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strontium aluminates with boron-modification and reductions via sol-gel route
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Abstract: The effects of strontium aluminates of SrAl,04:Eu** Dy*" (SAED) and boron-modified SAED (BSAED) phases synthesized from a
sol-gel process on thermoluminescence (TL) along with their afterglow properties were systematically investigated with thermal activation in
the different atmospheres. The result showed that the addition of boron and the reduction routes of Eu®" to Eu*" in SrALO4Dy’" were related
to phosphorescent decay properties. The aid of Dy*" to induce the hole-trapping effect required both SAED and BSAED to be heated at 1300 °C
under the Hy/N; (5%:95%) atmosphere. However, the trapping behavior of the reductions of SAED in nitrogen was similar to the compound
without Dy*" co-doping SrALO,:Eu*" (SAE) in Hy/N, (5%:95%). BSAED showed deeper traps in situ compared to SAED which contained
no boron, and this led to the better afterglow properties of BSAED than those of SAED. The afterglow spectrum of BSAED showed two
peaks at 400+1 nm and 485+1 nm, which were two individuals composed and contributed from different depths of traps at 0.57 and 0.76 eV,
accordingly. The depth of the traps was calculated from the Hoogenstraaten’s plot of glow curves. The calculations for SAED and SAE were

at around 0.43 and 0.18 eV, respectively.
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Rare earth activated inorganic phosphors are widely used
in a variety of applications, such as lamp industry, color dis-
play, radiation dosimetry and X-ray imaging. It is also
known that Eu*'-activated alkaline earth aluminates act as
photoluminescent phosphors for their high quantum effi-
ciency in the visible region as indicated in the investigations
on the MALO,:Eu*" and MAI,0,9:Eu*" (M=Ca, Sr, or Ba)
phases described by Blasse et al.l'’. The luminescent proper-
ties of Eu*'-doped strontium aluminates phosphors have
been extensively studied since they show the long anoma-
lous phosphorescence or the short-time decay depending on
the conditions of preparation. Abbruscato® investigated af-
terglow and electrical properties of SrALO4:Eu®" (SAE), and
proposed that holes are trapped at lattice defects. The study
also demonstrated that Eu” emission is associated with the
process of thermal de-trap.

Afterward, Eu*'- and Dy’'-coactivated strontium alumi-
nates were developed®?, and they exhibited longer persis-
tent phosphorescence than that of traditional sulfide- based
ZnS:Cu,Co phosphors. Based on the investigations into the
afterglow, thermoluminescence (TL), and photoconductivity
characteristics of polycrystalline SrALO4Eu*’Dy’" (SAED),
Matsuzawa et al.”! suggested that the phosphorescence is
ascribed to the presence of holes and to the trapping, as well
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as thermal release of holes by Dy’" ions in the system.
However, Qiu et al.l proved no evidence for valence con-
version of Eu** to Eu” and Dy’* to Dy*" after X-ray irradia-
tion from X-ray absorption spectra in SAED. Therefore, they
proposed that Eu** and Dy" ions do not directly act as holes
and electron traps.

Takasaki et al.””! investigated the afterglow characteristics
of Eu*" and Dy*" co-doped SrAl,O,, and found the existence
of at least two traps which were demonstrated by the glow
curves of TL. The afterglow mechanism of SAED was stud-
ied by Ohta et al.™ on the basis of afterglow (AG), photolu-
minescence (PL), and TL measurements via UV or X-ray ir-
radiation. The trapping levels and kinetics parameter in
SAED were investigated”'®. With the presumption of the
hole-trap, the Sr defect was increasingly stabilized by a
charge compensation upon doping Dy’*. An electron trap
probably originates from oxygen defects, which are pro-
duced by heating in the reductive atmosphere. Recently, the
roles of co-activator of Eu®’, Dy*" in strontium aluminates
have been studied with thermoluminescence spectrum by
Deng et al.'!],

