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Abstract

Excitation wavelength dependence of red persistent luminescence in CaS:Eu*', Tm*" phosphor is
reported. Persistent luminescence appears under visible light excitation in the wavelength region
of 400-600 nm. Photon energy from white light-emitting diode lamps is possibly stored in this
material. This sulfide phosphor is synthesized using iodine vapor. Under iodine vapor, Eu®" and
Tm?3" are found to be efficiently included in CaS. The concentration dependence of Eu?" is studied,
and the optimum concentration is 0.05%. Trap depth of 0.27-0.33 eV contributing to persistent

luminescence is evaluated by using thermoluminescence.
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1. Introduction

Research on phosphor materials has been one of important themes for low energy consumption [1]. High-
efficiency optical materials contribute to energy saving lighting. In addition, persistent luminescence
phenomenon has attracted attention for application in safety indication, soft illumination, medical imaging,
and so on. Some phosphors such as StTALO4:Eu**,Dy*" give luminescence for several minutes or hours even
after ceasing of photoexcitation [2]. Persistent luminescence phosphors are used for safety signage, and
expected for safety guidance especially at a blackout. Even more efficient persistent luminescence
phosphors, if they are realized, could be useful for display or lighting at night. This comes to be storage of
daytime or lighting energy, and reuse of it without battery or electricity. Intense persistent luminescence
and a proper on-off cycle of display backlight could bring about quite low energy consumption in display.
Exploring and improving persistent luminescence continually attract attention of relevant researchers [3-

12].

One of the most famous persistent phosphors is StAl,O4:Eu?",Dy*" [2]. This green luminescence material
is efficiently excited by photons in near ultraviolet (UV) region. Energy storage is effectively achieved
using photons having wavelength less than 400 nm. Light emitting diodes (LEDs) are currently used for
lighting devices. Spectra of ordinary white LED lamps consisting of blue LEDs and yellow phosphors do
not have UV wavelength region. Efficient photoexcitation or energy storage of present persistent phosphors
becomes difficult in modern LED light. In addition, color of present persistent phosphors is almost limited
to green or blue. Examples of blue persistent phosphors are SroMgSi>O7:Eu®’,Dy*" [13] and
CaAlLO4:Eu* ,Nd*" [14], which have persistent luminescence duration similar to SrALO4:Eu?Dy*".
However, red or orange phosphors having intense and long persistent luminescence are lacking. An
example is Y>0,S:Eu*", Ti*" Mg?" in which the intra 4f° transition of Eu®" at 627 nm gives persistent
luminescence [15]. Another example is the intra 4f° transition of Sm*" at 618 nm in SnO,:Sm*",Zr*" [16] or
Zr0,:Sm* Sn*" [17]. Further improvement of intensity and duration of persistent luminescence of red

phosphors is demanded. Vast usage of red persistent phosphors is not realized. Therefore, white persistent



luminescence, that is, lighting by persistent luminescence is not at all obtained. White persistent phosphors
with one kind of luminescence center in single compound are also tried to be developed. Persistent
luminescence bands in Sr;AL,OsCly:Eu**,Dy*" are located at 450 nm and 550 nm [18]. In addition, reports
of UV persistent phosphors, which is quite important for excitation of visible white light as well as
disinfecting field, are limited [7,19]. Further study on white persistent phosphors is also necessary for longer

luminescence duration and practical applications.

CaS:Eu*",Tm*" is a well-known phosphor which emits in the red [20]. The origin of the intense red
luminescence is the 5d'4f%-4f” transition of Eu?* in Ca$S or SrS, and its persistent luminescence have been
studied [20-25]. An advantage of persistent luminescence of CaS:Eu?" is a broad absorption band in visible
wavelength region. Excitation spectrum for the red photoluminescence (PL) ranges from 400 to 600 nm,
which corresponds to the transition from the ground 4f’ state to the upper 5d'4f° state. CaS:Eu?* is possibly
be good persistent phosphor in which the energy is stored by visible light. Excitation spectrum for persistent
luminescence in CaS:Eu®" is not reported so far. In this paper, optical properties of CaS:Eu*",Tm*" are
studied. It is found, for the first time to the authors’ knowledge, that iodine (I2) vapor is useful for including
Eu®" into CaS. Concentration dependence of Eu?' is studied, and the optimum atomic ratio of Eu to Ca is
found to be 0.05%. The intensity of thermoluminescence (TL) is larger for this Eu concentration, and
duration of persistent luminescence excited at 442 nm is 700 s. Excitation spectrum for persistent

luminescence is confirmed to be the same as excitation spectrum for PL.

