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Abstract

Defects in phosphors affect not only luminescence intensity but also emission peak width,
decay time, and afterglow. The green phosphor B-SiAION:Eu?* exhibits the green emission of
Eu?* at 520 nm and the blue emission of nitrogen vacancies at 460 nm in time-resolved
fluorescence measurements. The decay time of the intrinsic Eu?* transition is 0.7 ps, but
afterglow is detected from 50 ps to 0.01 s. This afterglow decay curve is the same for the
green emission of Eu?* and the blue emission of nitrogen vacancies, suggesting that the defect
levels of the nitrogen vacancies affect the Eu?* transition. The afterglow decay curves were
analyzed using the formula of the general-order kinetics, (1 + t/tg) ™", where n is the decay
power and Ty is the decay time. This equation is generally used when analyzing afterglow on
the order of seconds to hours but has not been examined systematically applied in samples
with different concentrations of Eu?* and concentrations on the order of nanoseconds to
milliseconds. The decay power n is approximately 1 for all Eu?* concentrations (x = 0.001 to
0.3) and undoped B-SiAION. The decay time tg is correlated with the density of the nitrogen
vacancies determined by electron spin resonance. Furthermore, the value of n is
approximately 1 for 50 pus to 0.01 s and 0.3 for 1-1000 s. Thus, the luminescence mechanism
of Eu®* can be discussed by comparing n and tg obtained form the decay curves. In addition,
several different Eu?*-doped phosphors, namely SrAl,O4:Eu®*, Dy%*, CaAlSiNz:Eu?*, and
CaS:Eu?*, Tm®, are studied.
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and have high efficiency. Therefore, various wide-gap
1. Introduction phosphors have been developed. Nitrides and nitrogen oxides
are suitable phosphors because they have high chemical and
thermal stability [1]. However, various types of defects, such
as nitrogen vacancies (Vn) and interstitial atoms, are
inevitably included in wide-gap phosphors and affect their
optical properties. Thus, it is necessary to identify the defect

White light-emitting diodes (LEDSs) are widely used in our
daily lives. Usually, white LEDs are packaged with green,
yellow, orange, and red phosphors and combined with blue
LEDs. These phosphors must be excited by blue or UV light
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types and concentrations for device development and
improvement.

The green phosphor SrAl,Os:Eu?* emits a long afterglow
due to oxygen vacancies. Green emission has an intrinsic
decay time for Eu?*, with a value of ~1 us [2,3]. In 2009, the
intrinsic decay times of Eu?* were measured in over 30 typical
Eu?*-doped phosphors, as shown in Figure 1 [4]. The
relationship between emission wavelength and decay time is
plotted. The intrinsic decay time increases as the emission
wavelength increases [2-4]. The luminescence of long
afterglow phosphors initially decreases with the intrinsic
decay time of Eu?* for ~1 us, and then they show an afterglow
on the order of seconds, minutes, or hours. This afterglow is
caused by the sequential release of electrons temporarily
trapped in defect levels [2,5,6]. Therefore, the density of the
defect levels affects afterglow intensity.

The decay curve is often analyzed using the general-order
kinetics equation for afterglow in the seconds to hours range.
The afterglow intensity at time ¢ is proportional to (1 +
t/t5) " [2,5,6], where Ty is the decay time and n is the decay
power. In the case where n is ~1, the decay formula is called
the Becquerel decay formula [7,8]. SrAlO4:Eu?* and various
phosphors have a decay power n of ~1 [2,5,6,9-12]. However,
this formula has not been used for analyzing decay curves in
a time range shorter than 1 s. Herein, decay curves in the
nanoseconds to milliseconds range are analyzed at different
concentrations of Eu?* and measurement temperatures, and
compared in the seconds to minutes range.

Sie2Al,0.Ns..:EU?* (B-SIAION:Eu?*) is a phosphor that
emits in the green region from 510 to 540 nm [1,13-21]. It has
a broad excitation spectrum of Eu?* and a narrow emission
peak width. The absorption efficiency of 68% and external
quantum efficiency of 50% were achieved in 2016 [1]. Only a
limited number of Eu?* ions in B-SiAION is considered to
contribute to green luminescence, and some improvement is
possible. The phosphor has been developed not only for LEDs
[13-15] but also for liquid crystal display backlights with
narrower peak widths [16,17]. B-SiAION:Eu phosphor-
containing glass as a wavelength converter in solid-state
lighting has also been studied [18,19]. Several methods have
been reported to improve the phosphor properties, such as the
combustion synthesis [20] and annealing of the surface
amorphous layer [21].