The synthesis of SrALO4:Eu*",Dy’" phosphors by adding
boron oxide as a high temperature flux tends to accelerate
grain growth. The role of boron oxide has been reported in
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literature"> ">, Chen et al. " have demonstrated a conven-
ient sol-gel route leading to the formation of SAED phos-
phor with long afterglow property. They found that boron
added into the synthetic reaction of SAED not only acts as a
flux but also enhances the phosphorescent intensity. It also
inclines to lengthen the afterglow duration!". Besides, the
two afterglow peaks observed in boron-added SAED
(BSAED) can probably be attributed to the presence of at
least two types of traps.

In this paper, we reported the trap depths of different re-
duction routes of Eu*" to Eu*" and boron addition in SAED
host to enhance the thermoluminescence, which is related to
phosphorescent decay properties. We investigated the kinet-
ics parameters of afterglow twin peaks of BSAED with op-
tical filter separation. This was demonstrated by proving that
the composition of two peaks is related to the Eu** lumines-
cence centers distributed in miscellaneous strontium borate
or strontium aluminates phases. It also confirmed that
BSAED exhibited various strengths of crystal fields or dif-
ferent Eu®" coordination environments. In addition to inves-
tigating thermoluminescence profiles, afterglow spectra and
afterglow decay rates, we calculated the trap depths of
SAED, BSAED, and SAE without Dy*" co-doping phases
from the Hoogenstraaten’s plot of glow curves. Meanwhile,
by keeping the same readout time for all specimens, we also
applied commercial LumiNova® BG-300M as a reference
measurement in this study.

1 Experimental

1.1 Samples preparation

Eu’" and Dy*"-coactivated SrAl,O4 phosphors were syn-
thesized by sol-gel method without fluxes, and the detailed
procedures of preparing the solution I and solution II had
been reported!. Briefly, the solution I was prepared by
dissolving 10 g of aluminum isopropoxide (98%, Strem
Chemicals) in 100 ml of 2-methoxyethanol (99%, Merck) by
refluxing at 110 °C for 1 h. The solution II was prepared by
dissolving nitrates of Sr, Eu and Dy with stoichiometry of
1:0.05:0.05 (all 99.9%, Aldrich Chemicals) in a mixture of
2-methoxyethanol and deionized water in 50:50 (v/v) pro-
portions. To avoid hydrolysis of cations alkoxides before
mixing, 6.5 g ethyl acetoacetate (EAA) was added into the
solution I as a chelating agent before the mixing procedures.
They were then thoroughly stirred and kept in an ice bath to
form the gels. The molal stoichiometry for synthesizing
BSAED in this work was 1:2:0.05:0.05:0.3 for Sr:Al:Eu:
Dy:B(OEt);. The resulting white gels were then dried at 80
to 120 °C for 5 h. The gels were subsequently heated at the
temperature between 500 and 1200 °C for 10-24 h, and
lastly they were chemically reduced at 1300 °C under the
Hy/N, (5%:95%) atmosphere for 1 h. The Eu’'-activated
phase SAE was also synthesized by the same method. In ad-
dition, the reduced atmosphere under N, for SAED and un-
der air for BSAED at 1300 °C was applied as a contrast. The

Table 1 Composition and preparation of strontium aluminates

phosphors

Samples Composition Preparation

SAE-Hy/N, SrALO4:Eug s Firing at 1300 °C, 5 h reducing at
1300 °C, 1 hin Hy/N, (5%:95%)

SAED-N, SrALO4:Eug0s,Dyo0s Firing at 1300 °C, 5 h heating at
1300°C, 1 hin N,

SAED-H,/N, SrALO4:Eug05,Dyo0s Firing at 1300 °C, 5 h reducing at
1300 °C, 1 hin HyN, (5%:95%)

BSAED-air SrALO4:Eugs5,Dy005,Bo3  Firing at 1000 °C, 5 h heating at
1300 °C, 1 h in air

BSAED-H,/N, SI‘A1204ZEU()_05,DY()_05,BQ_3 F]I'll’lg at 1000 °C, 5 h I‘GdllCil’lg at

1300°C, 1 hin Hy/N,
Commercial product manufac-
tured by Nemoto & Co. in Japan

LumiNova® BG-300M Sr4Al1140,5:Eu,Dy

preparation conditions for various SAE, SAED and BSAED
samples are summarized in Table 1. The crystalline phases
were identified by using a Mac Science model MXP-3 X-ray
diffractometer (XRD).