2. Experimental

For the fabrication of CaS:Eu”",Tm*>" powders, we used solid-state reaction technique in a
quartz tube [26-29]. A mixture of CaS, EuS and Tm,S; in the atomic ratio of Ca’ : Eu®" i Tm*"
=1:x:0.02 was prepared. The total weight of the powder was approximately 600 mg. The value
x refers to the concentration of Eu?’ in the range of 1x10™-1x1072, and the samples are denoted as

Eu0.01%-Eul% in this paper. To promote the addition of europium ions, 300 mg of iodine was



added to the mixture of the starting materials. Iodine vapor is useful for including Eu®" into CasS.
The mixture powder was placed in the center of the quartz tube whose diameter and length are 20
mm and 1 m, respectively. The ends of the tube were closed and the tube was evacuated to a
pressure of ~50 Pa. The center of the tube was heated by a cylindrical furnace at 1100°C for 24 h.
The length of the furnace is 0.3 m, and thus the most of iodine became a solid quickly at the room-

temperature region in the both ends of the quartz tube.

X-ray diffraction (XRD) patterns were recorded using a Rigaku Rint2200-Ultimalll
diffractometer. PL spectra were measured using an Oriel MS257 spectrometer equipped with an
Andor Technology DH734-18F charge-coupled-device camera. Internal quantum efficiency was
measured with a Hamamatsu C11347-01 spectrophotometer equipped with an integrating sphere.
Sample powder (~10 mg) was put on a quartz Petri dish which was placed within the integrating
sphere. Monochromatic output of a xenon arc lamp was used for the excitation. Sample absorption
was evaluated from the decrease in the excitation intensity by the presence of the sample,
comparing the excitation intensity without the sample. The internal quantum efficiency
corresponds to the photon-number ratio of luminescence to absorption. Afterglow decay curves of
persistent luminescence were measured using the apparatus used for the PL. measurement. The
afterglow time is defined as the time for the luminance to reach 0.32 mcd/m?. This value is the
lowest luminance human eyes can see. Afterglow decay curves were measured after irradiation of
visible light for 10 min. The luminance value was evaluated by a Topcon BM-7AS luminance
meter. For TL measurements, samples were heated using a closed-cycle helium cryostat from 70
K to 600 K. At 70 K, sample powder was irradiated for 30 min by a UV mercury lamp (254 nm,

Panasonic GL-6, 6 W) or a blue LED (470 nm, OptoSupply OSB5SXNE3CIS, 3 W). Then the



sample was heated with the ratio of 3, 5, or 10 K/min. The TL signal was recorded with a

Hamamatsu R374 photomultiplier tube.
3. Results and discussions

Figure 1 shows the XRD patterns of the CaS:Eu®",Tm®" phosphors. The Eu atomic ratio is
shown in the figure. In the lower part of the figure, the patterns of powder diffraction files (PDF)
of CaS, Tm203, and CaO are included. The cubic structure with a space group of Fm3m (no 225)
for CaS is shown. Even when the Eu ratio increases from 0.01% to 1%, angles of XRD peaks do
not change. The lattice constants do not change. This result implies that the crystal structure of
CaS is not affected by the addition of Eu?" ions. Small traces of the XRD peaks of CaO and Tm203
are recognized. Residual oxygen in the quartz tube in the heating process slightly affected the
sulfide synthesis. Complete suppression of CaO and Tm203 XRD peaks is not succeeded at present.
Small XRD peaks of Tm203 are always present and some constant amount of the starting ratio of
Tm3" (2% of Ca?") is considered to be included in the CaS:Eu?",Tm>" phosphors. The intensity of
CaO XRD peaks slightly changed depending on the synthesis duration at 1100°C. No clear
correlation between the residual CaO and afterglow phenomena discussed below is found. In this
paper, experiments are conducted using the 24-h synthesis duration for all of the samples,

assuming that the effect of CaO is negligible or constant among the samples.

