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Abstract—Undoped and Eu®>" doped strontium aluminate (SrAl,O,) nanosized phosphorescent powders
were prepared by urea-nitrate solution combustion method at 500°C for 5 minutes. The average particle size
of the powders was about 60 nm. The photoluminescent properties have been studied using the synchrotron

radiation and electron excitation. The broad photoluminescence bands were observed in SrAl,O,: Eu?" peak-
ing at A, = 450 and 525 nm, which arise due to transitions from the 4/°5d" to 4f7 configuration of the Eu>"
ions situated in two sites with different symmetry. Three additional emission bands were also observed at 250,

370 and 403 nm in undoped as well as Eu-doped samples. The bands are attributed to the intrinsic emission
of self-trapped excitons (band at 250 nm) and to extrinsic emission from complexes containing structural

defects (bands at 370 and 403 nm).
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1. INTRODUCTION

Until recent decade, strontium aluminate phos-
phors doped with europium ions have attracted much
attention since they show excellent properties as per-
sistent phosphors. The study of the luminescent prop-
erties of SrAl,O,:Eu?* has been the subject of a large
number of both experimental and theoretical works as
well as numerous reviews [1—8]. Their number is
increasing every year, since not all the observed phe-
nomena have found their explanation.

The main works in this area are based on the appli-
cation of photoluminescent methods in the UV range
and the explanation of the nature of the main emission
bands at 450 and 525 nm. Usually the experiments
were carried out under excitation in UV spectral
region up to 6 eV. The application of high-energy exci-
tation sources such as synchrotron radiation as well as
electron beams, makes it possible to significantly sup-
plement the observed picture. Previously it allowed us
to detect additional emission bands in UV spectral
range. In particular, an additional emission band at
250 nm was detected under interband VUV excitation
and ascribed to intrinsic emission [9]. However, for
other UV emission bands the origin of emission cen-

ters is still not fully understood, and it is under dis-
cussion.

The aim of this work is to study the properties of
SrAl,O,4, undoped as well as doped with Eu?* synthe-
sized by the combustion method with a lower combus-
tion temperature in order to produce nanoparticle
powder for further study of the nature of the UV emis-
sion bands. We continue our works in this area and
prepared new samples, which differed from the previ-
ous ones in modified synthesis parameters and condi-
tions. Experimental measurements were carried out
under excitation with synchrotron radiation in broad
energy range 4.5—25 eV as well as electron excitation.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation

SrAl,O,:Eu®" phosphor was prepared by combus-
tion synthesis. The starting material included Alumi-
num nitrate (AI(NO;); - 9H,0; System, 98%), stron-
tium nitrate (Sr(NOs;),; Aldrich, 99%), europium
oxide (Eu,0j;; Aldrich, 99.99%) and urea (CO(NH,),;
System, 99%). Small amount of acid boric (H;BOj;;
Fisher, 100.04%) were used as flux and small amounts
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Al(NO3);-9H,0, Sr(NOs),, H;BO;
and CO(NH,), dissolved in
deionized water
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Eu,0; dissolved in HNOj3
solution

Solutions mixed together and
stirred for 4 h at 70°C

Combustion using hot plate at
temperature 500°C

Cooled to room temperature

Calcination-heat the combustion ash
at 950°-1100°C in a weak reductive
atmosphere for 2 h

Fig. 1. Flow chart of Ser1204:Eu2Jr phosphors powder by combustion synthesis.

of urea were used as reducer and fuel. Figure 1 shows
the flow chart of SrAl,O,:Eu?* powders synthesis.