1.2 Spectra measurements

1.2.1 Phosphorescent afterglow (AG) spectra The meas-
urements of phosphorescence spectra were performed on a
Shimadzu RF-5301PC spectrophotometer equipped with a
150 W Xenon lamp and a Hamamatsu R928 type photomul-
tiplier as an excitation source and a detector, respectively.
The phosphor powders were compacted into a cylindrical
dish groove (10 mmx5 mm) of a holder, and were then
transferred to the spectrophotometer. Prior to measure-
ments, the samples were stored in a dark chamber for 8 h to
avoid the interference from pre-activating light. The
SrAl,O4:Eu,Dy samples were then irradiated with ultraviolet
(4=254 nm) for 300 s prior to measuring the phosphorescent
decay profiles. The initial intensity of phosphorescence (/)
was measured approximately 1 s after the excitation had
been terminated. Moreover, the time-dependent phospho-
rescence intensity (/) was measured at the emission wave-
length of 485+5 nm in a dark chamber without excitation
source.

1.2.2 Thermoluminescence (TL) spectra
ments of glow curves (T/L 7188 Littemore) were performed
for 300 s at room temperature from 40 to 500 °C at heating
rates of 1-5 °C/s after 10 s of pre-irradiation with UV (1=254
nm). In order to study the samples of BSAED and Lumi-
Nova® BG-300M on the afterglow doublet peaking at Ao, of
404+1 nm and 483+2 nm of twin peaks, the measurements
of glow curves were carried out in a Littemore system model
T/L 7188 equipped with optical filters of UV 450 nm cut-off
filter and UV 400+30 nm band-pass filter. The procedures
were performed from 40 to 500 °C at heating rates of 1-5 °C/s
after the samples were pre-irradiated with UV (4=254 nm)
for 300 s at room temperature.

The measure-

2 Results and discussion

2.1 Phase analysis and microstructure investigations

The XRD profiles for SAED, BSAED, and LumiNova®
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BG-300M are shown in Fig. 1. SAED presents blue greenish
phosphorescence, and it is mainly composed of SrAl,0O, and
minor contents of SrAl;;Oyy, as indicated in Fig. 1(1). Fur-
thermore, the BSAED phase exhibits the typical blue-green
afterglow, and Fig. 1(2) reveals that it forms a poorly struc-
tured crystalline phase coexisting with small amount glassy
phase of Sr-borates. In fact, our previous investigation showed
that SrAl,O, phase dominates in the products of synthetic
reactions with the initiating Al/Sr ratio from 1.5 to 7, whereas
the SrAl;,Oy9 phase exists as a major phase in those with Al/Sr
ratio ranging from 5 to 12 derived from the sol-gel method'".

The SEM micrographs for as-prepared SAED, BSAED
and LumiNova® BG-300M are shown in Fig. 2(a)~(c). Ir-
regular spherical grains with size of several tenths of mi-
crons to several microns are observed in as-prepared addi-
tion-free SAED (Fig. 2(a)), whereas the boron-added
BSAED (Fig. 2(b)) exhibits inconsistent rectangular grains
with partial melting morphology. The grain boundaries ob-
served in BSAED with partial melting character are barely
unambiguously recognized. Similarly, the SEM micrograph
of commercially available LumiNova® BG-300M in Fig. 3(c)
presents irregular grain morphology and slightly partial
melting character, which is almost identical to that observed
in the SEM micrograph of BSAED (Fig. 2(b)). This partial
melting character of BSAED can presumably be attributed to
the formation of a layer of low-density borates floating on
the surface of bulk reactants.