It was reported that Eu®-doped phosphors have
luminescence in the UV or blue region, which exhibited an
afterglow of a few milliseconds in time-resolved fluorescence
(TR-F) measurements using a hanosecond pulse laser [22-25].
The blue luminescence originates from defects, and its
intensity is correlated with the defect density. The density of
Vn in B-SIAION:Eu?* was obtained from electron spin
resonance (ESR) measurements. The depths of the defect
levels, as electron traps, were estimated based on
thermoluminescence (TL) [23,24]. These values were close to

the depths of the SisN4 defect level [26-34] and Al-doped
SisN4 or SIAION defect level [35-38]. These reports showed
that decay curves of the emission due to defects and those of
the emission due to Eu®* were similar, but they could not be
quantified or compared [23,24].

In this paper, decay curves of luminescence in B-
SIAION:Eu?* are studied using TR-F measurements. The
decay curve of the luminescence intensity at its peak
wavelength reflects the process of luminescence. TR-F reveals
the intrinsic Eu?* decay in the nanosecond to microsecond
range, as shown in Figure 1. We focus on the microsecond to
millisecond range to investigate the slow luminescence
phenomena of both the blue emission from defect levels and
the green emission of Eu?*. In addition to the decay curve of
Eu?*, afterglow in the ranges of 0.05 ps to 0.01 s and 1-1000
s is analyzed using the general-order kinetics decay formula,
for the first time. Only the two parameters g and n are used
to discuss electron kinetics for the luminescence and afterglow.
The intrinsic decay time of Eu®* is ~1 s, so the emission
longer than 5 ps is also denoted as afterglow in this paper. The
intrinsic decay of Eu?* is finished before this time.

2. Experimental

Samples were prepared using a previously described
method (low oxygen firing conditions) [1,16,23,24]. SisNa,
AIN, and Eu,O3 were mixed with a stoichiometric ratio of Sis.
Al,O;Ng,:EU?* (z = 0.03). The Eu concentrations (x = 0,
0.001-0.3) correspond to the number of atomic ratios per unit
cell for the host material crystal of B-SiAION. Mixtures were
fired at 2300 K for 2 h in a nitrogen atmosphere of 0.9 MPa.
X-ray diffraction revealed that the low Eu-concentration
samples (x =0, 0.001-0.01) have a single phase [23,24]. In the
high Eu-concentration samples (x = 0.03-0.3), 1%-14%
Eu,SisNg was detected [24]. Eu.SisNs is a black crystal [39,40],
which affected the overall color of our samples, appearing
yellow to brown. No effect of Eu,SisNg on the luminescence
properties of high Eu-concentration samples is considered
because the green phosphor B-SiAION:Eu?* and the black
Eu,SisNsg, which does not exhibit luminescence, form different
particles.

The internal quantum efficiency (IQE) was measured at
300 K using an absolute photoluminescence quantum yield
measurement system (C11347, Hamamatsu Photonics, Japan).
For the TR-F measurements, a 266 nm Nd:YAG laser (Ultra
CFR, Big Sky Laser Technologies Inc., MT, USA) was used
as the excitation light source. The pulse width was 10 ns, and
the repetition was 10 Hz. Spectra were measured using a
monochromator (Spectra Pro 2300i, Princeton Instruments,
NJ, USA) and a CCD detector (PI-Max, Princeton Instruments,
NJ, USA) synchronized to the laser. A UV-cut filter (UV-31)
was used to reduce the excitation light. Samples were set in a
cryostat and measured at 15-300 K.
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The afterglow measurement in the range of seconds to
minutes was conducted using a different system from that of
TR-F. The excitation light source was a high-pressure mercury
lamp (254 nm), and the detector was a photomultiplier tube
(R374, Hamamatsu Photonics, Japan). Afterglow was
measured at 60 and 300 K using a cryostat.

The analysis of the emission decay curves was conducted
using the following two equations. When the luminescence
intensity during excitation is /o, the intensity at time ¢ after
stopping the excitation light is expressed as [1-3]:

t
1(t) = I, exp (— ;) €Y
Equation (1) is known as the first-order kinetics formula.
The value of 7is the decay time of emission ions (Eu?*) in the
phosphor.

After the excitation light is stopped and time increases, the
decay curve can be expressed as:

I1(t) = Iy exp (1 + %)—n’ (2)

where the decay power is n and the decay time is 7g [2,5,6,8].
Equation (2) represents the general-order kinetics, providing
the second-order kinetics formula for n = 2. This equation is
derived by integrating the elementary bimolecular reaction
(electrons and holes) rate equation [8]. It is also known as the
Becquerel decay formula for n = 1 [7,8]. The value of n
represents the magnitude of the slope of a straight line when
the decay curve is plotted on the log-log graph.

