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Phosphorescence and thermoluminescence of uv-irradiated CaO powders at temperatures
from 120 to 350 K
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Long-lived phosphorescence and thermoluminescence (TL) from uv-irradiated CaO powders under
high vacuum are observed at low temperatures. The emission spectra of phosphorescence and TL have a
peak at about 3.0 eV. On the basis of the phosphorescence decay curves, TL glow curves, and ESR data,
a plausible emission mechanism is discussed in terms of thermally assisted tunneling recombination be-
tween electron traps near the surfaces and hole traps.

1. Introduction. A considerable number of studies
have been carried out on the luminescence of alkaline-
earth oxides due to bulk defect centers or impurity ions.
In thermochemically reduced (TCR) CaO and MgO crys-
tals, long-lived ( —10 s) phosphorescence and thermo-
luminescence (TL) were observed below room ternpera-
ture (RT).' These luminescent processes were clearly
understood on the basis of the F-center luminescence,
which was caused by the recapture of a thermally
released electron from H impurity ions into an F+
center to produce the 2.1- and 2.3-eV emission bands in
CaO and MgO, respectively. On the other hand, absorp-
tion in alkaline-earth oxide powders due to surface exci-
tons was observed with energies smaller than the bulk
band gaps, -4.4-5.7 eV, by use of uv-visible reflectance
spectroscopy. The short-lived ( ( 1 ms) photolumines-
cence was also observed at 3.0 and 3.2 eV for CaO and
MgO powders, respectively, when excited by the uv
light. This emission process was explained as the radia-
tive decay of surface excitons. In P-irradiated CaO and
MgO powders, a low-temperature TL was observed in
vacuum, and an F-type center on a surface and a V-type
center in bulk, F,+ and V, respectively, took part in the
emission process through a radiative tunneling recom-
bination mechanism based on electron-spin resonance
(ESR) measurements. More recently, we reported the
long-lived phosphorescence and TL of uv-irradiated MgO
powders below RT and their quenching induced by 02
gas exposure. In this work, we present the phosphores-
cence and TL of uv-irradiated CaO powders under high
vacuum at low temperatures from 120 to 350 K. The role
of the surface centers on the luminescence phenomena is
discussed in relation to the thermal decay of F,+ ESR sig-
nals, and the decay kinetics of the luminescence is exam-
ined by performing a numerical analysis based on a
thermally assisted tunneling recombination mechanism.

2. Experimental. A CaO powder of "Specpure" grade
from Johnson Matthey Chem. Ltd. was preheated at
1200 K in a quartz tube (4 mm in diameter) at a base
pressure of 2X10 Torr. Temperatures were adjusted
to between 120 and 350 K, using a cooled N2 gas flow ap-
paratus with a heater outside the quartz tube. The sam-
ple was irradiated by uv light (a low-pressure Hg lamp,-4.9 eV) for 10 min in the temperature range 130—350
K. Phosphorescence was measured at a constant temper-
ature within +0.2 K over two decades of time from 5 to

2000 s, and TL glow curves were recorded over the tem-
perature range 120—350 K at a heating rate (P) of 0.25
K/s by using a thermoelectrically cooled Hamamatsu
R375 photomultiplier tube. Luminescence spectra were
measured with use of a grating monochromator (Bausch
& Lomb) without the correction for the spectral response.
Optical bleaching was carried out with suitable light from
a 150-W xenon lamp through glass cutoff filters. ESR
spectra were measured at temperatures from 170 to 300
K with use of a JEOL-PE3X I-band spectrometer. g
values and the concentration of paramagnetic centers in
the sample were calibrated by standard ESR lines of
Mn + in MgO powders and 1, 1'-diphenyl-2-
picrylhydrazyl (DPPH) in benzene. After each cycle of
measurements, the sample was heated up to 1200 K to re-
tain the initial surface states.