There are four stages to describe the combustion
synthesis:

Stage I: Composition of raw materials. The stoi-
chiometric quantities of raw materials were calculated
and weighed by using high precision mass balance.
The composition of the acid boric was set as
0.08 mol %. Raw materials of AI(NO;);'9H,0,
Sr(NO,),, H;BO; and CO(NH,), were dissolved into
20 ml of deionized water respectively to obtain trans-
parent solution. Wet mixing was used to obtain homo-
geneous mixture. Deionized water is selected instead
of distilled water due to the removal of the mineral ions
such as cations from sodium, calcium, iron, copper
and anions from chloride and bromide which will
influence on the experiment result [10]. Eu,O; was
dissolved with minimum amount of HNOj; solution to
convert into Eu(NO;); according to the equation (1):

Eu,0, + 6HNO; — 2Eu(NO;); +3H,0. (1)

Stage II: Mixing. These two solutions were mixed
together and stirred using magnetic bar for several
hours at 75°C to obtain viscous gel solution. The mix-

ing temperature was set at the range between 70 to
80°C due to several reasons. Firstly, according to the
MSDS, Aluminum nitrate has a fairy low melting
point (73°C) but a high boiling point or decomposi-
tion temperature (135°C). The heating of aluminum
nitrate above its melting point encourages the forma-
tion of a homogeneous solution. Furthermore, it can
dissolve acid nitric, which has a low boiling point
(83°C).

Stage III: Combustion synthesis. The mixed vis-
cous gel obtained continues for combustion reaction.
The combustion is done by using a hot plate instead of
furnace. White combustion ash was obtained in 3—
5 min by combusting the precursor gel at temperature
500°C. Initially, the solution boiled and underwent
dehydration followed by decomposition with emission
of large amounts of gasses (oxides of carbon, nitrogen
and ammonia). Later, the viscous gels spontaneously
start to burn and burn slowly without flame (smoul-
dering combustion), thus producing white fined pow-
der. The whole process takes less than 5 minutes.
When heated at 500°C, the powder was held for a few
minutes to ensure the combustion reaction was com-
plete. The chemical equation of combustion is compli-
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cated and not yet verified; however, the brief equation
can be shown as follows:

2A1(NO;);-9H,0 + Sr(NO3),
+ CO(NH,), + Eu(NOy), +1.50, (2

— StALO,:Eu®" + 20H,0 + 5N, + 14.50, + CO,.

Next, the combustion ash was cooled to room tem-
perature.

Stage IV: Calcinations step. The final pigments
synthesis is done by heating the combustion ash at
950—1100°C in a weak reductive atmosphere for 2 h to
obtain SrAl,O,:Eu®>" phosphor. The weak reductive
atmosphere was created by using graphite crucible to
inhibit further oxidation.

2.2. Characterization Techniques

X-ray diffraction (XRD). Phase identification was
carried out using a Bruker diffractometer. D8 Advance
X-ray Diffraction (XRD) instrument with CuKao radi-
ation of wavelength 1.54 A was applied. Data were col-
lected by step-scanning 26 from 10° to 90° and 0.034 s
counting time at each step at room temperature.

Scanning electron microscopy (SEM). The mor-
phology and topography of the samples were observed
by using scanning electron microscope (SEM) Zeiss
Supra 35 VP in Secondary Electron (SE) imagine
mode with accelerating voltages: 0.1—30 by 0.01 kV
steps and Magnifications: 12x—900.000%. The sam-
ples were coated with a few nanometers thick gold pal-
ladium layer by using Sputter Coater Polaron SC 515
before SEM observation.

Photon cross-correlation spectroscopy (PCCS).
The particle sizes of samples were determined by
NANOPHOX (NX0064) Particle Size Analyzer in the
range of about 1 nm to 10 um in opaque suspensions
and emulsions. For the sample preparation a small
amount of the powder was dispersed in deionized
water and stirred for 15 minutes, using a magnetic bar.
Then, ultrasonic bath was used for vibrating during
next 15 minutes before the measurements.

Photoluminescence (PL). The measurements of
luminescence and luminescence excitation spectra
were performed using synchrotron radiation (SR) in
UV—VUY energy regions at the branch-line FINEST
(energy region 4—25 eV) at MAX-lab, Lund [11]. The
excitation spectra were corrected using sodium salicy-
late. The luminescence spectra were measured with
ARC Spectra Pro 300i monochromator equipped with
Hamamatsu H6240-01 photon counting head. The
samples were mounted on the cold finger of a liquid
He flow cryostat and the spectra were recorded in the
temperature range 5—300 K.

