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The temperature dependence of the photoluminescence (PL) and infrared stimulated luminescence (ISL)
exhibited by CaS doped with both europium (Eu) and samarium (Sm) ions is reported for temperatures in the
range between 100 and 700 K. Behavior indicative of strong electron-phonon coupling is observed in the PL
emission of the Eu>* ion and two processes with activation energies (AE,,AE,) are recognized in the quench-
ing of the PL intensity. The smaller of these (AE,=0.056 eV) is identified as the energy separation between
Eu?* excited states and the conduction band of CaS while AE 1> which has a value of 0.55 eV, is attributed to
some intervening quenching state. On the other hand, analysis of the integrated ISL intensity as a function of
temperature prompts the conclusion that the separation (Ag) between the lowest excited energy levels of Eu>*
ions and that of Sm>* ions is approximately 28 meV at low temperature. When it is considered for an optical
memory medium, recording experiments performed at different temperatures show the writing process to be
more efficient when conducted at higher temperatures rather than lower ones. Moreover, two different time
constants, that are themselves linear functions of temperature, are observed to govern the readout process in
which electrons trapped at the Sm ions are depleted under continuous (IR) irradiation. Finally, studies of the
ISL intensity versus storage time at different temperatures show the reading output to be lowered for longer
storage times due to a thermally assisted decay route facilitating the release of electrons trapped at Sm?* ions

back to Eu* ions.
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I. INTRODUCTION

Electron trapping optical materials (ETOM) formed by
doping compounds such as strontium or calcium sulfide (SrS,
CaS) with both Eu and Sm exhibit infrared stimulated lumi-
nescence (ISL) at room temperature following excitation
with either visible or ultraviolet (UV) radiation.!~> Material
systems such as SrS:Eu,Sm and CaS:Eu,Sm are consequently
considered good candidate media for the development of op-
tical memory technology based on nonthermal recording pro-
cesses. The adoption of ETOM offers many advantages*~©
over the thermal processes employed in all currently com-
mercialized forms of optical recording. Of the two systems
CaS:Eu,Sm shows a more rapid time response,7 it is more
chemically stable® and is hence selected as the basis of our
investigation.

In the optical recording process envisioned for material
systems of this type, the Eu and Sm ions form activation and
trapping centers, respectively. Storing data (“writing”) into
these materials is accomplished through ionization of a Eu
center (Eu’* — Eu**+¢7) with the subsequent capture of the
ejected electron by a Sm trapping center (Sm**+e”
— Sm?*). “Readout” occurs by what is essentially the reverse
of this procedure and further exploits the ISL phenomena.
The electrons trapped at the Sm center are excited (Sm>*
— Sm?*+e7) by infrared radiation and ultimately transfer to
and recombine with an Eu center (Eu**+¢~— Eu?*), signify-
ing completion of this process by the emission of radiation at
around 650 nm. If the overall charge transfer reaction for
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these processes is written (Eu?*+Sm** < Eu**+Sm?*), the
reaction is then driven to the right by visible/uv light excita-
tion in the “write” band and to the left by IR excitation in the
“read” band.”!?

It is well known that the Eu?* and Sm** ions have very
different optical emission characteristics. The Eu®* ion dis-
plays a broad emission band arising from transitions between
the 4f7-47°5d" states'>!* which can be observed under either
visible or UV excitation. In contrast, emission from Sm>*
is characterized by a series of sharp lines from the
*Gs,-"Hy,,, °Hy, and °H,,, states, which can only be ob-
served with UV excitation."

In many divalent rare-earth ions in crystals such as Eu**
in SrS (Refs. 13 and 16) and Sm** in SrS,!” optical transi-
tions between the states (4f""'5d—4f") generally show
strong electron-phonon coupling. In the present study, the
temperature dependence of photoluminescence (PL) from
CaS:Eu,Sm is measured between 100 and 700 K and the
results are analyzed in terms of an electron-phonon coupling
model using a one-dimensional configuration coordinate dia-
gram. It is found that the optically active excitation states of
454" of Eu®* in CaS are strongly coupled to the lattice
vibrational modes. We propose that the observed quenching
of the PL intensity occurs via some intervening quenching
state, which is consistent with our previous high-pressure
studies.'®

