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Sr3.06Al14055:Eu?t,Dy3+ long persistent materials with different weights of H3BO3 prepared by the high temper-
ature solid-state reaction method were characterized by X-ray powder diffraction (XRD), scanning electronic microscopy
(SEM), photoluminescence spectra (PL), and thermoluminescence (TL). The results of XRD indicate that the 3% addition
of H3BO3 favorable for the formation of pure phase Sr4Al;4055, and SrAl1,0;9 was generated when there is a low con-
tent or high content of H3BO3. The average grain sizes of samples grow bigger with an increase of H3BO3. PL spectra
show that the emission peak does not shift evidently and the emission intensity changes little, indicating that the different
amount of H3BOj3 has little influence on the crystal field. The decay characteristics and TL measurement show that H;BO3
affects the afterglow properties of Sr3 ggAl;40,5:Eu?T,Dy3+, because the increasing H3BO3 leads to more defects in the

Sr4Al14055 matrix.
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1. Introduction

Rare-earth doped long persistence materials have been
widely studied,!'~*! due to their many advantages, such as high
luminescent brightness, long afterglow time, good chemical
stability, and environmental friendliness. Alkaline earth alu-
minates are one of the best hosts for rare-earth ions. One
typical rare-earth ion doping in alkaline earth aluminates is
SrAlL,O4:Eut, Dy which was successfully synthesized by
Matsuzawa.l'%l SrAl,O4:Eu’t, Dy3* emits a green light peak-
ing at 520 nm due to the 5d-4f transition of Eu’>* ions.'!]
The 5d—4f transition is associated with the change in elec-
tric dipole and the 5d excited state is affected by the crystal
field effects, so the emission of Eu?" is very strongly depen-
dent on the host lattice and can occur from the ultraviolet to
the red region of the electromagnetic spectrum.!'?l Thus, the
luminescence of Eu’* is different when it is doped in dif-
ferent host structures. Another typical rare-earth ion dop-
ing in alkaline earth aluminates is SryAl;4055:Eu’", Dy3*
which have high quantum efficiency and shows superior per-
sistence properties than SrAl,O4:Eu’*, Dy3*. In general,
H3;BOj3 was added into raw materials when synthesizing stron-
tium aluminates.'>~'6] For example, an appropriate amount of
H3BO3; was added to raw materials when the authors synthe-
sized SrALLO4:Eu’t, Dy3* '7] and the effect of H3BO3 on
the structure and photoluminescence properties of phosphors
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was discussed. However, the influence and the mechanism of
H3BOj3 in the phosphor are not clearly complete. In Refs. [13],
[15], and [18], H3BO3 was also used when the authors syn-
thesized SryAlj40,5:Ce*t or SryAlj40,5:Eu”*t, Dy>T, but
the amount of H3BOs3 is not very accurate. The results of
Refs. [17] and [20] showed that the phase of phosphors is re-
lated to the amount of H3BO3, and the amount of H3BOj is
not identical in Refs. [14] and [19] when the authors synthe-
sized Sr4Al;4O,5. These investigations may be more reason-
able if the amount of H3BOs3 is discussed. Consequently, it is
necessary to study the required amount of H3;BO3 when syn-
thesizing pure phase Srs4Al14075. One role of the H3BOj3 is

13-15,18,191 and the amount of H3BO3 should have rela-

as flux,!
tions to the weight of raw materials, so it is reasonable to use
weight ratio to investigate the influence of H3BOs3 to phos-
phors.

In this paper, different weights of H3BO3; were doped in
samples, from 0% to 10%. By a little H3BO3 doping, Eu and
Dy co-doped Sr4Al140,5 pure phase was obtained and the ef-
fect of H3BO3 on the phase stability was studied. The pho-
toluminescence and long afterglow characteristics of samples
were carried out and the influence of the amount of H3BOj3
on the luminescence properties of phosphors was discussed.
All the samples show different persistence properties due to
the different traps generated by the auxiliary activators. In or-
der to study the relationships of the decay characteristics and
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traps in the host matrix, we determine the trap depth and trap
concentration by thermoluminescence measurement.