Cathodoluminescence (CL). The measurements of
cathodoluminescence spectra were performed under
irradiation with electrons (5 keV, 0.4 UA, spot
~1 mm?). All measurements were carried out in a lig-
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uid helium vacuum cryostat (5—400 K temperature
range, 2 X 10~7 Torr vacuum) equipped with Lake
Shore 331 Temperature Controller. The luminescence
was detected using the UV—VIS—NIR (200—1700 nm)
monochromator ARC SpectraPro-2300i equipped
with Hamamatsu photon counting head H6240.
Emission spectra were not corrected on the sensitivity
function of registration channel.

3. RESULTS AND DISCUSSION
3.1. Structure and Morphology

XRD analysis. A typical X-ray diffraction pattern of
the resultant SrAl,O,:Eu?* and SrAl,O, powders are
shown in Fig. 2. SrAl,O, powders are all characterized
by low-temperature monoclinic phase (o-phase), lat-
tice constantsare a = 8.442 A, b =8.822 A, ¢ =5.160 A,
B = 93.415°. The synthesized phosphor’s (SAE phos-
phor) dominating peaks are completely matches that
of the reference JCPDS Card 01-074-0794. The XRD
pattern indicate that no significant change in the host
crystal occurred due to the doping with Eu®*. Gener-
ally, it can be assumed that Eu®" ions enter into the
Sr?* ion sites in the SrAl,O, host because the radii of
Eu?* (1.17 A) ions are similar to that of the Sr2* ions
(1.18 A). Therefore, their substitutions may not gener-
ate a significant distortion of the lattice parameter.
However, one of the intensive peaks (~32°) does not
coincide with the monoclinic SrAl,O, ICDD data and
corresponds to cubic phase Sr;ALOg (a = b =c¢c =
15.844 A). The intensity of this peak is higher in the
undoped SrAl,O, crystal than in Eu?* doped SrAl,O,
crystal (Fig. 2).

SEM analysis. In order to determine the morphol-
ogy and estimate the size and particle distribution, as
well as observe the crystallize phases, scanning elec-
tron microscopy measurements were carried out.
Figure 3 displays typical SEM images of the prepared
phosphors.

This is a typical morphology for such high-tem-
perature, combustion-synthesized samples and is the
result of the high temperatures developed within a
short period of time and a large volume of evolved
gases. The phosphor powders are irregular needle-like
particles before the calcination and flower-like parti-
cles after calcination, the surfaces of the foams show a
lot of cracks, voids and pores formed by the escaping
gases during combustion reaction.

The possible mechanism of the flower-like struc-
ture can be described as shown in Fig. 4. Generally,
the crystal growth process involves two parts: nucle-
ation and growth. The particles undergo nucleation at
the initial state. With the increase of temperature, the
grains become compressed and more fined. The nee-
dle shape and star-like structure appear after 500°C.
This structure is unstable and agglomerate during cal-
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Fig. 2. XRD patterns of SrAl,04 and SrA1204:Eu2Jr phosphors and PDF Cards No. JCPDS-01-074-0794, JCPDS-01-024-11-87.

Fig. 3. Sample SrAl,O, before calcination (a), Sample SrA1204:Eu2+ before calcination (b) and Sample SrA1204:Eu2+ after cal-
cination at temperature 1000°C (c).
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Fig. 4. Scheme illustration of possible mechanism of the flower-like structure SrA1204:Eu2+ [12].

cinations at 1000°C to form a stable specific flower-
like structure [12, 13].

Particle size analysis. The results of particle size
measurements are given in Fig. 5 and Table 1.

The results show that all the samples achieve
nanoparticle size except for sample SrAl,O,:Eu?* after
calcination. For this sample, we observed an increase
in the particle size after heating at a higher tempera-
ture due to grain grow. Excessive sintering and aggre-
gation of particles occurs, and thus the particle size
increases.