In the decay curve of phosphor luminescence, the decay
power n in Equation (2) takes values between 0.5 and 2, which
is considered ~1 [2,5,6,9-12]. Only the two parameters n and
73 are needed to approximate the decay curve of the afterglow
due to defect levels that trap carriers. Equation (2) is used as
an empirical formula in this study to compare results and
discuss defect levels for various samples.

3. Results and discussion

3.1 Samples and TR-F spectra

B-SiAION:Eu?* is a phosphor that emits green at 520 nm
owing to the 4f5d-4f" transition of Eu?*. The IQE of the
sample with the Eu?* concentration x = 0.01 was 53% under
the excitation at 300 nm. This value is thought to be similar to
the value of ~70% obtained for the commercial product,
considering potential variations in the Eu?* concentrations or
firing conditions.

Figure 2 shows the TR-F spectra of B-SiAION:Eu?* at 15 K.
The sample without Eu®* (x = 0) has broad emission peaks at

320, 460, and 600 nm. The 460 nm blue emission peak is also
detected in Eu-doped samples, but its emission intensity
decreases with increasing Eu concentration. The emission
from Eu®* is detected as a broad 520 nm spectrum, overlapped
by a group of line spectra. Line spectra at 590 and 615 nm
represent emission from the intra 4f° transition of Eu®* [21,24].
Samples with a small ratio of Al and O (z = 0.03) have the
zero-phonon line detected at 510 nm, and its phonon shifts at
low temperatures [16,17,24].

Figure 3 shows the decay curves at 520 nm (indicated by
the arrow in Figure 2) for the duration of ~1 ps after stopping
the excitation light. The sampling time is 5 ns and the
temperature is 15 K. The decay time was the same 7= 0.7 us
in Equation (1), for various Eu concentrations. This value is
the intrinsic decay time for the 4f65d-4f” transition of Eu?*,

For the sample with the lowest Eu?* concentration (x =
0.001), decay curves were measured over a wider time range.
Figure 4 shows decay curves plotted in (a) semi-log and (b)
log-log graphs, and the sampling time is displayed. In Figure
4(a), the decay curve becomes a straight line between t =0 and
5 ps. The slope corresponds to 7= 0.7 ps in Equation (1). In
Figure 4(b), the decay curve of Equation (1) is shown as a thin
black dotted curve, and the decay curve of Equation (2) is
shown as a black dashed line. The magnitude of the slope
corresponds to the decay power n [6], which is ~1. The yellow
symbols (500 ns) deviate from the dotted curve and decay with
the dashed line after t = 5 ps. For the sampling time of 50 ps,
the value of the red symbols appears to be amplified at t = 10°
4's. This is due to the normalization of the vertical axis in
Figure 4. The pulse width of the excitation is 10 ns, so the
initial normalized intensity has already decreased by decay for
measurements longer than 50 ns. Between t = 10 and 102 s
in Figure 4(b), the red symbols follow a straight line. The
straight line in the log-log graph is reproduced using Equation
(2), and the magnitude of the slope corresponds to the decay
power n [6], which is ~1 between t = 10* and 102 s. The
yellow symbols from t = 10 to 10** s also follow a straight
line with a slope of ~1.

In Figure 4(b), the decay of the afterglow between t = 1 and
100 s is included. The measurement temperature for the
afterglow was 60 K, which differs from the temperature of 15
K for TR-F. Both of the temperatures are far below 300 K, and
no effect of different temperatures between 60 and 15 K is
expected. Between t = 1 and 10 s, the data again follow a
straight line with a slope of ~1. The decay curve is reproduced
by Equation (2) in the time ranges from 5 ps to 10 s. After 10
s, the decay line remains straight but the slope changes to ~0.3.

The decay curve can be explained by different decay
equations, and the luminescence mechanism is different
depending on the time ranges. The initial decay before t = 5
us is caused by the intrinsic transition of Eu?* according to
Equation (1), and the afterglow is not intrinsic to Eu?*.
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3.2 Decay curves of 8-SiAION

The decay curves of blue and green emission in the
millisecond range were investigated for B-SiAION:Eu®*. The
sample with the lowest Eu?* concentration (x = 0.001) was
measured. It had a green emission peak at 520 nm from Eu?*,
as well as a broad blue emission at 460 nm, as shown in Figure
2. Figure 5 shows the decay curves for 0.01 s. The sampling
time is 50 us, and the temperature is 15 K. The decay curve
for the 460 nm emission of the sample without Eu?* (x = 0) is
also shown. Values in the vertical axis are normalized by the
intensity at t = 0, where the intrinsic decay of Eu?* (z=0.7 us)
is dominant for each decay curve. Thus, the intensity for 520
nm in Figure 5, at t = 0.005 s for example, corresponds to the
emission intensity ratio of the afterglow to the intrinsic
transition of Eu?*. In the decay curves of the semi-log graph in
Figure 5(a), the intensity between t = 0 to 0.001 s is different,
but the curves after t = 0.001 s for 460 and 520 nm are almost
the same. Their decay curves are the same as the curve for 460
nm in the sample without Eu?* (x = 0). Furthermore, the decay
curves in the log-log graph in Figure 5(b) are all straight lines.
The intensity decreases similarly, and the slope values are
—0.7 to —1.1. The decay power n in Equation (2) is determined
from the slope. Then, the decay time g in Equation (2) is
chosen to match the respective decay curve. The results are
shown in Figure 5(c). The coefficients of determination R?
were 0.99 to 1, and thus the two parameters n and T explain
the decay curves well.

