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Abstract Different phosphor colors of SrAl,O,: Eu%l,
R3S (R = Er¥Y, Tm®* and TH> ) nanopowders and pellets
have been synthesized via citrate combustion technique.
XRD results revealed that monoclinic SrAl,O, was the
major phase and hexagonal SrAl;;O,9 was the minor
phase. Meanwhile, Field emission SEM images showed
hollow cylindrical-like shape structures filled with the large
number of nanorods for the SrAl,O,: Eu%ﬁl, Tbgﬁl sample.
The values of measured band gap energy and calculated
refractive index were mainly dependant on the ionic radius
of R*" co-doping ion. The PL emission spectra and after-
glow properties were strongly affected by the lanthanide
type (R*™). For instance, Eu>*-SrAl,O, sample achieved
the maximum dielectric permittivity (§) ~16.77 and
dielectric loss (tand) ~0.19 at the microwave frequency
region (1 GHz). Meanwhile, Tb*", Eu**-SrAl,O, sample
was possessed the minimum dielectric permittivity (&)
~1.36 and dielectric loss (tand) ~ 0.0002 at the radiowave
frequency region (100 MHz).

1 Introduction
Eu”"-activated strontium aluminate phosphors have shown

a great potential for various applications such as luminous
paints, emergency signs, photo-sensitizers, biological

><I M. M. S. Sanad
mustafa_sanad2002 @yahoo.com

! Central Metallurgical R&D Institute (CMRDI),
P.O. Box 87, Helwan, Cairo, Egypt

Laboratory of Electrochemistry and Physicochemistry of
Materials and Interfaces, Institut polytechnique de Grenoble,
BP 75, 38402 St Martin d’Heéres Cedex, France

@ Springer

probes and medical diagnostics [1-5]. Particularly, Eu*™,
Dy’ *-codoped strontium aluminate material have attracted
much interest because of their excellent properties such as
non-toxicity, chemical stability, high quantum efficiency
and long afterglow brightness (i.e. phosphorescence) in
comparison with sulfide based luminescent materials [6—
10]. In context, it is known that the activator is acting as a
luminescence center which allows the 4f-5d transitions
from the low energy levels in the host. Meanwhile, the co-
activator (i.e. co-dopant) is thought to produce very bright
and long-lasting phosphorescence at room temperature
because of the creation of highly dense hole trapping levels
at the optimal depth [11]. In this regard, most of the pub-
lished papers during the last few years have focused on
studying the effect of different activators such as Eu®",
P2t Tb>T, Ce®* and Sm?™, ... etc. on the luminescence
emission properties of strontium aluminate host materials
[12-16]. Furthermore, a plenty of preparation methods
have been reported for synthesis of the long persistent
Eu?t, Dy**-codoped strontium aluminate phosphors of
different crystalline forms including SrAl,Oy4, SryAl,O,
Sr3Al,Og, SrAl 5,049, Sr4Al14055 [17-21]. Otherwise, there
is a significant lack in the research studies concerning the
effect of co-dopant (i.e. co-activator) ions rather than Dy3 +
ion which are mainly responsible for the afterglow phe-
nomena of all photoluminescence materials. Moreover,
only one published article has been found to study the
photoluminescence effect of Yb>" as co-dopant with Eu**-
SrAl,O4 [22]. To the best of our knowledge, the effects of
lanthanide cations (Er’*, Tm** and Tb") as co-dopant
with Eu”—SrAIXOy on photoluminescence, afterglow
properties have not been systematically investigated
before. Accordingly, the present work aims at synthesis of
Eu2+—SrA1XOy and R, Eu”-SrAlXOy nano-structured
powders via a facile citrate combustion method. Moreover,
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the structural, optical, photoluminescence and afterglow
properties of the as-prepared phosphors will sufficiently be
studied. Furthermore, the dielectric performance of phos-
phors ceramic samples will actually be evaluated in terms
of the changes in dielectric permittivity, dissipation and
quality factors.