Figure 2 shows the PL and its excitation (PLE) spectra of the CaS:Eu”", Tm>" phosphors. The
excitation for PL was obtained by using monochromatic output of a xenon arc lamp (500 W, Ushio
Ui-501C) at 460 nm. Upon visible light irradiation, red emission at 650 nm originating from the
5d'4£° - 4f” transition of the Eu®>" ion was observed on all the samples. In these phosphors, Eu®*

ions act as luminescent centers. In all of the PL spectra, the small dip is observed at 690 nm. This



is considered to be absorption of Tm*" doped in CaS. This wavelength corresponds to the transition
from the ground *Hs to the upper F3 state of Tm?" according to the Dieke diagram [30]. The
concentration of Tm** is 2%, and PL of Eu?" is slightly absorbed at 690 nm by Tm>". Similar dips
coming from absorption of rare earth ions in PL spectra are also reported for Pr** doped ZnO [26].
The PLE spectra in figure 2 indicate that the CaS:Eu**,Tm** phosphor has an excitation band in

the visible light region. This phosphor emits luminescence upon excitation with 400-600 nm light.

In figure 3, the internal quantum efficiency is plotted against the concentration of Eu*" for
CaS:Eu*",Tm**. For Eu0.1%, the efficiency reached a maximum of 59% under the excitation at
455 nm. As the concentration of Eu?* increases from 0.01% to 0.1%, the efficiency increases.
However, when the concentration of Eu®" is larger than 0.1%, the efficiency decreases. This is
supposed to be due to concentration quenching. The energy photoexcited in Eu** moves among

Eu®* ions, and is relaxed nonradiatively without photoluminescence.

Figure 4 shows the afterglow decay curves of CaS:Eu®",Tm**. A helium-cadmium laser was
used for the excitation, and the phosphor powders were irradiated at 442 nm (80 mW) for 10 min
before the measurements. Afterglow spectra were the same as the PL spectra shown in figure 2.
Red afterglow was observed in all the samples after visible light irradiation. The afterglow time of
CaS:Eu*",Tm*" is longer for Eu0.05%, and the duration is 700 s in figure 4. The optimum

Eu®’ concentration was found to be 0.05% on afterglow properties. Tm>" ion is generally

considered to be the trapping center in this phosphor [20]. The substitution of Ca®" by Tm®" leads

to the formation of charge defects in the crystal. The charge defects may cause decrease of the

emission intensity. However, the charge defects in CaS:Eu?’,Tm®" form new traps and are



responsible for the persistent luminescence. The Eu®" concentration is related to probability of

capturing electrons in the trap.

In order to understand the trapping processes, TL was measured. Figure 5 shows the TL glow
curves of CaS:Eu”", Tm>". Thermal peaks were observed at 270 K and 420 K. This TL profile is

similar to that reported in the reference [20]. These peaks are related to the traps formed by the

substitution of Ca?* by Tm*>". For Eu0.05%, the trap captures electrons most efficiently. The
duration of the persistent luminescence for Eu0.05% was the longest in all of the samples in figure
4. This is consistent with the results shown in figure 5. Focusing on the TL peak at 420 K, the
intensity of TL does not reach its maximum for Eu0.05%. The intensity is the maximum for
Fu0.01% whose duration of the persistent luminescence is 600 s. The trap shown by the peak at
420 K in figure 5 is not supposed to significantly affect the duration of the persistent luminescence.
The intensity of TL at 270 K is dominant for CaS:Eu®",Tm>", and the trap related to this TL peak

is considered to be the origin of the persistent luminescence.

Figure 6 shows excitation spectrum of persistent luminescence for Eu0.05%. The afterglow
intensity at 150 s after the ceasing of photoexcitation was measured for each excitation wavelength.
The excitation was carried out by using the monochromatic output of the xenon arc lamp. The
intensity increases from 400 nm to 440 nm, and scarcely changes between 440 nm and 600 nm in
figure 6. This profile is quite similar to the wavelength dependence of the PLE spectra shown in
figure 2. All absorption wavelengths for PL contribute to the persistent luminescence. Absorption
in the wavelength region from 400 nm to 600 nm is attributed to the transition from the ground 4f

to the upper 5d'4f° state of Eu?*. The electron in the upper 5d'4f° state will be transferred to the

neighboring trap state. Based on this result, CaS:Eu®",Tm®" absorbs visible light and emits



afterglow luminescence. This persistent luminescence material CaS:Eu®",Tm>" can be excited by

visible light or a white LED lamp.