The blue luminescence of the sample without Eu* (x = 0)
was due to transitions between defect levels ( ogi_g; =
Vy3tor Kocenter) created by Vi [23,24]. In Figure 5(b), the
intensity at 520 nm (x = 0.001) and 460 nm (x = 0) decreases
with approximately the same slope (1.0 and —1.1). This
means that the Eu?* emission at 520 nm decreases with the
luminescence mechanism of the transitions at 460 nm between
defect levels in the time range from 50 us to 0.01 s. This is not
the intrinsic transition of Eu?*, but is caused by the transfer of
electrons trapped in defect levels to the excited state of Eu?*.
The electrons trapped in defect levels are the origin of the
afterglow.

3.3 Eu concentration dependence of decay curves

As the Eu?* concentration increased, the emission intensity
of B-SIAION:Eu?* became stronger while the afterglow
decreased [24]. In Figure 2, the width of the broad emission at
520 nm became wider and several sharp phonon lines, such as
those at 510 and 530 nm, decreased as the Eu?* concentration
increased. The broad blue emission at 460 nm decreased with
increasing Eu?* concentration and disappeared above x =
0.003.

Figure 6 shows the Eu?* concentration dependence of the
decay curves for the 520 nm emission from Eu?* at 15 K,
plotted on the log-log graph. The dashed line represents the

decay curve calculated using Equation (2). The two
parameters n and tg are shown in Table 1.

In Figure 6, the intensity at t = 50 ps for the low Eu?*-
concentration samples (x = 0.001 and 0.003) is larger than that
for the other samples. After t = 50 ps, the decay curves are
almost the same for all Eu?* concentrations. Decay curves are
plotted as straight lines, and their slope values are close to n =
1.

In Figures 3 and 4, the emission decreased according to the
first-order kinetics in Equation (1) betweent=0and 5 ps, and
thereafter it decreased following Equation (2). The decay
curves for various Eu?* concentrations all have the same slope
of ~1, and thus they are compared by the value of 5. When n
is the same, the value at t = 50 ps increases as tg increases, as
shown in Figure 6. The intensity in Figure 6 is normalized by
the value at t = 0 s (the intrinsic Eu?* transition), and thus the
value at t = 50 ps is regarded as the ratio of the afterglow
component to the intrinsic transition of Eu?".

Figure 7(a) shows the Eu?* concentration dependence of the
decay time 7y in Equation (2). 7 is 2 ps for the lowest Eu?*
concentration (x = 0.001), but decreases by approximately one
order of magnitude at higher Eu?* concentrations. Figure 7(b)
shows the Eu?* concentration dependence of the emission
intensity (afterglow intensity) at t = 50 us, in addition to the
density of Vn. The V density was evaluated from the ESR
signal intensity of the Si-dangling bonds [23]. The intrinsic
decay of Eu?* disappears at t = 5 ps, as shown in Figure 4(a),
so the intensity at t = 50 ps in Figure 7(b) shows the intensity
of the afterglow. The millisecond afterglow in Figure 6
involves the transfer of electrons trapped in defects to Eu®*,
and its intensity is correlated with the density of Vn measured
by ESR [22-24]. Figure 7(b) shows that the afterglow intensity
at 50 ps, and the density of Vy decreases at higher Eu®*
concentrations. The tg value relates to the afterglow intensity
when the decay power n is nearly the same. The defect density
is revealed based on the value of 5.

3.4 Temperature dependence of decay curves

The temperature dependence was investigated for the
emission of B-SIAION:Eu?* (x = 0.001). Figure 8(a) shows
variations of the emission spectra at 15-300 K. The broad blue
emission at 460 nm is strong at 15 K but decreases with
increasing temperature. The emission at 520 nm from Eu?* is
composed of sharp phonon lines at 510, 515, 520, and 535 nm
and a broad peak at 520 nm at low temperatures. With
increasing temperature, the line spectrum emission decreases.