3. Results and discussion. The long-lived phosphores-
cence was observed following uv irradiation of CaO
powders, and decay curves at temperatures from 130 to
350 K are shown in Fig. 1 on logarithmic scales. Relative
phosphorescence intensities after 100 s of uv cessation de-
creased gradually above 190 K, and the ratios of the in-
tensities at 190, 225, 250, 280, and 350 K were approxi-
mately 1:0.7:0.5:0.3:0.1. The phosphorescence decay rate
is not so dependent on uv irradiation temperature (T;„„,).
The slope of decay curves below 190 K is close to -1 over
more than two decades in time, and becomes slightly
steeper above 225 K for more than —100 s ( ——1.25 at
350 K). Thus, the curves can be fitted neither as a simple
exponential decay nor as a power law, while the long-
lived F-center luminescence of TCR CaO and MgO crys-
tals followed a second-order decay kinetics with the con-
venient lifetime of —10 s. ' A similar t ' decay of
phosphorescence from /3-irradiated CaO powders at 77 K
(Ref. 8) and from uv-irradiated MgO powders at tempera-
tures from 140 to 300 K was observed. The phosphores-
cence decay following approximately t ' and the nearly
temperature-independent decay rate are strongly sugges-
tive of a radiative tunneling process between trapped
charges and recombination centers. ' " The slight in-
crease of the slope above 225 K may be due to a thermal-
ly activated process, which will be discussed later.

After uv irradiation at temperatures of 150, 165, 190,
225, 250, and 280 K and subsequent cooling to 120 K, TL
glow curves are observed as shown in Fig. 2 (curves a f, —
respeetive1y). With T;„, increasing from 150 to 280 K,
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FIG. 1. Log-log plots of the
phosphorescence of uv-

irradiated CaO powders for 10
min at 130 K (curve a), 165 K
(b), 190 K (e), 225 K (d), 250 K
(e), 280 K (f), and 350 K (g).
The curves are displaced arbi-
trarily along the vertical axis for
convenient graphical presenta-
tion in this figure and the next
one.
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FIG. 2. TL glow curves of CaO powders after uv irradiation

for 10 min at 150 K (curve a), 165 K (b), 190 K (e), 225 K (d)
250 K (e), and 280 K (f). Heating rate is about 0.25 K/s. In-
set: Thermal decay of F,+ ESR signal after uv irradiation at 170
K for 10 min.

the TL peak intensity decreases by a factor of 20 and the
peak temperature ( T ) shifts to higher temperatures from
170 to 300 K. The increase of T;„,'s affects only the ris-
ing side of the TL glow curves. For the TL glow curve at
T;„,=150 K, the TL intensity increases more rapidly
and decreases more slowly than T~. Such an asymmetric
line shape of the glow curve is not thought to originate

from a thermally activated process of a single trap obey-
ing a first-order decay law. The thermal activation ener-
gies of the TL (E, s) were estimated by the initial rise
method to be 0.39, 0.40, 0.35, 0.37, 0.33, and 0.38 eV for
T;„,=150, 165, 190, 225, 250, and 280 K, respective1y,
indicating that the E, 's are almost independent on both
T;„,and T~. These features were noted in the TL of cal-
cite, and the emission process was explained by a
thermally assisted tunneling recombination between the
traps with the same E„rather than a thermal ionization
of charges from the traps with a distribution of E, 's. '

By using a modified Arrhenius plot applied to thermal
desorption (TD) kinetics, ' where the same types of kinet-
ic equations are expected between TL and TD mecha-
nisms, a suitable kinetic order of 1 or 2 could not be ob-
tained in the present TL. The TL process observed in
TCR CaO crystals, where substitutional H ions act as
electron traps, may be excluded because of the different
T 's of TL at 90 and 290 K with E, 's of -0. 1 and 0.7
eV, respectively. ' Based on ir measurements, no surface
H or OH group on CaO powders was detected after the
high-temperature (- 1100 K) and high vacuum
(&7X10 Torr) pretreatment. " Thus, a hydrogen con-
centration is suggested to be very low in CaO powders
under the present pretreatment.

After uv irradiation at 170 K, an ESR spectrum of a
slightly asymmetrical peak with g =1.9988 and EH =2.3
6 was observed. This g value is very close to that of F,+
centers on P-irradiated CaO powders (g =1.998 and
AH=2. 5 G), and so we attributed this signal to F,+
centers on CaO surfaces. The concentration of the signal
was estimated to be —5X10' spins/g. A broad, weak
ESR signal with g~=2. 07 and g~~=2. 00 was also ob-
served after uv irradiation, which was assigned to be bulk
V centers (g~=2. 072 and g~~=2. 004), while the possi-
bility of surface 0 ions (or V, centers) was not exclud-
ed. Although traces of ESR lines of Mn + and Cr + im-
purity ions were observed, the intensities of these signals
were not affected by uv irradiation. With heating up to
RT, the signal intensity of F,+ centers at the tempera-
tures decreases gradually and almost disappears at RT, as
shown in Fig. 2 (inset), and that of V centers decreased
similarly. ESR intensities observed at 170 K following an
appropriate annealing at higher temperatures showed the
similar thermal decay. Thus, a good correlation between
the F,+ (and V ) decay and the TL glow curve for the
same T;„,was obtained. Based on TL and ESR measure-
ments of P-irradiated CaO powders at 77 K, Aristov
et al. observed TL at T =120 K with E, -0. 1 eV and
isothermal decay of ESR signals for F,+ and V centers
obeying X(t) ~ —lnt, where E(t) is the number of
trapped centers. ' They explained the emission process
as the thermally assisted tunneling recombination of an
electron at an F,+ center and a hole at a V center. Ac-
cordingly, the present TL observed at low temperatures
can be explained by the tunneling recombination mecha-
nism between electron and hole pairs in distant F,+ and
V centers. The difference of E, 's (0.1 eV reported by
Aristov compared with the present one, -0.37 eV) might
be due to the tunneling process with a small E, caused by
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(2)