3.2. PL and CL Spectroscopy

The emission spectra of SrAl,O,:Eu®*" under exci-
tation with synchrotron radiation are presented for 7=
13 and 300 K in Figs. 6a, 6b. The excitation energies
were chosen to correspond to interband (E,, = 7.5 eV)
as well as intraband (E,, = 6.1 eV) electron transitions
in SrAl,O, taking into account the bandgap value E, =
6.9 eV. Four emission bands peaking at 520, 450, 360
and 250 nm were observed at low temperatures under
interband excitation. The bands at 520 and 450 nm are
well known and, after numerous discussions, it is gen-
erally accepted that they correspond to electron tran-
sitions in Eu?' ions, which replaces, respectively,
strontium in positions 1 and 2. The difference in the
bond lengths for Sr; and Sr, sites can give rise to an
essential difference in the position of emission bands
as well as structure of excitation spectra [16]. As exci-
tation energy exceeds the band gap in SrAl,O,, the
peak at 250 nm is observed as well, which corresponds
to a radiative annihilation of the intrinsic emission of
self-trapped excitons [9]. The UV band at 370 nm
(labeled as band 1) remains unexpected and still
incomprehensible. Under intraband excitation two
bands at 520 and 450 nm related to Eu?* were observed

as well as an additional peak at 595 nm. The latter peak
is associated with the emission from traces of Eu®*
ions, which are also presented in the sample. More-
over, an additional emission band presented by a short
wavelength shoulder of the emission band at 450 nm
has been observed as well (labeled as band 2). This
band is clearly observed at higher temperatures (7 =
300 K) peaking at 403 nm when the emission band at
450 nm is thermally quenched [15]. The band 1 is
detected as well, however its intensity is very low due
to thermal quenching and it can be observed when the
spectra are plotted in semi logarithmic scale.

Additionally, to find out the origin of UV lumines-
cence bands, CL spectra were measured under irradi-
ation of the sample with high energy electrons (5 keV)
(Fig. 7). Beside the well-known peaks at 450 and
520 nm related to Eu?*, an additional non-elementary
band was observed also at CL in the range 300—
400 nm that is supposed to be the superposition of
band 1 and band 2. It is worth noting that CL degrada-
tion occurs due to charging of the sample. However,
the bands at 300—400, 450 and 520 nm, as well as the
Eu?* related peak at 612 nm, are clearly visible.

The energies of 5d Eu®* levels due to overall crystal
field splitting in SrAl,O,:Eu** were calculated in our
previous work [16] and estimated (in eV) as: 3.10, 3.74,
4.40, 4.52, 6.25 (for Eu?* at Sr, site) and 3.30, 3.42,
4.56, 5.64, 6.03 (for Eu* at Sr, site). The energy posi-
tions of the split levels are in good agreement with the
experimental CL spectra given in Fig. 8. The lumines-
cence mechanism of SrAl,O,:Eu?* is explained as
electron transitions from the lowest 5d levels of Eu?*
ions at Sr; and Sr, positions. The Eu?" ions entering
the Sr, sites show broad emission at lower energy (at
520 nm), and those ions at the Sr, sites cause the high
energy band at 450 nm. The lowest energy level 3.1 eV

Table 1. Particle size analysis data for samples SrAl,O,, SrAl,0,:Eu®" before and SrAl,O,:Eu?" after calcination at 1000°C

Samples X190, M X509, NM Xgg, NM SMD, nm VMD, nm
SrAl,O4 81.19 84.14 89.39 84.54 84.61
SrAl,O4:Eu?* 44.15 51.62 60.02 51.27 51.98
SrAl,O4:Eu?* (1000°C) 112.65 132.21 154.26 131.29 133.20
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Fig. 5. Graph of particle size analysis for samples: SrAl,Oy (a), SrA1204:Eu2+ (b) before and SrA1204:EuzJr (c) after calcination

at 1000°C.

in Sr, position is responsible for the green lumines-
cence and lowest energy level 3.3 eV in Sr, position is
responsible for the blue luminescence.