Thermoluminescence (TL infrared-stimulated
luminescence (ISL),” and photoconductivity'® are useful
techniques for the determination of the trapping processes in
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many alkali-earth sulfide materials. Although the ISL char-
acteristics of alkali-earth sulfide materials are well
documented,*7-9-11:23-33 there have been no systematic stud-
ies of ISL as a function of temperature in these materials. In
the present study, the read-write experiment is performed at
different temperatures and the ISL spectra are measured be-
tween 100 and 700 K. It is found that is is more efficient to
write at high temperatures than at lower ones, but the reading
efficiency does not depend very much on temperature. It is
inferred that the lowest excited energy level of Eu?* is lower
than that of Sm?* by ~28 meV. In addition; we have also
performed the experiment to study the depletion rate of
trapped electrons under constant IR irradiation as a function
of temperature over the range of 150 to 400 K. The decay of
ISL intensity is fitted using two time constants. Furthermore,
the ISL output at the single wavelength of 650 nm as a func-
tion of storage time was measured at different temperatures
The results show that the output is only a very weak function
of storage time at low temperature. At higher temperature,
however, the detrapping rate is higher due to the fact that the
electrons trapped at Sm centers are detrapped with the assis-
tance of thermal energy. An improved understanding of the
energy levels diagram in CaS:Eu,Sm is made possible by an
analysis of all these results.

II. EXPERIMENT

The samples investigated were formed using calcium sul-
fide powder (Aldrich 99.99%) mixed intimately with concen-
trations of Eu,03 (99.99%) and Sm (99.99%) together with
0.1% weight of elemental sulfur to provide a sulfurizing at-
mosphere during initial heating. The dopant concentrations
are 1000 p and 750 ppm for Eu and Sm, respectively. These
concentrations have been previously reported as the optimum
to obtain maximum ISL emission.° The mixture was heated
in a tube furnace at 1200 °C for 2 h under nitrogen atmo-
sphere. The full details of the preparation technique are given
in Ref. 6. For optical characterization of this material, the
488 nm Ar* ion laser line was used as the visible-light source
for writing the information and the ISL emission were stimu-
lated with a laser diode at 1064 or 980 nm. The laser power
intensity is kept at 1 mW/cm? for both visible and IR light
sources as to prevent laser-induced heating. Both PL and ISL
emissions are analyzed with a TRIAX550 spectrometer
coupled to a photomultiplier tube (PMT) using a standard
lock-in amplifier technique. For temperature dependence
measurements, the sample is mounted on a sample holder in
a cryostat. Temperature was varied from 100 to 700 K.

III. RESULTS AND DISCUSSION

Figure 1 shows a typical PL and ISL spectra of Ca-
S:Eu,Sm at 300 K. The PL spectrum is taken by exciting the
sample only with Ar* ion laser light at 488 nm while the ISL
spectrum is obtained when CaS:Eu,Sm is stimulated with
infrared light at 1064 nm after prior irradiation with 488 mn
laser light. Both spectra are peaked at around 650 nm as
expected due to 4f-5d transition in Eu®* ions. The tempera-
ture dependence of the integrated intensity of the PL peak
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FIG. 1. PL and ISL spectra of CaS:Eu,Sm at 300 K.

energy between 100 and 700 K is shown in Fig. 2(a) with the
measurement conducted in two cycles (upstroke and down-
stroke). Similarly, Figs. 2(b) and 2(c) show, respectively, the
PL peak energy and the full-width at half maximum
(FWHM) obtained from the PL emission spectra between
100 and 700 K. It is observed that the integrated intensity
decreases while the peak energy and the FWHM both in-
crease with increasing temperature. The observed decrease in
intensity with temperature is best fitted to the experimental
data using a function that describes the observed behavior as
arising from two thermally activated quenching processes,

1(0)
1 +Alexp(%) + Azexp(%)

where  1(0)=8002+104, A;=39034+42 and AE,
=0.55+0.06 eV, A,=4.63+0.46 and AE,=0.056+0.003 eV.
Attempts to fit the data to a function using only single acti-
vation energy gave considerably poorer results and greater
fitting errors. The increase in the PL peak energy as a func-
tion of temperature can be fitted quadratically as follows:

Ep(T) = Ep(0) + E\T + E; T, (2)

where Ep;(0)=1.894+0.001 eV, E,=(8.63+0.61)
X 107° eV/K, and E,=(1.07£0.07) X 10”7 eV/K>.