Figure 7 shows effect of heating ratio on the TL curve of CaS:Eu®",Tm**. Photoexcitation was
carried out by using (a) a UV mercury lamp (254 nm) or (b) a blue LED (470 nm). The sample is
Eu0.05%. In figure 7(a), the TL peak temperature moves to higher temperature gradually from 270
K to 310 K by increasing the heating rate from 3 K/min to 10 K/min. The trap depth ET contributing

to TL and persistent luminescence is expressed by

E E
BEy a =sexp(——T),
KTZ, KTm

where fis the heating rate, k£ the Boltzmann constant, 7m the TL peak, and s the frequency factor

or “escape frequency” [31-33]. To eliminate the unknown value s, the Hoogenstraaten method is

2
often used. For several values of £, Tm would be experimentally obtained. When In (%m) is plotted

against 1/Tm, ET is determined from a slope of a straight line fitting data points [34,35]. Its relation
is shown in figure 8, and Et is determined to be 0.27 eV. Figure 7(b) shows effect of heating ratio
on the TL curve of CaS:Eu®",Tm>" excited by the blue LED. Similar TL glow curves are obtained
in figures 7(a) and 7(b) irrelevant of excitation wavelength. A thermal peak about 300 K is obtained
by excitation also with visible light. The Hoogenstraaten plot for the blue-LED excitation is also
included in figure 8, and the trap depth is determined to be 0.33 eV. Different excitation
wavelengths between UV and blue light bring about almost the same trap depth 0.30 + 0.03 eV.
The same traps are considered to be contribute to persistent luminescence in CaS:Eu®", Tm>" under
UV and blue excitation. The small difference of the calculated trap depths 0.27-0.33 eV shows

good reproducibility of these TL measurements. The obtained trap depth in this paper is shown to



be 0.3 eV and its uncertainty is estimated to be 0.03 eV. This depth 0.3 eV is similar to 0.2-0.3 eV
obtained for CaS:Eu2+,Pr'3+ [23,24]. In these references, TL measurements started from room
temperature, and TL peak was located at around 400 K. Although the TL peak temperature and
the additionally doped ions Pr** are different from CaS:Eu®",Tm>" in this paper, the same trap is

considered to be formed and brings about red persistent luminescence in CaS:Eu”".

In the reference [20], the charge defects created by substituting Tm>" for Ca?" are considered to
serve as hole traps for persistent luminescence. Tm>" ions play the role of deep electron trapping
centers, capturing electrons either through the conduction band of CaS or directly from the excited
Eu®* ions. These two processes were studied by using a 266 nm pulse laser or a green laser [20].
Two different sites of Tm*" were suggested. Deep electron trapping centers can capture electrons
through the conduction band under the 266 nm excitation. Another type of trapping centers can
directly capture electrons from the metastable excited state of the excited Eu?*. The latter type of
centers was ascribed to be located near Eu?* ions [20]. In the experiments in this paper, persistent
luminescence takes place under visible light excitation, and thus the trapping centers locating near

Eu®* ions contribute to persistent luminescence.

Preliminary experiments obtaining temporal PL spectra and decay curves were performed using
a 266 nm pulse laser (~10 ns pulse width) for the excitation. At 15 K, a blue PL band appeared at
about 450 nm for CaS:Eu®",Tm>*". Its main decay time was ~10 ns, and figure 9 shows temporal
PL spectra for Eu0.05% and Eul%. Sampling window for PL in figure 9 was open at 20 ns after
the 266 nm pulse excitation, and sampling duration was 50 us. For Eu0.05% having a long
afterglow (700 s), a large blue PL band is present in the wavelength region from 400 to 500 nm,

in addition to the red PL band at 650 nm. In contrast, almost no blue PL band is observed in figure
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9 for Eulmol% where a short (20 s as is shown in figure 4) afterglow is present. The wavelength
of the blue PL band agrees with the absorption of Eu®" as is shown in PLE spectra in figure 2.
Defect states may be responsible for this blue PL band and also may be responsible for afterglow
phenomena. This situation, that is, defect states giving blue PL band are concerned with long
(millisecond or longer) decay time in Eu?*, is possibly similar in CaS:Eu*,Tm** to that in
CaAlSiN3:Eu?* [36] or SIAION:Eu?* [37]. Detailed results will be reported elsewhere after further
accumulation of experimental data. Defect states responsible for afterglow are also expected to be
characterized by electron paramagnetic resonance as in the reference [38]. In addition to defect
states, coexistence of Eu*" [39] may affect the afterglow phenomena. Energy storage between Eu?"
and Eu®" is possible for application in an xray dosimeter [40]. When PL spectra were measured at
15 K under the excitation at 266 nm pulses, several sharp PL lines are observed as is shown for
Eu0.05% in figure 9. Such sharp PL lines at 462, 467 and 478 nm in figure 9 may correspond to
the intra 4f° transitions (°D3 - 'F4, °D2 - "Fo and °D2 - ’F2) of Eu** [41]. Such sharp PL lines appear
only for the intense pulse excitation and are clearly observed for Eu0.05%. Anyhow, further study
is necessary for determining the entity for energy storage or afterglow phenomena, as well as

complicated energy transfer mechanism relevant to afterglow.