2. Experiments
2.1. Synthesis

All the phosphor samples were prepared by us-
ing the solid-state reaction method. Firstly, according to
Sr3.96A114005:Eul 5, . Dy b, stoichiometric composition of
SrCO3, Al,O3 Euy03, Dy>O3 were mixed and milled thor-
oughly in an agate mortar for 2 h. Then, the mixed powders
were divided into five aliquots and different weights of H3BO3
(0%, 2%, 3%, 6%, and 10%) were added to each aliquot. All
of these materials were of analytical purity. After mixing well,
the powders were sintered at 1350 °C for 4 h with a weak
reductive atmosphere of flowing 5%H2+95%N,. Finally, the
phosphor samples were obtained, respectively. We named the
samples according to the weight ratio of H3BO3: 0%(SAM1),
2%(SAM2), 3%(SAM3), 6%(SAM4), 10%(SAMS).

2.2. Measurement

The phase identification of the samples was carried out by
powder XRD using a diffractometer with Cu K irradiation
(A = 1.5406 A) at 36 kV tube voltage and 20 mA tube current
at room temperature. The SEM analysis was conducted on
a Philips XL-30 scanning electron microscope. The photolu-
minescence emission spectra were taken on a Hitachi F-7000
fluorescence spectrophotometer. Each sample was loaded into
a circular holder and excited with 360 nm radiation from a
pulsed xenon lamp. The emission spectra were scanned in the
range of wavelengths from 400 nm to 600 nm. The decay
curves were recorded by a GFZF-2A single-photon counter
system. Prior to the decay curve measurements, the phosphors
were excited by UV light for 5 min. The thermoluminescence
curves were measured using a FJ427A1 thermoluminescent
dosimeter. All the samples were excited by UV light for 5 min.

3. Results and discussion
3.1. XRD phase analysis

In order to determine the crystalline phase structure of
samples, the XRD patterns were carried out. Figure 1 shows
the XRD patterns of all the phosphors, respectively. In Fig. 1,
the XRD patterns of the compounds are compared with the
JCPDS standard values of suspected phases using different
symbols. Figure 1(a) shows a mixture phases of mono-
clinic SrAl,O4 (JCPDS Card No. 34-0379) and hexagonal
SrAl12019(JCPDS Card No. 80-1195) in SAM1. However,
with increasing H3BO3; content, XRD patterns start chang-
ing. The XRD pattern of SAM2 (Fig. 1(b)) shows some addi-
tional peaks, indicating the presence of another phase except
SrAl;O4 and SrAl12019. After comparison with JCPDS stan-
dard files, the extra peaks are identified as the reflections of

orthorhombic SryAl140,5 phase with the space group, Pmma.
Some researchers''!! consider that the Sr4Al;40,5 phase is
formed by the reaction of SrAl,O4 with the additional B,O3
which comes from H3BOs3, and this phenomenon appeared
again in SAM1 and SAM2. However, Sr4Al;40,5 pure single-
phase is synthesized when the H3BOj3 is 3 wt.% in SAM3
(Fig. 1(c)), all the peaks in Fig. 1(c) can be indexed based on
the SrgAl140,5(JCPDS Card No. 74-1810) and hardly found
any amorphous (glassy) phase. With the increase of H3BOs,
SrAl;Oq9 is generated again on going to high H3BOs con-
tents in SAM4 (Fig. 1(d)) which is composited with 6 wt.%
H3;BOs;. In Fig. 1(d), it can be seen that SrsAlj4O5s5 ap-
pears as the major phase and SrAl;;O;9 as a minor phase.
With increasing of H3BO3, the diffraction peaks of SrAl;,Oj9
phase become higher in SAMS (Fig. 1(e)) than that of SAM4
(Fig. 1(d)), which means the content of SrAl;»O19 is rising in
SAMS. From these observations, we believe that SrgAlj40»5
pure phase cannot be synthesized without H3BOs3, and the
least amount of H3BOj3 required to obtain SrsAlj4Oy5 pure
phase is 3 wt.%. When the content of H3BOs is above 6%,
other phases like SrAlj2O9will exist. It is clear that H3;BO3
plays an important role in synthesizing pure phase Sr4Al;j4O5s.
H3BOs3 is not only acting as flux, but also participates in the
chemical reactions and affects the phases of the reaction prod-
uct.

SAM5 PP A o A A
¢y ¢
SAM4
. ¢ ‘!’jfﬁmopwo‘, .
oo ¢

N
SAMS, g o Plsvetose s o o .

* * #S1, Al ,Oo4)
saM2 Yol il o AW AA

V SrAlLO,
ASrAl,Oqq

v
AN AVA AW M

Relative intensity/arb. units

SAM1 VW

1 1 1 1 1

10 20 30 40 50 60 70
20/(°)
Fig. 1. The XRD patterns of the phosphors.