As previously indicated, the optical transitions (4f"~'5d
—4f™) for many divalent rare-earth ions in crystals generally
show strong electron-phonon coupling.” The line shape and
temperature dependence of the PL spectra are thus further
analyzed using an electron-phonon coupling model with one-
dimensional “configuration coordinate” (c.c.) diagram as
shown in Fig. 3. The energy of the coupled phonon () may
be obtained from the temperature dependence of the FWHM,
W(T) equation as follows>*

Q -0.5
W(T) = W(0) tanh( 2kBT> . (3)

Fitting Eq. (3) to the experimental W(T) data gives W(0)
=0.103+£0.003 eV and =0.021+0.001 eV as best fitted
values. The result is shown as a solid line in Fig. 2(c). These
values are in close correspondence with the values of 0.15
and 0.02 eV recorded for these parameters in SrS:Eu,Sm.!”

IPL(T)= ) (1)
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FIG. 2. (a) PL integrated intensity as a function of temperature.
The solid squares are for the upstroke temperature cycle (100 to 700
K); the open circles are for the down-stroke temperature cycle (700
to 100 K). The solid line is the fitted result. (b) PL peak energy as
a function of temperature. The solid squares are for the upstroke
temperature cycle (100 to 700 K); the open circles are for the down-
stroke temperature cycle (700 to 100 K). The solid line is the fitted
result. (c) FWHM of PL as a function of temperature. The solid
squares are for the upstroke temperature cycle (100 to 700 K); the
open circles are for the down-stroke temperature cycle (700 to 100
K). The solid line is the fitted result.

Another important parameter of the electron-phonon cou-
pling model is the Stokes shift (Eg). If the coupled phonon
energy () and W(0) are known, the Stokes shift is given by
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FIG. 3. The schematic configuration coordinate diagram for
Eu”* ions in CaS:Eu,Sm. A, is the relative displacement of the
excited state potential well with respect to the ground state; Ep; is
the PL emission energy; E,,, is the absorption energy; U, is the
electronic energy difference between the minimum points of ground
and excited states of the Eu’* ions; Eg is the Stokes shift (U,
-Epp); E, is the energy barrier for an electron to cross over non-
radiatively to the equilibrium of the excited potential well; AE; is
the activation energy for the electron to cross over to the quenching
state.

W)
T 8Qm2’
Substituting W(0)=0.103 eV and =0.021 eV, as obtained
in Eq. (3), into Eq. (4) yields E¢=0.091+0.007 eV.

We have rewritten Eq. (2) in terms of zero-phonon energy
and the Stokes shift (Eg) which gives

Ep(T) = U(T) - Eg, (5)

Eg (4)

where U(T) is the electronic energy difference between the
minimum points of ground and excited states of the Eu**
ions. Substituting the values determined for Ep;(0)
=1.894 eV and E¢=0.091 eV gives U(0)=1.985+0.008 V.

Another important parameter that can be obtained from
the model is the electron-phonon coupling strength (S),
which is representative of the average number of phonons
created during lattice relaxation after an electronic transition

_E; [WO)7P

==S_ , 6
Q 80%4n2 ©

Inserting values already determined for W(0) and () gives a
reasonably large S=4.3+0.7 value for the coupling strength.
In contrast to crystals of a more ionic nature doped with
Eu?*,3 the zero-phonon line is too weak to be observed in
CaS doped with Eu*.

The model also predicts the absorption transition energy,
Es(T). Since all the dependent variables are now known,
this too can be calculated at any temperature. Using

Eab.f(T) = U(T) + Es = EPL(T) + 2E\ (7)

shows E,,(0)=2.076+0.015eV at 0 K increasing to

E;,5(300)=2.112+0.017 eV at room temperature (300 K).
We note that the PL emission of Eu?* ions originates from

the crystal field splitting of the Eu atomic energy levels by
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the lattice. The atomic separation increases with temperature,
weakening the effect of the crystal field splitting that one
would expect to produce a blueshift in the emission peak.
However, this effect is small since the change in lattice con-
stants due to thermal expansion is small. On the other hand,
since the population of the excited states is strongly depen-
dent on temperature, any increase in temperature will cause
more excited states, i.e., vibronic states to be populated. This
leads to both a shift and broadening of the emission peak.’®
As shown in the configuration coordinate diagram of Fig. 3,
the quenching energy E,, describes the potential required for
an electron to cross over nonradiatively to the ground state
potential well. This energy is given by

_ [U(0) - Eg]?