In the synthesis procedure of CaS:Eu2+,Tm3+, iodine was included. Iodine vapor contributes
to inclusion of rare-earth ions into CaS. When energy dispersive x-ray spectrometry was carried
out on these samples using a Jeol JXA-8530F elemental composition analyzer, no signal of iodine
was detected. When iodine was not used in the synthesis, the PL intensity was approximately 5
times smaller than that for the sample synthesized using iodine. Afterglow decay curves for
samples synthesized not using iodine were almost the same as that using iodine. Difference was

intensity of persistent luminescence and thus its duration. Therefore, iodine atom is considered not
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to be left in CaS:Eu®", Tm3*. It was reported that Ca$ solid is grown by chemical vapor transport
method [42]. A quartz ampoule including Cal2 solid and S was heated in a furnace in the
temperature region of 800-1100 °C. After heating, solid CaS was grown in the region at ~800 °C.
Within the ampoule at ~1100 °C, Calz and S came to be gases, and were transported to lower

temperature region. Then CaS solid were grown among I» gas [42]. In a similar manner,

CaS:Eu®",Tm®" powder is considered to be synthesized under iodine vapor.

4. Conclusions

In order to obtain a longer afterglow time, we investigated the influence of the Eu/Ca atomic

ratio on the luminescence properties. All the samples were prepared through the solid state reaction
under iodine vapor. Red luminescence was emitted under the excitation with visible light. Eu**
ions are emission centers in CaS:Eu?*,Tm’". Excitation spectrum for the red PL ranges from 400
to 600 nm, which corresponds to the transition from the 41" state to the upper 5d*4f° state. The
optimum Eu”* concentration to maximize afterglow time is 0.05%. Afterglow time excited at 442

nm is 700 s. The intensity of TL is larger for Eu0.05%. The traps formed by substitution of Tm>"
ion capture electrons photoexcited in Eu** in these phosphors. Excitation spectrum for persistent

luminescence is confirmed to be the same as excitation spectrum for PL. It is believed that

CaS:Eu*" or CaS:Eu*",Tm’" is a promising red persistent phosphor which can efficiently utilize

the energy of LED lamps. Research on further improving properties of persistent luminescence of

+ .. . ..
CaS:Eu?®" and similar materials is in progress.
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Figure captions

Figure 1 XRD patterns of CaS:Eu®",Tm’". The concentration of Eu?* is shown in the figure. At the

lower part of the figure, the reference data of CaS, Tm203 and CaO are included.

Figure 2 PL (right) and PLE (left) spectra of CaS:Eu**, Tm>*. The concentration of Eu?* is shown in

the figure. The PL peak wavelength is used for obtaining PLE spectra.

Figure 3 Internal quantum efficiency plotted against the concentration of Eu?* in CaS:Eu2+,Tm3+.

Figure 4 Temporal decays of persistent luminescence of CaS:Eu*",Tm>". The concentration of Eu?*

is shown in the figure.

Figure 5 TL glow curves of CaS:Eu*", Tm**. The concentration of Eu?" is shown in the figure.

Heating rate is 5 K/min.

Figure 6 Excitation spectrum of persistent luminescence of CaS:Eu**, Tm>**. The concentration of Eu
is 0.05%. The excitation is carried out using monochromatic output of a xenon arc lamp. The
intensity of persistent luminescence 150 s after ceasing of the photoexcitation, which is
normalized by the intensity of the photoexcitation, is potted against the wavelength of the

photoexcitation.

Figure 7 TL glow curves of CaS:Eu”", Tm®>" measured under three heating rates shown in the figure.
The concentration of Eu is 0.05%. The excitation is carried out using (a) a mercury lamp (254

nm) or (b) a blue LED (470 nm).

19



Figure 8 Hoogenstraaten plots obtained from TL glow curves of CaS:Eu*", Tm*". The concentration of
Eu?" is 0.05%. The calculated trap depth is 0.27 eV for the excitation using the mercury lamp

(254 nm) or 0.33 eV using the blue LED (470 nm).

Figure 9 Temporal PL spectra of CaS:Eu?*,Tm’" measured at 15K. The concentration of Eu®" is
0.05% or 1%. Excitation is made using 10 ns pulses, and its wavelength is 266 nm. Sampling

of PL started at 20 ns after the pulse excitation, and the duration was 50 ps.
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