Figure 8(b) compares decay curves of the blue emission,
which is related to defects. The decay curves calculated using
Equation (2) are represented by dashed lines. Decay
parameters n and Ty are shown in Table 2. The log-log graph
in Figure 8(b) shows straight lines with slope values of n =
0.7-0.8 at 15 and 100 K. At temperatures higher than 200 K,
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the decay slopes were n = 1.4 until it disappeared into the
background after t = 0.0005 s.

Figure 8(c) shows the temperature dependence of the decay
curves for the green emission at 520 nm of Eu®*. All decay
curves are plotted as straight lines on the log-log graph. The
value of their slopes is ~1, and the value of n increases with
increasing temperature, while the decay becomes faster. The
decay parameters n and 7y fitted for Equation (2) are included
in Table 2.

Figure 9 shows the afterglow measured between t = 1 and
1000 s using another method, and the 520 nm emission of Eu?*
is detected. Almost no afterglow is observed in the semi-log
graph after t = 500 s in Figure 9(a), and the decay curves are
plotted as straight lines in the log-log graph in Figure 9(b).
Furthermore, the slope is n = 1.1 between 1 and 10 s at 60 K.
This value is similar to that obtained in the time range of 50
ps to 0.01 s in Figures 6, 8(b), and 8(c). This decay with a
slope of ~1 is related to V in Figure 7, and the decay between
1 and 10 s at 60 K is also considered to be related to Vn. The
slope of n = 0.3 is obtained between 10 and 500 s at 60 K and
1 and 500 s at 300 K.

3.5 Decay curves and trap levels

Decay curves in the time range of 50 ps to 0.01 s measured
by TR-F were analyzed using the general-order Kkinetics of
Equation (2). Only two parameters n and tg are used in
Equation (2) in Figures 4-6, 8, and 9, in addition to Tables 1
and 2. The value of ~1 for n is often reported for various host
crystals and luminescent ions [5,6,9-12]. In SrAl,OsEu?,
Dy?*, the oxygen defects cause the long afterglow, and the
decay curve in the time range of minutes to hours is
reproduced using a slope of ~1 [9,10].

The value of n = 2 in Equation (2) is applied for the one-
electron trap level and the one-center model [8], as shown in
the energy diagram of Figure 10(a). The energy difference
between the bottom of the conduction band and the trap level
is denoted as Ae. The electrons detrapped from the trap level
are transferred to the luminescent Eu?* ions, and then the
emission transitions occur from the excited level 4f55d* to the
ground level 4f". When the trapping and detrapping take place
between the electron trap and Eu?*, a decay curve of n = 2
appears [5,6,8]. It has been empirically shown that the decay
curve is proportional to 1/¢t, which is attributed to repeated
detrapping and retrapping, or tunneling [41-43]. Because there
is a distribution of trap levels, simulations for various
distributions (i.e., uniform, exponential, Gaussian) have been
reported [6,8,44,45]. When there are many electron trap levels
with a distribution in the energy difference Ae, as shown in
Figure 10(b), the decay power is considered to be ~1 [5,6,8,41-
45].

Figure 10(c) shows the energy level schematic for the
emission of B-SiAION:Eu?*. There are several trap levels for
Vn at the energy depth of 0.2-0.8 eV, which was previously

determined using the TL method [23,24]. Before transferring
from Vy to Eu?*, electrons might repeat detrapping and
retrapping between the levels of V. Tunneling between Vy
and Eu?* also occurs between Eu?* and some V close to Eu?*.
These complicated phenomena may change the decay power
from n = 2 to ~1. Although it is not possible to determine the
distribution of Agusing Equation (2) in this paper, the decay
power is used to compare the decay kinetics among similar
material compositions. Further studies are required to clarify
how the trapping, tunneling, and distribution of A¢ change the
decay power. However, when comparing the same material
compositions, as in this work, it is possible to compare the
decay power.

In Figure 6, the decay power n did not change with the
variation in Eu® concentration, suggesting that the
luminescence mechanism does not change with Eu?
concentration. The emission of Eu?* in Figures 8(c) and 9(b)
exhibits almost the same value of n as that for the blue
emission in Figure 8(b). This suggests that the green emission
of Eu?* and the blue emission of Vy are affected by the same
trapping and detrapping phenomena depicted in Figure 10(c).
In Figures 8(c) and 9(b), n was ~1 and decreased to 0.3 after t
= 10 s. The value was also 0.3 when the temperature was
raised to 300 K. This suggests that the trapping level for the
afterglow has changed, and thus the luminescence mechanism
has changed with time or temperature. When the temperature
increases, shallow Vy levels do not trap electrons because of
the excess thermal energy. The decrease in n with time is
caused by the absence of electrons in shallow trap levels. At
high temperatures, electrons are located only in the relatively
deep trap levels and are considered to be detrapped over a slow
time scale.