2.2 Afterglow property and decay rate

The comparisons of initial phosphorescence spectra of
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Fig. 1 XRD profiles for SAED (1), BSAED (2), and LumiNova®
BG-300M (3) phases synthesized under various doping con-

ditions

Fig. 2 Comparison of SEM microstructures for pristine and boron
doped SrAl,04:Euy ¢s,Dyj 05 phases
(a) SAED; (b) BSAED; (c) LumiNova® BG-300M
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BSAED-Hy/N,, BSAED-air, SAED-H,/N,, SAED-N, and
SAE-Hy/N, are shown in Fig. 3. The broad single or doublet
emission bands peaking at different A.,,’s are attributed to the
different environmental Eu*" ions as the luminescent centers.
Their typical 4f°5d'—4f” transitions and the hole trap may
be ascribed to the Sr*" defects of host lattice that are believed
to be stabilized by a charge compensation upon Dy’ dop-
ing[19’20]. However, the observed A.,’s for the five samples
ranging from 483 to 500 nm are found to be shorter than that
of the SAED phase at 520 nm reported by Matsuzawa et
al.”!. The observed discrepancy and shifting in the Ao, s may
probably be attributed to the difference in crystal field of
Eu’’ inherited from the different preparation routes. The
4f°5d" state is sensitive to crystal field"® '], It tends to split
into sublevels depending on the strength of crystal field. The
decreasing strength of crystal field from these sublevels in-
clines to make the luminescence vary in colors from red to
blue. The doublet emission bands can be well observed in
the samples of BSAED-H,/N, and BSAED-air (Fig. 3(1),
).

Our previous study demonstrated that the role of bo-
ron-modification facilitates the formation of Eu?', and its
presence has been proven to be substantial for SrAl,Og4
phases to present longer phosphorescence characteristics!'”.
The luminescent center of Eu*" was proposed to be located
in a loosening crystalline and non-homogeneous host envi-
ronment with at least two types of coordination for bo-
ron-added SAED (BSAED). BSAED has been demonstrated
in our study to potentially possess partial reduction of Eu’*
to Eu®" even heated at 1300 °C in the air. The host of bo-
ron-modified SrAl,O, (BSAED) presents its structure as a
heterogeneous composite that included major composition of
SrAl,O, and minor Sr-borates, which coexist in a compli-
cated form of SrO-B,0Os;. A substitution defect model has
been proposed by Pei et al.'**" that inequivalent substitu-
tions of Eu’* for Sr** tend to create electrons on Sr vacancies
in Sr-borates. The tetrahedral BO, anion groups of com-
pounds therefore act as electron transfer in the reduction
process of Eu’" to Eu®', and network of BO, tetrahedral may
also perform as a shield to prevent oxygen diffusion.
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Fig. 3 Comparison of initial phosphorescence spectra for BSAED-
Hy/N, (1), BSAED-air (2), SAED-Hy/N, (3), SAED-N, (4),
and SAE-H,/N, (5) (The measurement after irradiation with
UV at =254 nm for 300 s at room temperature)
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BSAED-H,/N; (reduced in the Hy/N,=5%:95% atmosphere)
exhibits the strongest phosphorescence intensity and twin
peaks among the five samples investigated in this report.
Even the properties of BSAED-air heated in the air at 1300 °C
are stronger than that of either SAED or SAE. On the con-
trary, the addition-free SAE phases show the weakest phos-
phorescence intensity (Fig. 3(5)). The observed enhancement
of afterglow intensity due to boron addition is clearly found
in BSAED-H,/N, and BSAED-air, as compared to those of
SAED and SAE (Fig. 3).