Ego
5 4E;

, (8)
which yields a value of E,,=9.86+0.77 eV, as compared to
the value of 7.04+0.76 eV determined for £, at one atmo-
spheric pressure in our previous high pressure studies'® on
CaS:Eu?*. Although the values obtained from two different
experiments do not exactly agree, they are of the same order
of magnitude. We note that the observed activation energies
AE,=0.55 eV and AE,=0.056 eV obtained from Eq. (1) are
much smaller than the E,, value. The quenching of PL with
activation energy AE;=0.55 eV is thought to most likely oc-
cur via some intervening quenching state with a large A,
value as shown in Fig. 3 and which again was successfully
invoked when modeling our previous high pressure results.'8
The other PL quenching activation energy AE,=0.056 eV
corresponds closely to the observed energy gap between
Eu?* excited states and the conduction band of host material
CaS."3 In CaS, the valence-band maximum (VBM) is at the
I' point and the conduction-band minimum (CBM) is at the X
point. The indirect gap is 4.3 eV. The direct gap is 5.8 €V,
which is the energy separation between VBM and the CBM;
both located at the I" point. The energy separation between
the excited state of Eu** and the CBM at the X point is
AE,=0.056 eV as proposed in our model. On the other hand,
the trapping state, corresponding to AE;=0.55 eV, lies be-
low the CBM at the I' point but above the CBM at the X
point with respect to the Eu?* excited states. Electrons transit
between the electronic states of the same ion with higher
efficiency than between impurity ions and the band. For ex-
ample, in Fig. 2 of Ref. 27, the absorption peak is observed
for 4f-5d transition, in which an electron transits from Eu?*
ground state to its excited state above the CBM at the X point
of CaS. However, the electronic transition between impurity
ion and the band is not observed. This suggests that the Eu>*
trapping states above the CBM at the X points can trap elec-
trons easily from other Eu’* states.

Figure 4 shows the integrated intensity of ISL as a func-
tion of temperature. At each temperature, the integrated in-
tensity is obtained from the ISL spectra by stimulating the
samples with IR light after visible irradiation for 1 min.
When the samples are first exposed to the blue light, the
4f-5d transitions of Eu** ions occur. In addition to the elec-
trons relaxing to the ground state, some of the electrons are
transferred to the 5d excited state of Sm>* ions by thermally
assisted tunneling processes, and subsequently the electrons
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FIG. 4. ISL integrated intensity as a function of temperature.

The solid squares are for the upstroke temperature cycle (100 to 700

K); the open circles are for the down-stroke temperature cycle (700
to 100 K). The solid line is a guide to the eye.

relax to the Sm?* ground state. We note that the visible light
excitation is at 488 nm (2.541 eV) from an Ar* ion laser.
This level of energy cannot provide a transition from the
Eu* ground state to the conduction band and therefore no
photoelectrons can be produced in the conduction band.
When stimulated with IR light, in addition to the electron
relaxing to the ground state, some of the electrons left are
transferred to the 5d excited state of Eu®* ions and give rise
to the radiation of 5d—4f transition of Eu’* ions. Figure 4
shows the ISL integrated intensity increases with temperature
and reaches an optimum value at 320 K. Thereafter, the in-
tensity decreases with temperature. We have fitted the inten-
sity curve to a thermally activated quenching process for the
temperature range between 320 and 700 K,

1(0)
1 +Alexp(

IISL(T) = [ _AEg)] . (9)

kgT

The best fit of Eq. (9) to the data gives I(0)=5471+71, A,
=71.8+9.3, and AE;=0.22+0.01 eV. The activation energy
AF; is attributed to some nonradiative mechanisms that con-
trol the quenching of ISL intensity.

In order to understand the increase of ISL intensity in the
low temperature range 100=<7<300 K, a recording experi-
ment is performed at different temperatures. For writing, the
sample is excited with blue light for 1 min to saturate the
Sm?* trapped electron population, while for readout the
sample is excited with IR light after the blue light is blocked.
The ISL readout intensity is then obtained by measuring the
emission at 650 nm under constant IR-light exposure, a phe-
nomenon known as depletion. The results obtained are
shown in Fig. 5. In Figs. 5(a) and 5(b), the reading output
appears to remain unchanged between 100 and 300 K after
the writing, being carried out at 7=100 K in both cases.
Similarly, in Figs. 5(c) and 5(d), the reading output also re-
mains relatively unchanged between 100 and 300 K after the
writing is done at 7=300 K in both cases. However, the
reading output is a factor 5 stronger in Figs. 5(c) and 5(d) as
compared to Figs. 5(a) and 5(b). This implies that it is more
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FIG. 5. Depletion curves of trapped electrons with reading and
writing at different temperatures.