2 Experimental
2.1 Materials and methods

Anhydrous strontium nitrate Sr(NOj), (Sigma-Aldrich
99.9 %), AI(NO;);.9H,O (Sigma-Aldrich 99.9 %), euro-
pium nitrate hexahydrate Eu(NO;);.6H,O (Alfa Aesar
99.9 %), erbium acetate tetrahydrate Er(OAc);.4H,0 (Alfa
Aesar 99.9 %), thulium acetate hydrate Tm(OAc)3-xH,O
(Sigma-Aldrich  99.9 %), terbium nitrate pentahydrate
Tb(NO3)3.5H,0 (Sigma-Aldrich 99.9 %) and citric acid
CeHgO5 (Sigma-Aldrich 99.5 %) were employed as raw
materials. Deionized water was used in the whole work.

Strontium aluminate phosphors of chemical composition
SrALO,: Eugh; (x = 3.5) and SrAl,O,: Eugh, Rk (Er'™,
Tm>" or Tb>") nanorods were synthesized via a citrate
combustion method. In typical synthesis, salts of Sr, Al and
Eu (1 wt%.) were dissolved in 0.5 M citric acid solution
which act as a fuel and a complexing agent. Then, about
1 wt% of R** (Er*", Tm>* or Tb>™) salts was also added
for precursor preparation of the codoped strontium alumi-
nate phosphors SrAlOy: Eu”, R3>*. After that, the mixed
solutions were then boiled to evaporate the excess water.
Thereafter, the resulting viscous liquid started to undergo
auto-combustion after putting the glass beaker directly in a
muffle furnace (at 400 °C) yielding grayish dark fluffy
precursor powders. Finally, the obtained combustion pre-
cursors were pre-calcined at 1000 °C for 6 h in an air
atmosphere to remove the residual carbon. Thereafter,
these powders were calcined again at 1300 °C for 3 h with
heating rate (5° min~') in presence of gas mixture (argon
95 % and hydrogen 5 %). The reducing H; gas of 5 % was
injected in order to ensure complete conversion of activator
ion Eu®" into Eu®" ion. Pellets of these phosphors were
prepared by pressing the ground powders in a 12 mm
diameter steel die at a pressure of 50 MPa followed by
sintering at 1400 °C for 5 h at the same heating and
reducing conditions.

2.2 Sample characterization

X-ray powder diffraction (XRD) was carried out on a
model Bruker AXS diffractometer (D8-ADVANCE Ger-
many) with Cu Ka (4 = 1.54056 A) radiation, operating at
40 kV and 40 mA. The diffraction data were recorded for

20 values between 10° and 60° and the scanning rate was
3° min~' or 0.02°/0.4 s). The particle morphology was
inspected by a field emission scanning electron microscopy
FE-SEM (JEOL-JSM-5410 Japan). The optical measure-
ments were implemented using UV-Vis—NIR scanning
spectrophotometer (Perkin Elmer Lambda 1050 Spec-
trophotometer, USA) using 1 cm path length quartz
cell. Photoluminescence (PL) spectra were obtained at
room temperature using fluorescence spectrophotometer
(SHIMATDZU RF-5301PC Japan) with xenon discharge
lamp (150 W) as excitation source. Handheld ultraviolet
lamp long wavelength (365 nm UVA) was also used to
inspect the afterglow characteristics of the prepared phos-
phors. Dielectric properties of sintered pellets were mea-
sured using a network impedance analyzer (Agilent-
E4991A, USA) that is responsible for generation and
reception of a signal in the frequency range of 1 MHz—
3 GHz.