Regarding the time-dependent relative afterglow intensity
(Fig. 4), the boron-free SAED-N, (reduced in the N, atmos-
phere, Fig. 4(4)) and the SAE-H,/N, without co-doping of
Dy’" (Fig. 4(5)) exhibit the weakest intensity and the fastest
decay rate. Nevertheless, the boron-added BSAED-H,/N,
(reduced in the 5%:95% of Hy/N, atmosphere, Fig. 4(1)) pre-
sents the strongest intensity, yet the slowest decay rate
among the six samples in this study.

2.3 Thermoluminescence investigation

Thermoluminescence is a good way to detect the combi-
nation emission caused by thermal de-trapping of carriers.
The energy corresponding to the glow peak is equal to the
trap depth. What has to be emphasized is that traps and car-
riers (electrons and holes) may be produced by irradiation,
but they are also to be created during sample processing. In
order to understand the characteristics of the trapping centers
in thermoluminescence, the reduced routes for BSAED,
SAED and SAE were investigated accordingly. The profiles
of glow curves (Fig. 5) were examined with plotting TL in-
tensity against temperature for SAED specimens (Table 1).
These specimens are derived from a sol-gel process which
has been systematically assessed with thermal activation in
different atmospheres. The TL profiles of Fig. 5(a)—(e) are
respectively for SAE-H,/N,, SAED-N,, SAED-H,/N,,
BSAED-air and BSAED-H,/N,. These glow peaks indicate
the existence of various traps with the different trap depths.
The peak position of de-trapping temperature is directly cor-
related to the trap depths™'.
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Fig. 4 Comparison of afterglow decay rates for SASED-N, (1),
SAED-Hy/N, (2), BSAED-H,/N, (3), BSAED-air (4), and
SAE-H,/N, (5) (The measurement after radiation with UV
at 2=254 nm for 300 s at room temperature)
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Fig. 5 Comparison of thermoluminescence profiles for SAE-H,/N,
(a), SAED-N, (b), SAED-H,/N, (c¢), BSAED-air (d), and
BSAED-H,/N, (e) (The measurement of two-stage activation:
10 s of pre-irradiation followed with 300 s irradiation via UV
at A= 254 nm at room temperature)

It is interesting to note that the glow curves of SAE-H,/N,
(Fig. 5(a)), SAED-N, (Fig. 5(b)), and BSAED-air (Fig. 5(d))
possess two-peaking at 105 °C and around <50 °C. The sam-
ples of SAED-N, and BSAED-air are found to be very simi-
lar to SAE-H,/N,. In contrast, the reducing process of the
H,/N, atmosphere for SAED and BSAED significantly pro-
motes the formation of deeper traps. Several thermal peaks
are observed at 205 and 350 °C in SAED-Hy/N, (Fig. 5(c)),
as well as at 280 and 385 °C in BSAED-Hy/N, (Fig. 5(e)).
Furthermore, their ascribed common shallow traps are
merely related to the existence of Eu®* ions. However, the
aid of the hole-trap effects with Dy’" in SAED or BSAED
hardly function for the reduction route of Eu*" to Eu*" in N,
or in the air. The facilitating effect of Dy** only becomes ef-
ficient in the reduced H,/N, atmosphere. The sequence of the
trap depths in this study is ascribed as follows: SAE (without
Dy’ co-doping and boron-free)<SAED (boron-free)<BSAED.
Besides, the similar broadened peaks are found at 375+10 °C
for BSAED-H,/N, and BSAED-air. It is therefore suggested
that boron-modified SrALO,:Eu*',Dy*" shows deeper traps
in situ than that of SAED which does not contain boron.
Consequently it presents better afterglow properties com-
pared to SAED in terms of phosphorescence intensity and
persistent time.