3.2. SEM analysis

An SEM study is carried out to investigate the surface
morphology and the grain sizes of samples. The SEM mi-
crographs of samples with different H3BO3 content (SAMI,
SAM3 and SAM4) are shown in Fig. 2. It can be clearly seen
from the Fig. 2(a) that SAM1 has irregular morphology with
angularity and corners. There is a wide distribution of parti-
cles ranging from 2 pum to 6 um observed in SAM1 (Fig. 2(a)).
In contrast, the micrographs of SAM3 (Fig. 2(b)) exhibit parti-
cles with irregular lumps and smooth interfaces, and the grain
size is bigger than that of SAM1, ranging from 5 pm to 20 pum.
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This difference indicates that H3:BO3; was added as flux; it pro-
vides a low melting medium for the solid/liquid reaction to
proceed. With the increase of H3BOs3, the presence of a glassy
phase is clearer in SAM4 (Fig. 2(c)), the irregular particles of
size ranging from 10 pum to 30 pm are embedded in a molten
matrix and the surfaces of particles are very smooth.

U =,
Magn | WDEES
1000% 5.9

Fig. 2. Comparison of the SEM microstructure for (a) 0 wt.%
H3BO;3, (b) 3 wt.% H3BO3, and (c) 6 wt.% H3BOs3.

When the phosphor is synthesized with H3BO3 at low
content, it acts as flux, H3BO3 provides a melting medium
for the solid-state reaction and quickens the rate of reaction,
liquid interfaces are produced among crystal grains, and then
the crystal grains reunite and result in the bigger particle size.
When the phosphor is synthesized with H3BO3 at high con-
tent, the average grain sizes of samples continue to increase
and the glassy phase is generated.

3.3. Spectral analysis

Figure 3 is the emission spectra of SAM3, SAM4, and
SAMS (Aex = 360 nm). The major phase of the three samples

is Sr4Al14025. All the emission spectra show similar broad-
band emission peaks at about 490 nm from Eu?*, which is
due to the transitions of Eu?* that originate from 4f55d! exci-
tation state to 4f7 ground states.!'> It is obvious that with vary-
ing content of H3BO3, the position of the emission peak does
not change, which suggests the crystal field is not changed
much by the different composition of H3BO3. Chang?"! re-
ported that the emission peak at about 486 nm shifts to the
short wavelength side with the increase in B;Oscontent. This
phenomenon did not happen in our results, presumably due to
the variation of H3BO3 being very tiny in SAM3, SAM4, and
SAMS. The emission spectra data is shown in Table 1.
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Fig. 3. Emission spectra of samples in Sr4Al;j40;5 phase.

As can be seen from Table 1, the emission intensity of
SAM3 is the highest one, SAM4 is in the middle, and the low-
est is SAMS. However, the distinction of emission intensity is
not obvious, which is the same as Ref. [20]. Compared with
the results of Ref. [20], we hardly found any peak at 407 nm
in Fig. 3; the explanation for this difference is that the 407-nm
peak appears when the content of Eu>*ions is 0.4%(mol), with
increasing concentration of doped Eu”*ions, the emission in-
tensity of Eu?* at 407 nm slowly decreases and completely
vanishes as the concentration increases up to 1.2%(mol).l">!
In this work, the concentration of Eu2Tions is 1.0%(mol), just
about 1.2%(mol), so the fact that we hardly found peaks at
407 nm is reasonable. In strontium aluminates, Eu?t is the

2+ [21] and the jon con-

luminescence center after it replaces Sr
centration of the luminescence center has a great effect on the
emission intensity. The emission intensity per one activator

ion is given as follows:1?2~24]

1/X =K[1+nx%7 7, (M
where x is the activator concentration, Q = 6, 8, or 10 means
dipole—dipole, dipole—quadrupole, or quadrupole—quadrupole
interaction, respectively, and K and 1 are contents for the same
excitation conditions for a given host crystal. When x is very
small, equation (1) can be reduced into

1/X =K, @)

so the ion concentration of the luminescence center is in direct
proportion to the luminescence intensity. The relative content
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of Eu?* (assume the concentration in SAM3 is 1.0) shown in
Table 1 is calculated using Eq. (2), and the distinction is not
very large, that is corresponding to the distinction of emission
intensity. Otherwise, it can be seen in Table 1 that the full
width at half maximum (FWHM) of SAMS is different from
that of SAM3 and SAM4, indicating that the emission peak
shape has changed with high H3BOj3 content, which may be
caused by the extra SrAl;;O19 phase in SAMS.

Table 1. Emission spectra data of samples.