3 Results and discussion
3.1 Crystal structure

Figure 1 shows the effect of co-doped R*ions (Er’™,
Tm>" or Tb>") on the phase composition of Eu*"-activated
strontium aluminate powders post-annealed at 1300 °C for
3 h with constant concentration of R** (1 %). The XRD
results indicate that the evolution of two main phases,
SrAl,O4 (major phase) of solid lines and SrAl;,09 (minor
phase) of dotted lines as illustrated in Fig. 1. The diffrac-
tion peaks of o-SrAl,O, phase matched very well with
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Fig. 1 XRD patterns of Eu®*-doped and R**, Eu**-doped SrAl,O,
powders, solid lines indicate SrAl,O4 (JCPDS: 74-0794), dotted lines
indicate SrAl;,0;9 (JCPDS: 80-1195)
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JCPDS card no. 74-0794 indicating the formation of
monoclinic crystal structure with space group P2, [23]. It is
needle to note that the formed SrAl,O,4 phase exists in the
most stable phase (a-SrAl,O4) and cannot be converted
into the undesired B-form due to the high temperature
preparation conditions [24]. Meanwhile, the other diffrac-
tion peaks of SrAl;;O;9 are found to be matched perfectly
with JCPDS card no. 80-1195 of hexagonal structure and
space group P63/mmc [25]. In addition, it is found that the
intensities of the main diffraction peaks for SrAl;,O9
phase are clearly increased in case of Tm>" or Tb>" dop-
ing, which demonstrates the enhancing of the crystallinity
degree and good distribution for the mixed phases. Evi-
dently, no obvious impurity phases such as B-SrAl,Oy,
Sr3Al,Og and SryAl 4055 can be detected. Furthermore, the
most diffraction peaks are very broad, indicating a small
crystal size.

3.2 Crystal morphology

Figure 2a, c displays the typical FE-SEM images of
SrAL,O,: Eugh, and SrAlLO,: Eugh;, Tbyh annealed at
1300 °C for 3 h under reducing atmosphere. It clearly
crystallized in hollow cylindrical-like shape structures. The
outer surface of these hollow tubes consists of connected,
uniform and smooth crystalline spherical particles with the
relative average particle diameter (500-200) nm. The inner
surface of these hollow tubes demonstrates a large number
of nanorods of average length (200-300) nm and average
width (20-50) nm as represented in the magnified views
Fig. 2b, d. However, the numbers of the nanorods evolved
inside this hollow structure are significantly increased in
case of co-doping of strontium aluminate with both Eu®"
and Tb>" ions. This could be attributed to the interactive
effects of multiple dopants which evidently induce the
nanorods growth dynamics creating an intrinsically aniso-
tropic structure [26-29].

3.3 Optical properties
3.3.1 Band gap energy

The optical properties of all synthesized strontium alumi-
nate phosphors are examined by UV-Vis-NIR spec-
trophotometer using integrating sphere unit and the
obtained band gap energy results are listed in Table 1. The
transmittance spectrum measurements of all phosphors
have been accomplished in the wavelength range
250-800 nm at room temperature as shown in Fig. 3A.
Mainly, the transmission spectra are occurred between
wavelength range 275 and 375 nm for these samples.

@ Springer

The optical absorbance A and the optical absorption
coefficient ‘‘a’’ have been obtained using the following

relations [30, 31]:

Log (1/T) = ot (1)
The absorbance A = Log(I°/I) = at (2)
Transmittance % T = 100(1°/I) (3)

where T is the transmittance of the spectra, ¢ is the thick-
ness of samples cell, I° and I are the intensities of the
incident and passed light through the sample.

Analysis of optical absorption spectra is one of the most
productive tools for determining optical band gap of the
film. Therefore, the band gap energy was determined by
extrapolating the absorption coefficient (o) to zero from the
spectral data (Fig. 4).