Meanwhile, the time-dependent afterglow decay profiles
during the first 5 min (between 0 and 300 s) for boron-added
BSAED-H,/N,, and LumiNova® BG-300M (Sr;Al;4O5:Eu,
Dy phase) are compared (Fig. 6). The maximum emission
for boron-added BSAED-H,/N, presents the doublet peaks at
Aem Of 403 and 485 nm; similarly LumiNova® BG-300M
possesses the doublet centering at Ao, of 400 and 482 nm
(Fig. 6(a), (b)). The wavelengths of the afterglow peaks for
BG-300M are found to be extremely close to those observed
in BSAED-H,/N,. Furthermore, the relative intensity ratios
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of the afterglow peaks at 400+1 nm for BSAED- H,/N, and
486+4 nm for BG-300M, are found to change in a
non-systematic fashion with time. This finding on the after-
glow decay behaviors may suggest that the observed after-
glow from twin peaks of BSAED-H,/N, and BG-300M may
be rationalized by considering the contributions from at least
two types of hole or electron traps with different trap energy
in the boron added phases or simply from different alumi-
nates or borates containing Eu®’. For the two peaks of
BG-300M samples, we infer the condition proposed by
Smets et al.”**¥ that Sr** in the SryAl40,5 exhibits two posi-
tions of an equal number of lattices. Therefore the occur-
rence of Eu®" to replace Sr** presents the equal probability of
the two locations, and the two emission peaks appeared at
the wavelengths of 490 and 410 nm. Since the corresponding
absorption spectrum of the two large areas overlapping may
enhance energy shifting from the short wavelength of 410
nm to the long wavelength of 490 nm*¥, the differentials
tend to appear between the main peak and weaker peak re-
spectively at 490 and 410 nm. In order to study the findings
on the afterglow decay behaviors, each emission peak of TL
(A=400£1 nm and 486+4 nm) with optical filter separation
for BSAED-H,/N, and LumiNova® BG-300M were evalu-
ated (Fig. 7(a), (b)). The thermal peaks are observed at 250 °C
(4=400 nm) and 280 °C (/=483 nm) for BSAED-H,/N,, also
at 260 °C (4=400 nm) and 280 °C (4=490 nm) for BG-300M.
The difference of thermal peaks for BSAED-H,/N, is 40 °C
higher than 20 °C of BG-300M. Furthermore, the non-ex-
ponential afterglow decay rate of individual peaks (A=400+1
nm and 486+4 nm) for BSAED-H,/N, and BG-300M are
investigated (Fig. 6).

The features of different decay rates in different time pe-
riods for all the afterglow decay curves (Fig. 8) obviously
indicate the presence of various types of traps with the dif-
ferent depths in the samples. The reduced afterglow decay
rate derived from the plot of 1g /], versus time (Fig. 8) was
assessed. And the sequence of decay rate is revealed as fol-
lows: (=400 nm of BG-300M)>(/=400 nm of BSAED-H,/
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Fig. 6 Comparison of time-dependent afterglow decay profiles for
BSAED-H,/N, (a) and Nemoto BG-300M (b) (The meas-
urement after irradiation with UV at =254 nm for 300 s at
room temperature)
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Fig. 7 TL glow curves of separating twin peaks for BSAED-H,/N,,
(a) and Nemoto BG-300M (b) samples measured with a heat-
ing rate of 1.5 °C/s (The measurement of two-stage activation:
10 s of pre-irradiation followed with 300 s irradiation via UV
at /=254 nm at room temperature)
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Fig. 8 Comparison of afterglow decay rates for separating twin
peaks of BSAED-H,/N, (peak at 400 nm) (a), BSAED-
H,/N; (peak at 480 nm) (b), BG-300M (peak at 400 nm) (c),
and BG-300M (peak at 490 nm) (d) (The measurement of
two-stage activation: 10 s of pre-irradiation followed with
300 s irradiation via UV at /=254 nm at room temperature)

N,)>(4=485 nm of BG-300M)>(1=485 nm of BSAED-H,/
N,). It is suggested that the observed afterglow from twin
peaks of BSAED-H,/N, and BG-300M, may be rationalized
by considering the contributions from at least two types of
hole or electron traps with different trap energy in the bo-
ron-added phases, or simply from different aluminates or
borates containing Eu”".

