while the 5d electrons may
easily couple with crystal lattice. Thus, the 4f5d state can
be split by the influence of crystal field and coupled strongly
with crystal lattice phonon, which leads to a broadband
absorption and emission. The emission band of our sample
at 514 nm is in good agreement with the measurements of
Ravichandran et al. [39] who observed the band at 512 nm.
However, the emission from SrAl,O, was observed as a
symmetrical band at 514 nm, a slightly shorter wavelength
than the 518 nm observed by Song et al. [40] and 521 nm,
observed by Palilla et al. [41]. In the present study, green
emission band position at 514 nm may be due to the mix
phase as we know emission of Eu** is due to interconfigu-
rational d-f transitions, the energy of the emission strongly
depends on the host material. In addition, the existence of an

@ Springer
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impure phase in SrAl,O,:Eu greatly affected its luminescent
property. A detailed analysis was done and presented as the
ESR study of the prepared sample. The incorporation and
stabilization of Eu ions in the sample were confirmed by
the ESR and luminescence investigations. Both the analysis
of the sample confirms the presence of Eu>* in the SrAl,O,
matrix.

Figure 7 displays the color coordinate of the emitted color
from the SrAl,0,:Eu" after excitation via 345 nm wave-
length. Herein the broad emission peak of the vacancy state
of Eu®* ion in the SrAl,0, host will emit green light emis-
sion. Therefore, Commission Internationale de I’eclairage
(CIE) coordinate of the phosphor is calculated. The coor-
dinate is shown as (0.23, 0.50) which is close to green light
emission. It shows the applicability of the emitted color for
green emitting appliances.

4 Conclusions

SrA1204:Eu2+ phosphor was prepared by a combustion syn-
thesis reaction at a furnace temperature 550 °C in an open
atmosphere. The prepared sample was analyzed by XRD,
SEM, FT-IR, PL and ESR measurements. ESR lines are
observed near the free-electron region (g=2.0) as well as in
the low field region. Charge-compensator oxygen vacancies
situated close to Eu®* ion as well as in far locations may
give rise to the observed spectrum. The luminescence spec-
tra recorded at an excitation wavelength 345 nm exhibited

09

& X=0.22537,Y=0.502

Fig.7 CIE chromaticity diagram of SrAl,0,:Eu** phosphor

@ Springer

emission bands at around 514 nm correspond to the transi-
tions 4f%5d' — 4f of the Eu®* ions. Based on the photolu-
minescence results, the synthesized phosphor may play an
important role in making the green-producing phosphor for
display devices application. The PL emission in the green
region indicated the presence of Eu as Eu?* ions in this sam-
ple. The presence of the ions was further confirmed by ESR
studies.
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