The absorption coefficient was calculated by the fol-
lowing equation

(othv)™=hv — E, (4)

where o is the absorption coefficient, hv is the photon
energy, E, is the band gap energy, m = 1/2 or 3/2 for
indirect allowed and indirect forbidden transitions, and
m = 2 or 3 for direct allowed and direct forbidden tran-
sitions. Evidently, band gaps are calculated by plotting
(othv)? against hv and extrapolating the linear portion of the
curve on hv axis to o = 0 is shown in Fig. 5b. It is found
that SrAl,O,: EuZb,, Tbod, sample posses the lowest E,
value among those of other samples. For instance, it is also
seen that the ionic radius of the rare earth dopants are in the
following order (Tm*" < Er*™ < Tb*" < Eu®"). There-
fore, our band gap energy measurements are in good
agreement with the fact of increasing E, value with
decreasing ionic radius of doping ion and vices versa [32—
35].

3.3.2 Refractive index

The refractive index (n) of semiconducting materials is
very important in determining the optical properties of the
material. Knowledge of n is essential to design
heterostructure lasers in optoelectronic devices as well as
in solar cell applications.

The refractive index (n) of the samples can be calculated
using Herve and Vandamme relation [36]. Where E| is the
energy band gap.

=i+ (g5 B)z 5)

where, A and B are numerical constants with values of 13.6
and 3.4 eV, respectively. The calculated averages of the
refractive index for Eu’"-doped and R*", Eu*"-doped
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Fig. 2 FE-SEM images of Eu”"-doped SrAl,O, powders (a, b) and Tb**, Eu®*-doped SrAl,O, powders (c, d)

Table 1 Effect of R** cations

. . Phosphor sample E, (eV)  Refractive index (n)  CIE Coordinates Color of emitted light
on the optical properties of
EuH—SrAlXOy phosphor X y
powders
Euz*'-SrAIXOy 3.72 1.706 0.215 0.668 Lime green
Er’t, Ei’t-StALO,  3.85 1.696 0.315 0.331 Warm white
Tm®*, Eu®*-SrAL,O,  3.75 1.704 0.118 0.611 Blue green
Tb*", Ew”™-SrALLO,  3.53 1.721 0.201 0.335  Light blue

samples are recorded in Table 1. Figure 3C shows the
variation in the refractive indices against the band gap
energies. It is indicated that the maximum refractive index
(n) was 1.721 at 3.53 eV for SrAlL,O,: Eugh, Tbah; sam-
ple. Moreover, it can also be implied that the refractive
indices are shifted towards lower values at higher E, val-
ues. Such obtained results confirmed that the change in the
refractive indices is mainly dependent on the absorption
features of these phosphors.

3.4 Photoluminescence (PL) and Afterglow (AG)
properties

3.4.1 Photoluminescence (PL) spectroscopic analysis
Figure 5a—d reveals the typical PL emission spectrum of
the as-prepared phosphors after excitation at different

wavelengths (365, 380, 390 and 410 nm). The character-
istic broad emission band of all phosphors is observed with

@ Springer
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a peak collected at 513 nm, which coincided with previous
published reports [22, 37-39]. In fact, the excitation tran-
sitions of Eu®" centers 4f-4f5d occur immediately upon
UV-Vis illumination, causing a large number of holes and
electrons. Meanwhile, the created holes are transferred
through the valence band and then trapped by the co-
dopant ion R*" (Er**, Tm** or Tb*") which thus turns into
R**. Furthermore, Eu>* becomes an excited Eu™ after the
capture of the excited electrons by the conduction band.
After the termination of UV-Vis excitation, the hole is
thermally released to the valence band again and migrates
to the excited Eut ion where it is captured. As a result
recombination takes place, i.e. the excited Eu™ returns to
the Eu”" ground state, which gives rise to the persistent
luminescence properties [7, 40—42].
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Fig. 4 PL emission spectra of all prepared phosphors at different excitation wavelengths a Agxcitation = 365 nm, b Agxcitation = 380 nm,

c )‘Excitation = 390 nm, d )VExcitation =410 nm
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Fig. 5 I Afterglow characteristics for the excited phosphors after UV
light irradiation of A = 365 nm for 10 min. a Eu®*-SrAlL,O,, b Er’*,
Euw”"-SrALO,, ¢ Tm*", Eu’*-SrAl,0,, d Tb**, Eu’*-SrAl,0,
powders. II CIE chromaticity diagram with color coordinate points
of different strontium aluminate phosphors