2.4 Calculation of traps depth and decay constant

Investigations into the thermoluminescence profiles, af-
terglow spectra and afterglow decay rates have enabled us to
calculate the trap depths of SAED, BSAED and without
Dy’" co-doping of SrALO,Eu®" (SAE) phases. The data
were derived from the Hoogenstraaten’s plot of glow curves.
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The depth of traps in the specimens was obtained by analyz-
ing glow-peak shape, heating rate and glow peak of TL
curves. The Hoogenstraaten’s method was applied to meas-
ure the glow curves with various heating rates f shown in
different peak positions Tm, by using the following equa-
tion:

In[/Tm?*]=—¢/k[ 1/Tm]+In[sk/e] 1)
where s is the frequency factor, and k is the Boltzmann con-
stant. The trap depth ¢ is determined by the plot of In(/Tm?)
against 1/Tm!*,

The Hoogenstraaten’s plots for SAED-H,/N,, SAE-H,/N,,
BSAED-H,/N, and BG-300M are presented in Fig. 9. The
depths of energy trap based on the Hoogenstraaten’s plot of
afterglow curves are summarized in Table 2. The afterglow
spectrum shows twin-peak of both BSAED-H,/N, and BG-
300M at 4001 nm and 48644 nm, which are two individu-
als composed and contributed from the different depths of
traps. They are 0.57 and 0.76 ¢V for BSAED-H,/N,, as well
as 0.59 and 0.72 eV for Nemoto BG-300M. The depths of
the traps are determined to be 0.43 and 0.18 eV, for SAED
and SAE, respectively. The calculations of trap depths are
reasonable in comparison with those reported by Takasaki et
al”l (i.e. trap 1=0.26 eV, trap 2=0.55 eV; ranging from 0.37
to 0.64 eV) and Ohta et al™ (i.e. 0.82 and 0.75 V). In this
study, the measurement of phosphorescent decay profiles
shows data acquisition of samples to fit well by bi-exponen-
tial functions in 300 s. The decay equation is described as:
I(ty=Aexp(—/1)+Bexp(~2a) )
where [ is afterglow intensity, 7 is time, A and B are con-
stants, 4, and 1, are decay constants.

The afterglow measurements are fitting the decay equation
for samples of SAED, SAE and BSAED, which are assessed
via different reduction routes of Eu’" to Eu®" in SrALO,
hosts. The commercial LumiNova® BG-300M has been ap-
plied as a contrast (Fig. 4(1)—~(5)). The afterglow twin peaks
of both BSAED-H,/N, and BG-300M are centered at 400+1
nm and 486+4 nm, which are two individual decay behav-
iors (Fig. 8). The calculated results of decay constant for af-
terglow peaks of samples are presented as a quantitative
form regarding decay behaviors of SrAl,O4 specimens (Ta-
ble 3). The results shown in Table 3 illustrate that the speci-
mens hold a better afterglow property with the sequence of:
SAE-HyN,>SAED-N,>SAED-H,/N,>BSAED-air>BG-300M>
BSAED-H,/N,.

Besides, the observations of afterglow decay behaviors
and TL glow curves in this study appear to indicate the dif-
ferent modes of trapping mechanisms. Regarding bo-
ron-added, Dy*"co-doped and different reduction routes of
Eu’’ to Eu®’, they can be attributed to the presence of hole
and/or electron traps with different depths. The Dy’" co-
doped in SrALO,Eu®" plays a role of stabilizing and in-
creasing Sr defects, and consequently it tends to aid the for-
mation of hole traps[g]. It is well demonstrated that SrAl,O,:
Eu’* (SAE-H,/N,) without Dy’ co-doping only presents the
poor afterglow in terms of intensity and decay rate (Fig. 3(5);
Fig. 4(e)), even with its possession of the lowest trap depth