efficient to write at higher rather than lower temperature,
which in turn affects the readout intensity. We conclude that
at low temperature it is difficult for electrons to tunnel from
Eu?* excited states to Sm>* excited states upon writing and
therefore fewer electrons are eventually stored in the Sm?*
ground state. Subsequently, during readout, fewer electrons
will be transferred back to the Eu** ions from Sm** ions
resulting in the observed decrease of the emission intensity
from the Eu®* ions. It is inferred that the lowest excited
energy level of Sm>* ions is higher than that of Eu?* ions and
this results in less overlap between the excited energy levels
of the two ions thereby reducing the efficient transfer be-
tween them. Thus, at low temperature, electrons can easily
tunnel from the lowest excited energy level of Sm?>* ions to
that of Eu?* ions with little thermal assistance, but not vice
versa. With increasing temperature, the transfer probability
becomes higher since the excited energy levels of Eu’* are in
resonance with that of Sm?* ions due to thermal assistance
given to tunneling electrons. In Fig. 4, the ISL integrated
intensity is seen to peak at 320 K, which is equivalent to
kT~?28 meV. It is deduced that the separation between the
lowest excited energy levels of Eu?* ions and Sm?* ions is
approximately Ag ~28 meV as shown in Fig. 6. Thus, ther-
mal assistance is necessary for efficient writing.

Figure 7 shows the depletion curves of ISL intensity mea-
sured at 650 nm under constant IR-light exposure at different
temperatures. The solid lines are fits to the IR depletion
curves using two time constants in the following equation:

t t
L (1) = C+ Ajexp - + Aexp -~ (10)
1 2

Figures 8(a) and 8(b) show these time constants 7, and 7, are
themselves functions of temperature. Values obtained by
least-square fittings are

1=0.125+28 X 107> T,

7,=3.18+14 X 107 T. (11)

We see that both 7; and 7, increase linearly with temperature.
These results are explained using a simple model in which
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FIG. 6. Energy levels diagram of CaS:Eu, Sm. E,=4.3 eV (from
Ref. 36); U;=1.985 ¢V [obtained from Eq. (5)]; U,=0.942 eV
(from Ref. 15); AE,=0.056 eV [obtained from Eq. (1)] and Ae
=28 meV [obtained from Fig. 4].

Py, and P, are defined as the probabilities of electrons in
excited states of the Sm>* ion returning to the ground state of
the Sm?* ion by radiative and nonradiative processes, respec-
tively. Similarly, the probability of electrons tunneling from
the excited energy levels of Sm** ions to Eu’* ions is defined
by Pg,, .z, Of course, Pg,, g, is a function of the distance
between Eu and Sm ions. On the other hand, the temperature
also influences Py, ,g,. It has been predicted that incorpora-
tion of Sm2* ions in a host crystal such as SrS:Eu,Sm, pro-
duces strong electron-phonon coupling,'” implying that Py,

200 K

320 K ;

© A N W b O O =2 N W b O

ISL Intensity (arb. units)

280 K

O = N W A~ O

0 20 40 60 0 20 4.0 60
Time (s) Time (s)

FIG. 7. The depletion curves of trapped electrons under constant
IR-light exposure at different temperature. The solid lines are fitted
according to Eq. (10).
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FIG. 8. (a) 7; and (b) 7, as functions of temperature.

> P, It is worth noting that Py, also increases with increas-
ing temperature. During the readout process, the IR light
intensity is kept constant so that it is reasonable to assume
that the rate of exciting the electrons from Sm?* ground
states to its excited state also remains constant. On the other
hand, the total recombination process (1/7p=1/7,+1/7,,) in-
creases with temperature due to the increase in the nonradi-
ative recombination process. Thus at higher temperatures,
the ratio of the number of electrons at the Sm?* excited state
over the number of electrons at its ground state is much less.
Consequently, the rate at which electrons are transferred
from the excited energy levels of Sm** ions to Eu’* ions will
also decrease at higher temperature. Thus, it takes longer for
electrons trapped at Sm ions to be depleted under IR irradia-
tion resulting in an increase in both 7; and 7, with tempera-
ture. The different time constants 7; and 7, may originate
from different nonradiative mechanisms.