Generally, the ion radius of R*" (B Tm*" or TH?™) is
smaller than that of Eu>" (0.112 nm). Consequently, the
solid solubility of R*" in SrAl,Oy is greater than that of
Eu’t, Therefore, this effect can lead to much more traps.
However, it is seen that both the intensity and full width at
half maximum (FWHM) of PL emission peaks of the co-
doped phosphors are in the following order Tb*' >
Tm>" > Er**, which can be explained by the value order
of ionic radii difference between Eu®" and R’*' ions
according the order (Eu2+-Tb3+) < (Eu2+-Tm3+) <
(Eu”™-Er'"). Accordingly, the SrAl,O,: Eugh;, Tboh
sample gave the highest PL emission intensity due to the

@ Springer

largest number of trapping and releasing effects easily
happened with lowest value of ionic radii difference.

3.4.2 Afterglow characteristics

Figure 51 a—d shows the images of the phosphors, which
are obtained in a dark room using a digital camera after
exposed to 365 nm ultraviolet lamp for 10 min. It is clear
that the EuZ“L-SrAlXOy acquired a lime green color of
emitted light. Besides, the co-doped samples depicted
white, blue-green and light blue afterglow colors for Er*™,
Eu’*-SrAlO,, Tm’*, Eu*"-SrAl,O, and Tb’*, Eu’'-
SrAl,O, samples, respectively. All these emissions can be
verified by determining the color coordinates x and y. The
CIE chromatic coordinates can be calculated by integration
of the X, Y, and Z values [43]. Figure 5II illustrates the
CIE chromaticity coordinates diagram for the same phos-
phors excited at 365 nm. The calculated chromaticity
coordinates for lime green light emitted from Eu®'-
SrAl,Oy phosphor are (x = 0.215, y = 0.668). Moreover,
the corresponding coordinates for white, blue-green and
light blue emission colors are found to be (x = 0.315,
y =0.331), (x=0.118, y=0.611) and (x = 0.201,
y = 0.335), respectively. The obtained results are found to
be in a good match with recently measured values for
strontium aluminate phosphors [14, 24, 44-46].

3.5 Dielectric properties

The dielectric behavior of all phosphor pellets will be
systematically investigated by studying the most important
parameters, including the dielectric permittivity (&),
dielectric loss (tand) and quality factor (Qf) within the
frequency range (10 MHz-1 GHz). Figure 6a represents
the variations of real part of permittivity in the frequency
range (10 MHz-1 GHz) for the strontium aluminate
phosphors. Even though it was difficult to locate studies on
the dielectric properties of strontium aluminate phosphors,
we did find a few studies that included dielectric data for
this kind of host materials. It is revealed that the values of
dielectric permittivity are exponentially increased with
increasing frequency from 10 to 1000 MHz (1 GHz). In
particular, the dielectric permittivity (¢) value are found to
be in the following order Euz“L—SrAlXOy > Er’t, Eu*t-
SrAL,O, > Tb’*, Eu**-SrAl,O, > Tm’", Eu**-SrAl,O,.
The reason for such shallow and common decrease in case
of R**and Eu”" co-doped samples is due to the production
of oxygen ions vacancies and holes by R** co-doping ions
more than that produced by Eu’™, leading to a higher
extent of ions mobility and electronic conductivity [47—49].