Relative content

Sample Position/nm Area/a.u. FWHM Height

of Eut
SAM3 490 7854.30 1.0 61 114
SAM4 489 6747.34 0.859 60 101
SAMS 490 5722.61 0.729 54 93

3.4. Decay characteristics

In order to confirm the luminescence center during after-
glow phosphorescence, the typical time resolved phosphores-
cence spectrum of Sr4Al|4025:Eu2+, Dy3Jr with 3% weight
ratio doping of H3BO3 (SAM3), are shown in Fig. 4. The
phosphorescence spectra were measured for every 5-min UV
excitation at A = 360 nm. The emission peak at about 490 nm
in the afterglow phosphorescence remained the same with out
any change, indicating that the 5d—4f transition of Eu’Tions
exists all the time during the decay of afterglow phosphores-
cence, thus the Eu?Tion is the luminescence center during the
decay process.
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Fig. 4. Time-resolved phosphorescence spectra of Srq4Al14055: Eu,
Dy phosphor with 3 wt.% H3zBO3 which examined in O, 1, 3, 5,
8 min after 360-nm UV light excitation for 5 min.

The decay curves of the phosphors are recorded after 5-
min irradiation of UV light (A = 360 nm). In order to study the
effect of the varying content H3BO;3 to phosphors, the decay
curves of SAM1, SAM3, and SAM4 were shown in Fig. 5.
All the decay curves contain a rapid-decaying process and a
slow-decaying one, and the distinction of initial intensity is
obvious. SAM3 shows the maximal intensity, SAM4 is in the
middle, and the minimal one is SAM1. The afterglow charac-

teristics were evaluated utilizing curve fitting.[!3:16-25:26] The

decay curves were fitted using double exponential equation

—t —t
I1=1 exp(r—)JrIzexp(T—), 3
1 2

where I represents the phosphorescent intensity, /; and I, are
two constants, ¢ represents the time, 7| and 7, are decay con-
stants which determine the decay rate for the rapid and slow
exponentially decaying components. The fitting results of the
parameters of 7; and 7, are listed in Table 2. It is obvious that
the decay constants of SAM1 are much shorter than SAM3 and
SAM4, indicating that the sample with the SryAl140,5 phase
shows superior decay characteristics. Compared with SAM3
and SAM4, SAM4 with 6 wt.% H3;BO3 doping shows a longer
decay time than SAM3 (3% doped H3BO3).

Table 2. The decay curve fitting results of the phosphor samples.

Sample Ti/s /s
SAMI1 4.56196 29.21862
SAM3 5.94878 42.39129
SAM4 8.09254 51.9223
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Fig. 5. Decay curves of the phosphors. (a) 0 wt.% H3BOj3, (b)
3 wt.% H3BOs3, and (c) 6 wt.% H3BO3.

3.5. Thermoluminescence

In general, the decay characteristics of phosphors are
determined by the trap generated by the doped rare-earth
RE**ions (RE = Dy, Nd, La, etc.),!*’] and the trap is between
the conduction band and valance band. The trap depth and
trap concentrations have a great effect on the long afterglow
properties. If the trap energy level is deeper and the number
of the traps is larger, the afterglow time will become longer.
However, the trap energy level should not be too deep because
the energy may be too high to obtain by thermal agitation at
room temperature and the afterglow cannot occur. On the other
hand, if the depth of the trap levels is too shallow, the phosphor
would show rapid decay and the phosphorescence would not
last very long. It is necessary to examine whether various traps
exist in our specimens. The thermoluminescence (TL) glow
curves of these samples with different content of H3;BO3 were
given in Fig. 6. All the samples were irradiated by UV light,
and the heating rate was controlled at 1 °C/s. From Fig. 6, we
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can see that the curve of SAMI is very different from SAM3
and SAM4 due to the different host phases, the former one
shows a peak at 374 K, while SAM3 and SAM4 show peaks at
about 396 K. Generally, the peak-shape method and the usual
general order kinetics are used to describe TL curves. We can
calculate the depth of traps and trap intensities according to

the following equations:>8-321

I(T) = sng exp(fkf—t]J

% {(l_ﬁl)s /TOTGXP(_kftT> dT—&-l} 71(171), @)