where

the lower temperature P irradiation (T;„,=77 K), al-
though this is not confirmed under the present experi-
mental conditions. After optical bleaching with A, &600
nm for 200 s at 200 K, the phosphorescence and TL in-
tensities decreased to 60% of those without bleaching. In
CaO crystals, the optical-absorption band of V centers
is known to be near 1.9 eV. ' Thus, it is suggested that
V centers take part in the luminescent process, and
holes optically released into the valence band may bleach
the phosphorescence and TL. Another possibility of the
bleaching is due to optical absorption of I',+ centers at
1.9 eV on CaO powders, ' and electrons may be released
into the conduction band to result in the bleaching. The
precise bleaching processes, however, are not known.
Our preliminary results of 02 exposure of uv-irradiated
CaO powders indicated that both phosphorescence and
TL are irreversibly quenched at low temperatures. This
fact implies that 02 molecules interact with surface
centers on uv-irradiated CaO surfaces through a charge-
transfer process to form chemisorbed 02 molecules, as
observed on y-irradiated CaO powders. '

In order to clarify the decay kinetics of the lumines-
cence, a calculation based on a model of a radiative tun-
neling mechanism was carried out including a thermally
assisted process. According to Williams et al. ,

" the ra-
diative recombination rate between an electron and a
hole trapped on a donor and an acceptor, respectively, is
given by

W(r) = Wm, „exp( r/R )—, (1)

where r is the distance of the electron-hole pair, R is
one-half the donor Bohr radius, and 8',„ is a
temperature-independent constant. By assuming that the
concentration of acceptors N, is in excess compared with
that of the donors Nz, the phosphorescence intensity at
time t, I(t), is

I(t)= ——(Q(t) ),d
dt
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(defined as p, in Ref. 11). Calculated decay curves for
T;„,= 100—350 K are shown in Fig. 3(a). The fitting pa-
rameters were chosen to be 8' a„=5 X 10 s
v = l.2 X 10' s ', and X,R /2( =n ) =8 X 10, where
the initial distribution of charged traps is assumed to be
temperature independent. The value of v is larger than
the usual one for lattice vibrations (-10' s '). The
slope of the decay curves is close to —1 below 175 K and
becomes steeper with increasing T;„,( ——1.3 at 350 K),
indicating that the phosphorescence decay is e8'ectively
accelerated by thermally assisted tunneling recombina-
tion above -200 K. The phosphorescence intensity level
at 100 s decreases considerably for T;„,& 200 K. Thus, a
qualitative agreement between model calculations and ex-
perimental data is obtained, while the model gives steeper
decay curves than the measurements and the changes of

( Q(t) ) = exp ~ 4m%, I (e '""—1 )r dr .
0

(3)

0.8—
is the survival probability of an electron on a donor sur-
rounded by randomly distributed acceptors at time t. For
the thermally assisted tunneling case, the rate constant is
supposed to contain the usual Boltzmann factor, and the
decay rate increases through this term. ' As proposed by
Aristov and Parmon, ' the rate 8'is temperature depen-
dent so that
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where v is a frequency factor and E a thermal activation
energy. Phosphorescence decay curves were calculated
for N, ))Xz by using W( r, T) with E =E, =0.37 eV and
Eq. (5) in Ref. 11. Here, we consider that a donor is an
I',+ center and an acceptor is.a bulk V center, so that
the numerical integration was performed over the semi-
sphere, and the factor 4nX, in Eq. (3) was replaced by
2mN, . The upper limit was chosen to be r/R =150

0.0 I

150 200 250

Temperature (K)