The blue emission of defect levels was only observed at low
Eu?* concentrations and low temperatures. Analyzing the
decay curve of the Eu?* emission helps to identify the
properties of the defect transition. Moreover, examining the
two parameters n and tg in Equation (2) elucidates the
luminescence mechanism and the defect density. This method
is useful for developing new phosphors and improving their
properties, especially for long afterglow phosphors where
defect concentration is more important.

3.6 Decay curves of Eu**-doped phosphors

In the previous subsections, the decay curves for the
emission of B-SiAION:Eu?* in the time ranges of 50 pus to 0.01
s and 1-1000 s were obtained using the general-order Kinetics
of Equation (2). In this subsection, we show that Equation (2)
can reproduce decay curves of different Eu*-doped phosphors.
BaMgAlc017(BAM):Eu?*,  SrAl,O4Eu?*, Dy%*, «-
SIAION:Eu?*, Ca,SisNs:Eu?*, CaAlSiNs:Eu?*, and CaS:Eu?*,
Tm?3* [4,22,25] were studied. Decay curves measured by TR-
F with 266 nm laser excitation at 15 K are shown in Figure 11.
All luminescence intensities were measured at the emission
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wavelength of Eu?*, and the decay parameters n and g are
shown in Table 3. Initially, until t = 0.005 s, CaS:Eu?*, Tm®*
shows a slow decay and a slope of —0.8, but the slope changes
to—1.1 after t = 0.005 s. All other decay curves follow straight
lines on the log-log graph and have a slope of —1.0 (decay
power n = 1.0). The general-order kinetics is used not only for
defects due to Vn (SIAION and nitrides) but also for oxygen
vacancies (BAM and SrAl,OsEu®*, Dy*) and sulfur
vacancies (CaS:Eu?", Tm3*).

The decay curves of the afterglow excited using a 254 nm
Hg lamp were measured, as shown in Figure 12. Emission
intensity was detected using a photomultiplier tube at 300 K.
The decay parameters n and 7y are shown in Table 3. The
decay power n is smaller (0.6-0.8) and decay is slower in the
longer time region shown in Figure 12 than that shown in
Figure 11. This suggests that the time scales of trapping used
for afterglow change from microseconds to milliseconds and
from seconds to minutes. a-SiAION:Eu?* exhibits an n of 0.4,

which is approximately the same as n = 0.3 for p-SiAION:Eu?*.

For CaS:Eu?*, Tm®, the slope changes at t = 0.003 s in Figure
11 and t=100s in Figure 12. CaS:Eu?*, Tm*" is co-doped with
Tm?®*, and electrons in the defect level are affected by Tm3*
before transferring to Eu?* [25]. This co-doping is possibly the
origin of the charge of the decay power n in CaS:Eu?*, Tm®*,
BAM has no afterglow in this time range.

The values of the decay power n that are slightly smaller
than 1, as shown in Table 3 for 1-1000 s, are often reported
for long afterglow phosphors. In the green phosphor
Y3Al,Gaz012:Ce®*, Yb¥, afterglow intensity plotted in a log-
log graph exhibits a change in the value of n, from ~0.5 at 60
s to 0.8 at 300,000 s [46]. Similarly, the value for the red
phosphor (Sr, Ca)AlSiN3z:Eu?* changes from 0.7 at 10 sto 1 at
10,000 s [47]. In CaAl,04:Eu, Nd, TL experiments with
varying excitation duration and varying excitation
temperatures helped to clarify the distribution of trap depths
in a violet afterglow phosphor [6]. A Gaussian-shaped
distribution from 0.7 to 1.2 eV was evaluated, and the decay
power n of 0.7 at 100 s and 1.28 at 40,000 s was observed in
the log-log graph of the afterglow intensity. Similar TL results
are expected for the phosphors shown in Table 3.

In all of the phosphors in Table 3, the two parameters n and
tg Of the general-order kinetics can reproduce the decay
curves of the afterglow, after the intrinsic decay of Eu?*
disappears (at ~5 ps in Figure 4). The values in the general-
order kinetics among different materials may be used for
discussing the luminescence mechanism and afterglow,
considering results from different measurements, such as ESR
(Figure 7) or TL.

4. Conclusions

For B-SiAION:Eu?*, the decay curves in the time range of
5ns to 0.01 s were studied by TR-F. The broad blue emission
at 460 nm was related to defect levels, and the decay curves

were reproduced using the general-order kinetics formula. The
afterglow intensity at time ¢ was proportional to (1 + t/7g)™".
The decay power n of the blue emission due to Vn changed
from 0.7 at 15 K to 1.4 at 300 K. The green emission of Eu®*
at 520 nm showed an intrinsic decay time z = 0.7 ps in the time
range of 0-5 us. After t = 5 ps, the decay curve exhibited the
same shape as that of the blue emission, and a millisecond-
range afterglow was observed. The decay power for the
afterglow of Eu?* was also ~1. The same mechanism is
considered to govern both the blue emission and afterglow of
Eu?*.