where I(T) is the TL intensity, ng is the concentration of

trapped charges at T = 0, kg is Boltzmann’s constant, f is
the heating rate (1 °C/s in this paper), E; is the activation en-
ergy (or depth of the trap), s is the frequency factor, and / is
the order of kinetics. Parameters E; and ng are the most im-
portant parameters that describe the physical properties of the
traps generated by the auxiliary activators. The frequency fac-
tor is obtained by taking the derivative of Eq. (6) with respect
to T and setting it to zero at the peak temperature. The acti-
vation energy E; (trap depth) and ng are calculated in terms of

the glow-peak parameters by the following equation:1>2%-31
kg Tnz1
E = [2.52+10.2(, —0.42)]( - ) —2UpTw, (5)
ol
mo= T (2524 102k, ~0.42)), ©)

where @ is known as the shape parameter and defined as
@ = & + 1, with 6 being the high-temperature half width and 7
being the low-temperature half width. The asymmetry param-
eter g = 8 /. Calculated trap densities and the trap depth
are shown in Table 3. From Table 3, the trap depth in SAMI is
0.5 eV. The trap depth of SAM3 is slightly deeper than SAM4,
indicating that with the increasing concentration of H3BOj3 in
Sr4Al14055, the trap depth becomes a little deeper, so the de-
cay parameter of SAM4 is larger than that of SAM3.
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Fig. 6. The TL curves of the phosphors. (a) 0 wt.% H3zBO3, (b)
3 wt.% H3BOs3, and (c) 6 wt.% H3zBO3.

In strontium aluminates, the doped Dy3*(0.0912 nm)
usually replaces Sr** (0.118 nm) due to the similar ion ra-
dius. In order to keep charge balance, two Dy>*ions would

replace three Sr2* ions in the SryAl140,5 matrix, so the va-
cancy is generated. During the solid-state reaction, H3BOs3
decomposes to B,O3 in 165 °C, and the other components are
in a liquid/solid state, so it is easy for ions to replace each
other. Hence, if the H3BO3 content is higher, the replacement
of Dy3Jr and Sr*t is easier, and this is beneficial to generate
more lattice defects. Thus the trap become deeper. However,
ng is another factor that can affect the afterglow characteris-
tics, and can lead to high luminescence intensity when decay
begins. In our samples, the ny value of SAM3 is the maxi-
mum (see Table 3), SAM4 in the middle, and the SAMI1 is
the minimum. These results are in good agreement with the
result shown in decay curves. It indicates that with increasing
content of H3BOs, the initial afterglow intensity first increases
and then decreases. In this work, the phosphor synthesized
with 3 wt.% H3BO3 shows the highest initial luminescence
intensity.

Table 3. The parameters of the TL and the afterglow initial intensity for
Sr4Al40,5:Eu?t, Dy3* with different contents of H3BO3.

Sample T,/K E/eV  ng/t =0 Initial intensity of afterglow
SAMI 374 0500 1.2x107 463.4
SAM3 396 0523 3.1x10’ 759.7
SAM4 397 0529 2.4x107 545.2

4. Conclusions

The long afterglow phosphors Sr3 96Alj4055:Eu’, Dy>*
with different contents of H3BOj3 were synthesized suc-
cessfully by using the solid-state reaction method. The
Sr4Al140y5 pure phase cannot synthesized without H3BOs.
The Sry4Al140,5 pure phase appears when the concentration
of H3BOsis 3 wt.%, and whether the concentration of H3BOj3
is lower or higher than 3 wt.%, the SrAl;,0;9 phase was gen-
erated. The grain size becomes bigger during the increase of
H3BOs3, and the surfaces of particles become smoother, be-
cause H3BO3 provides a melting medium for the solid-state
reaction. The phosphor with 3 wt.% H3BOj3 shows the high-
est emission intensity. However, the concentration of H3;BO3
has a tiny influence on emission intensity and emission wave-
length, suggesting that the crystal field is not changed much by
the different composition of H3BO3. Phosphors with different
concentrations of H3BOs3 have different trap energy levels and
different trap concentrations; with the increase of H3BOs, the
traps become deeper, that is because a small amount H3BO3 is
beneficial for ion replacement, which generates defects in the
hosts. The sample with 3 wt.% H3BO3 shows excellent initial
emission intensity due to the higher trap concentration, indi-
cating that a small amount H3BO3 is helpful for the traps to
capture the holes or electrons, and 3 wt.% is the best amount.
This work studied the influence of H3BO3 on the phase stabil-
ity and luminescence properties of SryAlj40,5:Eu’*, Dy3*.
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The results indicate that Sr3 95Al14055:Eu®", Dy** with dif-
ferent concentration of H3BO3 can be used in various appli-

cations which need different luminescence intensities or after-

glow times.
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