Figures 9(a) and 9(b) show logarithmic plots of ISL read-
ing output versus storage time at different temperatures rang-
ing from 150 to 400 K. The ISL reading output is the area
under the depletion curve as shown in Fig. 7. The storage
time is defined as the time between the blue light being
blocked and IR irradiation commencing. The solid lines are
the least-square fits to the data points using the following
equation:

n=n,". (12)

— o

Figures 10 and 11 show the parameters for n, and m as
functions of temperature, respectively. The solid lines are
fitted for temperatures in the range 200<7<400 K as fol-
lows:

PHYSICAL REVIEW B 72, 195108 (2005)

) ® '
=
S 20}
2
s 275KV
b=
250K
o
= 10: b
O
()]
p= 225K
g |
3 s} r\l\-\.\
x
—_— 200KH
2 1 1
10 100
(a) Storage Time (s)

20}

ISL Reading Output (arb. units)

10 -
& 300K
b 325K
5l |© 350K
#* 375K
O 400K
10 100
(b) Storage Time (s)

FIG. 9. ISL intensity versus storage time at different tempera-
tures of IR stimulated emission at 650 nm. The solid lines are the
least-square fitted to the data points.

43.2

n,= _ 24414 (13)
1+4.5 X 10%exp(23)
and
m=0.095-6.4 X 10712 T4, (14)

Here n, is defined as the ISL reading output after a storage
time of 1 sec and is mainly limited by writing efficiency as
determined by the probability of electrons tunneling from Eu

50 — T T T T

, (@rb. units)
8 8 &
]

|

n
=

200 250 300 350 400
Temperature (K)

FIG. 10. n, as a function of temperature. The solid line is a fit to
the data points according to Eq. (13).

195108-6



ANALYSIS OF THE THERMAL BEHAVIOR OF ...

0.28 T r r T T
0.24 4

0.20 1

S
0.16f .

012 4

0 '08 L L L 1 1
200 250 300 350 400

Temperature (K)

FIG. 11. m as a function of temperature. The solid line is a fit to
the data points according to Eq. (14).

to Sm ions. At room temperature (300 K), m is found to be
0.16 for CaS:Eu,Sm. For comparison, a similar decay power
law was used to fit ISL readout data taken at 300 K for both
MgS:Eu,Sm and SrS:Eu,Sm yielding values for m of 0.21
and 0.16, respectively.”? In the present study, we extended
our analysis of the results for the value of m and its depen-
dence on temperature. In Fig. 9, it is observed that for stor-
age time ~10 sec, the ISL reading output increases with
temperature and saturates at temperatures of 300 K and
above. As discussed previously, this is due to the low writing
efficiency at low temperature, which results in small reading
output. With the increase of the storage time, the reading
output decays follow the power law as fitted in Fig. 9. We
observe that the decay rate at 200 K is so low that the read-
ing output remains almost unchanged with storage time. On
the other hand, the decay rate increases with temperature.
This is mainly due to thermally assisted detrapping of Sm?>*
trapped electrons.
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Finally, the storage time of electrons in the CaS:Eu,Sm
system can be estimated if in Fig. 7, we consider the mini-
mum detectable signal for the ISL reading output to be twice
the noise level within the range of 20 s. Thus, the estimated
storage times for information written to CaS:Eu,Sm become
63 days at 300 K, 650 s at 400 K, and 363 s at 200 K. Note
that the short storage time at 200 K is due mainly to the low
writing efficiency at the low temperature. If the writing is
done at a higher temperature such as 300 K and the sample is
kept at 200 K, then the estimated storage becomes 388 866
days.

IV. CONCLUSION

The temperature dependence of PL and ISL in CaS:Eu,Sm
is determined between 100 and 700 K. The data are analyzed
using an electron-phonon-coupling model. It is shown that
the quenching of the PL intensity can be fitted to two activa-
tion energies. The AE;=0.55 eV is due to some intervening
quenching state while AE,=0.056 eV is attributed to the en-
ergy separation between the excited energy levels of Eu*
ions and the conduction band of CaS. From the temperature
dependence of ISL intensity, it is concluded that it is more
efficient to write at higher rather than at lower temperatures,
but reading efficiency is relatively not affected much by the
effect of temperature. It is inferred that the lowest excited
energy levels of Eu?* ions is lower than that of Sm?* ions by
approximately Ae~28 meV. We further suggest that two
different time constants are required to describe the depletion
of electrons trapped at Sm centers under IR irradiation. Fi-
nally, studies of ISL reading output versus the storage time at
different temperatures show that storage time is limited by
thermally assisted detrapping of electrons from Sm?* to Eu*
ions.
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