Decay curves among the samples with different
concentrations of Eu®* (x = 0, 0.001-0.3) were normalized by
the intensity at t = 0, where the intrinsic decay of Eu?* was
dominant. When the decay power n was almost the same, as
in the present case of ~1, tg corresponded to the ratio of the
afterglow intensity to the intensity of the intrinsic transition of
Eu?*. The value of 7 decreased from 2 ps for x =0.001 t0 0.3
us for x = 0.3. This tendency was the same for the signal
intensity of V in ESR or the density of V. The afterglow of
Eu?* is ascribed to defect levels of V.

The decay curves for the emission of Eu?* in multiple host
phosphor crystals were measured and analyzed using the
formula (1 + t/7g)™". In the time range between 50 ps and
0.01 s, the decay power was ~1 for all six Eu?*-doped
phosphors studied herein. In the time range between 1 s and
1000 s, a slightly smaller value of 0.4-0.8 was obtained for the
decay power. The results suggest that the luminescence
mechanism of Eu?* changed with time, and the trapped levels
for afterglow changed from microseconds to milliseconds and
from seconds to minutes. Therefore, the general-order Kinetics
analysis of the decay curve is an effective method for

investigating the defect density and luminescence
mechanisms.
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Figure captions

Figure 1. Relation between luminescence energy E and
intrinsic decay time t in typical Eu*-doped phosphors [4]. All
samples are measured at 10-15 K using an excitation laser
wavelength of 266 nm.

Figure 2. TR-F spectra of B-SiAION:Eu?* at 15 K. The
luminescence during 50 ps from the excitation is integrated.
The intensities for the samples including Eu?* (without Eu?)
are normalized using the value at 520 nm (460 nm).

Figure 3. Decay curves of the luminescence at 520 nm for -
SIAION:Eu?*. The sampling time is 5 ns, and the temperature
is 15 K. The Eu concentration is x = 0.001 to 0.3. The decay
curves are normalized using the luminescence intensity at t =
0. The decay time z = 0.7 ps in Equation (1) is shown by the
dashed line.

Figure 4. Decay curves of the luminescence at 520 nm for f3-
SIAION:Eu?*. The temperature is 15 K. Eu concentration is x
= 0.001. (a) Semi-log plots and (b) log-log plots are shown.
The sampling times are 5 ns (green), 50 ns (blue), 500 ns
(yellow), 50 us (orange) and 1 s (gray). Data with a sampling
time of 1 s is measured with a 254 nm Hg lamp for excitation,
a photomultiplier tube as a detector, and a temperature of 60
K. The thin dotted line is drawn by using Equation (1) with
the intrinsic decay time of z= 0.7 ps. The dashed lines
represent the calculation using Equation (2) with the decay
power n = 1.

Figure 5. Decay curves of luminescence at 460 nm (blue
triangles) and 520 nm (green squares) of B-SIAION:Eu?* (x =
0.001). The decay curve for the sample without Eu (x = 0) is
shown by the purple circles. Measurements are conducted at
15 K. The sampling time is 50 ps. (a) Semi-log plots and (b)
log-log plots are shown. In (c), curves using Equation (2) to
fit the data in (a) and (b) are drawn. The two parameters n and
Tg in Equation (2) are shown in the figures.

Figure 6. Decay curves for luminescence of B-SiAION:Eu?*
for different Eu concentrations at 15 K. Decay curves obtained
at 520 nm are plotted on the log-log graph. The Eu
concentrations (x = 0.001 to 0.3) are indicated. The numbers
in the parentheses indicate the slopes of the log-log plots. The
dashed lines represent the calculation using Equation (2). The
decay parameters are shown in Table 1.

Figure 7. (a) Eu concentration (x) dependence of B-
SIAION:Eu?* of the decay time 7y in Equation (2). (b) The
luminescence intensity att =50 us in Figure 6 is shown on the
left y-axis as afterglow intensity (green triangles). The defect
density of nitrogen vacancies (V) determined from the ESR

signal intensity of the Si-dangling bond (pink squares) is
shown on the right y-axis [24].

Figure 8. (a) TR-F spectra of B-SiAION:Eu?* (x = 0.001). The
measurement temperature is 15-300 K, and the sampling time
is 50 us. Decay curves obtained at (b) 460 and (c) 520 nm are
plotted on the log-log graph. The slope value for the line is
shown in parentheses. The dashed lines represent the
calculations using Equation (2). The decay parameters are
shown in Table 2.