The inset graph, Fig. 6b, shows the variation of the
dielectric loss at in the frequency range (10 MHz—-1 GHz)
for the strontium aluminate phosphors. Clearly, it can be
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Table 2 Effect R*" cations on the dielectric properties of Eu2+—SrAley phosphor sintered pellets

Phosphor sample Dielectric permittivity (&)

Loss tangent (tand)

Quality factor (Qf)

At 100 MHz At 1 GHz At 100 MHz At 1 GHz At 100 MHz (x10% At 1 GHz (x10%
Eu**-SrALO, 1.91 16.77 0.0004 0.1909 0.250 0.001
Er’t, Eu*-SrAlL Oy 1.56 6.06 0.0005 0.0374 0.172 0.003
Tm’*, Eu”*-SrAlO, 1.49 3.15 0.0008 0.0199 0.123 0.005
Tb**, Eu**-SrAlLO, 1.36 4.09 0.0002 0.0119 0.500 0.008

seen that the dielectric loss (tand) value of R*T, Eu®'-
SrAl, O, samples are higher than Eu”-SrAlXOy sample in
the radiowave frequency region 10-100 MHz. This sig-
nificant increase might be related to the formation of
defects and ionic vacancies results in bonding of the co-
doped material becoming more ionic in nature, thereby
increases dielectric loss also [49, 50]. However, the values
of dielectric loss for all phosphors samples were within the
range (1072-107%) which considered as an accept-
able range for applying such ceramic materials in elec-
tronic packaging [51].

Since dielectric loss, dissipation factor or loss tangent
(tand) is the ratio of the power loss in a dielectric material
to the total power transmitted through the dielectric.
Therefore, low dielectric loss is desirable for reducing heat
generation at high frequency and high resistivity. Accord-
ingly, the dielectric quality factor (Qf) is equivalent to the

reciprocal of the dielectric dissipation factor (tand). The
values of (£), (tand) and (Qf) at two frequency region-
s100 MHz and 1 GHz are summarized at Table 2. Obvi-
ously, Euz“L—SrAl,(Oy showed the highest dielectric
permittivity (¢) ~16.77 and dielectric loss (tand) ~0.19 at
the microwave frequency region (1 GHz). Moreover, it
exhibited the lowest quality factor (Qf) ~10 at the
microwave frequency region (1 GHz). On the other hand,
Tb* ™, Eu”-SrAlXOy possessed the lowest dielectric per-
mittivity (¢) ~1.36 and dielectric loss (tand) ~0.0002 at
the radiowave frequency region (100 MHz). Furthermore,
it displayed the highest quality factor (Qf) ~5000 at the
radiowave frequency region (100 MHz). Most of the
obtained results from the dielectric measurements of
strontium aluminate phosphors are in a good agreement
with the few published results about the same kind of host
materials [52-54].
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4 Conclusion

SrAlOy: Eudb, Rob: nanopowders and pellets have been
fabricated via citrate combustion technique. The changes in
crystal structure and morphology of the formed particles
have been investigated in presence and absence of lan-
thanide co-dopant ions (EI‘3 *, Tm>" or Tb3+). a-SrAl,Oy4
phase was the dominant phase with monoclinic crystal
structure, while SrAl;;O0,;9 was the minor phase with
hexagonal crystal structure. FE-SEM results confirmed the
intrinsic anisotropic structure of nanorods for Tb>*, Eu**-
SrAl,O, hollow tube-like structure. However, Eu’t-
SrAl,O, sample exhibited similar morphologies accompa-
nied with few numbers of nanorods. The Er’*, Eu?*-
SrAl,Oy sample showed the maximum band gap energy
~3.85 eV, while Tb3+, Eu”-SrAley gave the minimum
band gap energy ~3.53 eV. Photoluminescence emission
intensity and FWHM of the co-doped phosphors were
noticeably increased with decreasing ionic radii difference
between activator (Eu®") and co-activator (R>"). The val-
ues of dielectric permittivity (£) and dielectric loss (tand) at
low frequency ranges (MHz) were smaller than those at
high frequency ranges (GHz) and vice versa for the values
of quality factor (Qf). Dielectric measurements of Tb™,
EuzJ“—SrAley sample showed a noticeable decrease in the
dielectric permittivity by about 28.7 % region and strong
increase in the quality factor by about 50 % in the ra-
diowave frequency region.
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