The origin of the emission bands at 370 and 403 nm
is still under discussion. The band at 370 nm could be
due to the transition of electrons from the next split
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Fig. 6. Photoluminescence spectra of the SrA1204:Eu2Jr at E,,=7.5eV (I)and E,, =6.1eV (2), T= 13 K (a) and 300 K (b).

level of europium in the state of Sr;, as the energy of
transition coincides with the corresponding energy
level. However, such transition might be low probable
due to fast relaxation of electrons from higher 5d Eu**
levels to the lowest one.

In order to demonstrate that the bans 1 and 2 are
not related to europium the mesurments were per-
formed for the undoped SrAl,O, sample. The results
are shown in Fig. 9. Both bands can be observed for
the undoped sample that confirms that these bands
has nothing with the presence of Eu and are probably
related to the crystal structure defects. To prove this
supposition the luminescence excitation spectra were
measured using synchrotron radiation in a broad
energy range 4—25 eV (Fig. 10). The excitation of the

45000
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£ 15000
10000
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250300 350 400 450 500 550 600 650 700 750
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Fig. 7. Evolution of the cathodoluminescence spectrum
from SrAl,0,:Eu®* phosphor upon switching off the elec-
tron beam. Spectrum /—measured at the surface from
which the temperature dependence has been measured
irradiation time ~3 hours and spectrum 2—measured at
the fresh part of the surface of sample. 7= 10 K.

intrinsic emission starts from fundamental absortpion
edge with the onset at 6.6 eV. First peak at 6.85 eV is
related to the direct creation of excitons. High inten-
sity of the excitation spectrum in the region from E,
and up to 13 eV indicates high efficiency of excitons
creation from separated electron hole pairs, which are
created when excitation energy exceeds the bandgap
value. The intensity increse in the region above 15 eV
is related to the multiplication of electronic excitations
when one excitation photon can create two secondary
excitations in the crystal. The excitation spectra of
both bands 1 and 2 demonstrate excitation peaks in the
region below fundamental absorption edge, i.e. in the
transparency region of the crystal. It indicates that
these bands can be associated with the structural

The calculated splitting of the 5d states of Eu?*
| ol I Sr
0] S L " Sr,
0.8 Eu2+(Sr1) 47054" —4f7 —>
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Fig. 8. Cathodoluminescence spectra of SrA1204:Eu2+

nanophosphor at 7= 10 K and calculated splitting of the
5d states of Eu?" in nanometric (nm) scale.
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Fig. 10. Luminescence excitation spectra for

SrA1204:Eu2Jr measured at A, = 250 (1), 380 (2) and
400 nm (3). Curves [ and 2 were measured at 13 K and
curve 3—at 300 K.

defects in the sample. It is worth noting that the
band 2 is excited only in the transparency region of the
crystal while the band 1 can be also excited via the
energy transfer from the host thus demonstrating dif-
ferent origin of defect centers responsible for the emis-
sion bands 1 and 2.

CONCLUSIONS

Undoped and Eu?* doped SrAl,O, phosphors were
successfully synthesized by combustion method. The
details of phosphor’s preparation were described and
their luminescence properties were studied in broad
temperature range 10—300 K. Up to six luminescence
bands were detected in SrAl,O,:Eu?* under interband
and intraband excitations using synchrotron radiation
as well as in cathodoluminescence experiments. The
luminescence mechanism of the bands at 450 and

1155

520 nm in SrAl,O,:Eu?* is well known and explained
as electron transitions from the lowest 5d to 4f levels of
Eu?* ions at Sr, and Sr, positions. In particular, the
Eu?* ions entering the Sr, sites show broad emission at
higher energy (at 450 nm), and those ions at the Sr,
sites cause the lower energy band at 520 nm. Traces of
Eu’* ions, which present in the sample, result in the
emission with the most intensive peak at 595 nm under
intraband excitation. Intrinsic emission band related
to self-trapped excitons and peaking at 250 nm and
two additional bands at 370 and 403 nm dominates in
the emission spectrum of undoped SrAl,O,. Analysis
of the excitation spectra of the latter two emission
bands allows to ascribe them to the emission centers
containing structural defects.
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