I

300 350

FIG. 3. (a) Log-log plots of calculated decay curves corre-
sponding to thermally assisted tunneling recombination of elec-
trons and holes for the temperature range from 100 to 350 K.
(b) Calculated TL glow curves for T;„,=130—275 K. The
fitting parameters are n=8X10, 8',„=5X10 s ', and
v=1.2X10' s ' with E, =0.37eV and P=0.25 K/s.
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relative intensities with temperature are more marked in
the model than in the experiment. The above calcula-
tions are based on the assumption of N, »Nd. As point-
ed out by Williams et al. ,

" in the case of low concentra-
tions or small n values (n ~10 ), the calculated decay
curves for N, »Nd are almost the same as those for
N, =Nd at fixed W,„'s. Since F,+ and V centers are
expected to be formed in nearly equal amounts, the con-
centration of V centers, N„may be roughly estimated
from that of F,+ centers to be —10' /cm, and then
R =(2nlN, )' =5 A, which is similar to the value of
electron trapped centers in MgO crystals. " The same
formula, Eq. (5) in Ref. 11, was applied for TL processes
with linear heating, T=T,„„,+1st Th.e calculated TL
glow curves for T;„,'s from 130 to 275 K are shown in
Fig. 3(b) by using the same parameter values obtained for
the phosphorescence decay. The TL glow curve at
T;„,= 130 K shows an asymmetric line shape with
T —175 K, which is the characteristic of the TL due to
thermally assisted tunneling recombination. With in-
creasing T;„„acalculated T shifts to higher tempera-
ture and a TL peak height decreases significantly. These
are in qualitative agreement with observation, while the
rising side of calculated glow curves is steeper than the
measurements. Therefore, the thermally assisted tunnel-
ing recombination is the most probably mechanism for
the emission process of uv-irradiated CaO powders at low
temperatures. For E, =0. 1 eV, T 's of TL glow curves
were below 150 K and phosphorescence decay depended
considerably on T;„, above 100 K, based on the present
model with parameters n ~1X10, 10 & W „(10,
and v&10 s '. This suggests that the TL at T =120 K
with E, -0. 1 eV obtained from P-irradiated CaO
powders ' is different from the present one.

The emission spectra of the phosphorescence and TL
of CaO powders after uv irradiation at 150 K are shown
in Fig. 4 (curves a and b, respectively). By assuming a
symmetrical Gaussian shape, the emission band of phos-
phorescence is at 2.95 eV with a half-width of 0.6 eV, and
that of TL is at 3.0 eV with the same half-width. It is
possible that the bulk F and F+ centers do not take part
in these luminescent processes, as the present emission
bands are different from those of phosphorescence of the
F and F+ centers in TCR CaO crystals (2.1 and 3.35 eV,
respectively). ' In the electronic structure of MgO sur-
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FIG. 4. Phosphorescence and TL emission spectra of uv-

irradiated CaO powders for 10 min at 150 K (curves a and b, re-
spectively).

faces, the 2.3-eV loss peak within the bulk band-gap ener-
gy was attributed to surface V-type defect centers by use
of electron-energy-loss spectroscopy, and an energy level
of surface F-type centers was suggested to be almost the
same as the bulk one. ' This may be expected for CaO
surfaces, so that F,+ (or F, ) luminescence may be ruled
out from the present emission. The radiative decay of
surface excitons, which are located at surface cation-
anion pairs (M+-O, M =alkaline-earth atom) on
alkaline-earth oxide surfaces, was reported to cause
short-lived ( ( 1 ms) emission bands near 3.2 and 3.0 eV
for MgO and CaO powders, respectively, under uv excita-
tion in vacuum. This emission process, however, may
not be operative because of the observed long-lived phos-
phorescence. Thus, we consider that F,+ and V centers
produced by uv irradiation take part in both phosphores-
cence and TL processes through the radiative tunneling
recombination between an electron and a hole at distant
trapped centers. Although the locations of the energy
levels of trapping states and the band gap near surfaces
are not known with certainty, the energy of emission
bands of the phosphorescence and TL at -3.0 eV seems
to be approximately the energy difference of the
electron-hole pairs in the band gap, which may be ob-
tained from the surface band-gap energy [-3.6 eV (Ref.
16) or )4. 2 eV (Ref. 4)] minus the sum of the binding en-
ergies of the donor and acceptor (a rough estimate
—2E, ). The luminescence may not be associated with
transition-metal impurity ions, because concentrations of
these ions are very low in the sample ([Fe]—lppm and
[Mn] & 1 ppm), and ESR signals of impurity ions, such
as Mn +, were unaffected by uv irradiation.
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