among all samples. Meanwhile, boron added into the syn-
thetic reaction of SrAl,O4:Eu,Dy (BSAED) not only acts as a
flux but also enhances the phosphorescent intensity (Fig.
3(1), (2)). And it tends to lengthen the afterglow duration as
well (Fig. 4(a), (b)). As to the addition of B,O; in SrAl,Oy:
Eu,Dy host, the manipulation possesses several functions,
including to promote the reduction of Eu’* to Eu*', to lower
the concentration quenching effect of Eu*', and to increase
defects to give rise in situ to the deeper traps, which are
proved with TL (Fig. 5(d), (e)). The afterglow twin peaks of
BSAED compose two individual peaks (Fig. 3(a), (b)). They
are related to the Eu®" luminescence centers distributed in
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Fig. 9 Hoogenstraaten’s plots of glow peaks for BSAED-H,/N,
(peak at 400 nm) (1), BSAED-H,/N, (peak at 480 nm) (2),
BG-300M (3) (peak at 400 nm), BG-300M (peak at 490 nm)
(4), SAE-H,/N; (5), and SAED-H,/N, (6) (The measure-
ment of two-stage activation: 10 s of pre-irradiation fol-
lowed with 300 s irradiation via UV at A=254 nm at room
temperature)

Table 2 Trap depth relevant to the long afterglow of strontium
aluminates phosphors

Samples Composition E trap depth/eV

BSAED SrALO4:Eug 05,Dy0.05,Bo3 P1=0.59 eV (peak at 400 nm)
P,=0.76 eV (peak at 485 nm)

SAED SrALO4:Eug 05,Dyo.05 043 eV

SAE SrALO4:Eug s 0.18 eV

LumiNova® Sr4Al11405:Eu,Dy P=0.57 eV (peak at 400 nm)

BG-300M (commercial product) P,=0.72 eV (peak at 490 nm)

Table 3 Comparison of decay constants during the initial stage
of AG decay (first 300 s)*

Samples s }Ll/s’2 Main peak
position/nm
(a) SAE-Hy/N, 22 3.1 502
(b) SAED-N, 19.3 7.0 483
(c) SAED-H,/N, 12.5 33 486
(d) BSAED air 8.1 4.0 485
(e) BSAED-H/N, 6.5 22 485
() LumiNova” BG-300M 2.5 2.7 490

* T(O)=Tuexp(—Aif); A1: decay constant; The decay behaviors can be best fitted by
the following decay equation with two exponential terms; Decay equation:

I(Ty=Aexp(—fy)+Bexp(—af))
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miscellaneous phases and different defect traps, and this is
verified by TL (Fig. 7(a)) and decay behaviors (Fig. 8(a), (b))
with optical separation. Besides, the hole trapping effect of
Dy’ has operated under the H,/N, reduced atmosphere,
which is ascribed to raising more electron trap of oxygen
defects to assist afterglow mechanism in SrALO,:Eu*’,Dy’"
host (Fig. 5). The details in the mechanism of the afterglow
will require further studies in the future.

3 Conclusions

The effect of the thermoluminescence and afterglow prop-
erties of SrALO4Eu’",Dy*’(SAED) and boron-modified
SAED (BSAED) phases were associated with the heating
procedure in different reduction atmospheres by sol-gel
process. The addition of boron aided reduction routes of Eu®"
to Eu®" in SrAL,O4Dy’" host that was related to phosphores-
cent decay properties. BSAED showed the deeper traps in
situ than that of SAED which contains no boron. And it was
accordingly better than SAED in terms of afterglow proper-
ties. The function of Dy** enhanced the hole-trapping effect,
and it required both SAED and BSAED to be heated at 1300
°C high temperature under H,/N, (5%:95%) atmosphere.
The calculations of the trap depth energy and decay constant
were corresponding to the measurement results of ther-
moluminescence and afterglow decay curves.
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