Figure 9. Decay curves of afterglow intensity of p-
SIAION:Eu?* at 60 and 300 K. The excitation wavelength is
254 nm. (a) Semi-log plots and (b) log-log plots are shown.
The black dashed line indicates the background level. The blue
(60 K) and orange (300 K) dashed lines represent the
calculations using Equation (2), and the slope value for the
line is shown in (b).

Figure 10. Schematic of energy levels for luminescence
caused by electron trapping. These figures show the structure
near the conduction band (CB). Emission proceeds by the
transfer of electrons to the luminescent ions Eu?*. (a) There is
one trap level at depth A¢. (b) There are many trap levels, and
the depths have various distributions. (c) Defect level (Vn)
transitions in B-SiAION:Eu?* and emission of Eu?*. Trapping
and detrapping occur at multiple trap levels, which have some
distance from Eu?*. For a trap level adjacent to Eu?,
detrapping and transfer to Eu®*, as well as tunneling between
the trap and Eu?*, may occur.

Figure 11. Decay curves of Eu?*-doped phosphors at 15 K.
Luminescence intensity is detected at the wavelength of the
transition of Eu?* in the corresponding phosphors. The
excitation laser wavelength is 266 nm. The decay parameters
are shown in Table 3. BaMgAl1c017 has no afterglow in this
time range, and its results correspond to the background level,
which differs slightly in this figure. The intensity is
normalized by the emission value at t = 0 s under the excitation
for each phosphor.

Figure 12. Decay curves for the afterglow of Eu®*-doped
phosphors. The measurement temperature is 300 K, and the
excitation wavelength is 254 nm, using a Hg lamp. The decay
parameters are shown in Table 3.
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Tables

Table 1. Decay parameters of B-SiAION:Eu?* at 15 K. A is the
center wavelength of the measurement. 1/1,, is the ratio of the
luminescence intensity at t = 50 ps to the intensity att=0s. n
is the decay power. ty is the decay time in Equation (2). T is
the intrinsic decay time in Equation (1) of Eu®* in B-
SiAION:Eu?*,

blue emission green emission Eu?”
A 111y n | A I/1g n Tg T

host X /nm| S50us /us |/ nm| 50ups /s || /ps
B-SIAION 0 460 | 0.018 | 1.1 1.0

0.001 445 | 0.008 | 0.7 10| 510| 0.028 | 1.0 20| 0.6

0.003 510 | 0.015 | 1.1 17| 06

0.01 520 | 0.004 | 1.1 05| 0.7

0.03 520 | 0.005 | 1.0 03| 0.8

0.1 520 | 0.003 | 1.1 05| 0.8

0.3 520 | 0.004 | 1.1 03| 0.7

Table 2. Temperature dependence of decay parameters of B-
SIAION:Eu?* (x = 0.001). Peak intensities at 430—445 nm for
blue emission and 510-520 nm for green emission are
obtained.

blue emission | green emission

Temperatureg A n g | A n Ts

host X /K /nm /us |/ nm / s
B-SiAION 0.001 15 4451 0.7 10| 510( 1.0 20
0.001 100 440| 08 110|510 11 20

0.001 200 440 | 1.4 20|510] 12 14

0.001 300 430 1.4 1.0|520] 13 14

Table 3. Decay parameters of Eu?*-doped phosphors. For TR-
F measurement, the excitation wavelength is 266 nm, and the
temperature is 15 K. The emission peak wavelength is shown
as A. The intrinsic decay time of Eu?* is shown as 7 in
Equation (1). I /1, is the ratio of the luminescence intensity at
t =50 us to t=0s. nis the decay power, and tg is the decay
time in Equation (2). For 1-1000 s, afterglow decay curves are
measured at 300 K, and the excitation is conducted by a 254
nm Hg lamp.

TR-F measurement 1-1000s
host M| A t | Iflg| n Tg| n T
X /nm|/us| 50 us / us /s
B-SiAION 0.001 - 510 0.6/ 0.028| 1.0 20] 0.3 -
BaMgAl,,0,, 1.4% - |450| 1.0]0004| 1.0 02| - -
SrAlL,0, Dyg* 520 1.6] 0007 | 1.0 03] 0.8 03
a-SiAION - 580 06]0001| 1.0 0.1] 04 -
Ca,SisNg 0.5% 0.5%]|615| 0.8]0.009| 1.0 05| 0.7 0.03
CaAlSiN; 0.01% - 6351 04]0039| 10 25|06 -
Cas 0.01% 2% | 650 0.8]0.060| 0.8 17| 0.8 0.01
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