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Infrared-stimulated luminescence from oxygen vacancies in Cao
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2.1-cV F-center lUImncsccncc has Scen excited in thcrmochcIIlically I'cduccd CRO Rt 78 K Using
low-intensity photons with energy E~ 2.4 eV, i.e., less than the energy of the main E-center absorp-
tion. ThcrIDolUIDincsccncc IDcasurcIHcnts indicate that clcctI'ons trapped Rt sUbstitUtlonRl H 1ons
are involved in the energy transfer leading to the luminescence.

I. INTRODUCTION trapped at H ions are involved in the energy-transfer
pI'occss wh1ch pI'oduccs thc luminescence.

It has recently been shown that the presence of substitu-
tional H ions has a profound effect on the luminescence
of oxygen-ion vacancies in thermochemically reduced
MgO (Refs. 1 and 2) and CRO (Ref. 3). The lifetime of
F-center (an oxygen vacancy containing two electrons)
luminescence, for example, has been shown to depend on
tlM collcclltl'Rtloll of H 10Ils plcscIlt. Slllcc R substitu-
tional H ion consists of a proton located at an oxygen-
vacancy site and surrounded by two electrons, it
represents a region of local positive charge in the crystal,
which can trap an electron. It is the metastable trapping
of optically excited electrons at H ions before they are
finally captured into the excited state of an F center that
leads to the long lifetime of the luminescence near room

temperature.
There is evidence that the presence of hydrogen in a

sample affects the luminescence from anion vacancies in
the thermochemically reduced MgO. The presence of hy-
drogen tends to favor emission from F centers rather than
F+ centers (oxygen vacancies, each of which has trapped
a single and electron). The concentration of hydrogen in

MgO can be controlled and crystals containing a range of
concentrations of both anion vacancies and H ions can
be produced. Because of the hygroscopic nature of CaO,
however, it has not yet been possible to contxol the con-
centration of hydrogen present and thermochemical
1cduct1on UsuRlly pI'oduccs crystRls contaxn1ng 1RI'gc con-
centrations of both anion vacancies and H ions.

I' centers in CaO absox'b at 3.1 cV due to a '3
«g

—+'T«„
transition. Upon relaxation of the center, an excited T»
state becomes lowest in energy, and at temperatures below
-80 K a radiative T«„'A «g transition occurs, pxoduc-
ing luminescence at 2.1 CV with an intrinsic lifetime of
-3 ms. Above -80 K an optically excited E-center
clcctI'oxl caIl bc I'clcascd 1nto thc conduction band
means of a thermally assisted transition with an activation
energy of 0.1 eV. The released electron is either captured
directly by an I'+ center, which leads to 2.1-CV lumines-
cence, or by anothex' trap elsewhere in the lattice.

Ixl th1s papcI' wc dcscr1bc the cxc1tatlon of 2.1-cV I'-
center luxmxlcsccIlcc Rt 78 K 1n thcrQ1ochcIDically I'cduccd
CaO using low-energy (F. ~2.4 eV) radiation. Thermo-
luxninescence measurements indicate that electrons

CRO slIlglc crystals wcl'c gl'owll by us11lg thc Rlc-fllsloll
process. H1gh-purity-grade CaC03 start1ng powder ob-
tained from Mallinckrodt Company was used. Analyses
of typical starting material and the resulting crystals have
been x'eported previously. ' The samples were thermo-
chemically reduced at temperatures of -2100 K and at
pressures of several atmospheres of calcium vapor. This
process resulted in the formation of oxygen-ion vacancies
and substitutional H ions. The concentration of H
ions present was estimated from the absorption coeffi-
cients aH of the 880- and 911-cm ' local-mode bands.
The concentration of anion vacancies was estimated from
the absorption coefficients of the F and F+ bands, which
peak at 3.1 and 3.65 CV, respectively. Three samples were
used, two of which (CaO III and CaO IV) were used in
previous experiments. ' These samples were cleaved from
adjacent parts of the same ingot. Sample CaO III was
electron irradiated to reduce the concentration of H ions
and to increase the concentration of anion vacancies by
proton displacement. ' The third sample (CaO VI) con-
tained concentrations of H ions and anion vacancies
close to those of sample CaO IV. Table I shows the
characteristics of the samples used.

The photoluminescence experiments were performed in
a cryostat, in which the sample was separated from liquid
nitrogen by only 0.1 mm of copper. When liquid nitrogen
wRs foI ccd into thc CI yostat tile sRDlplc tcmpcratux'c

TABLE I. Characteristics of thcrmochcmlcally reduced CRO
saIIlplcs.

Sample np (cm ) nJI (cIIl )

CRO III & (5 X 10")' 2.7g 10"
CaO IV & (5X10")' 1.2X10l7
CRQ VI ~(5g 10") 9.4~ 10"

'Calculated using Eqs. (1) and (2) of Ref. 10.
~Calculated using Eq. (3) of Ref. 10.
'The absorption coefficients at 3.1 and 3.65 eV were too high to
be measured.



dropped to -78 K in a few seconds. Luminescence was
excited in the sample using radiation from a 150-W xenon
lamp which was dispersed by a 0.25-m Spex monochro-
mator used in conjunction with suitable glass filters.
Emission was detected by a thermoelectrically cooled
C31034 photomultiplier tube after passing through two
interference filters with peak transmission near 600 nm
(2.1 eV).

III. RESUI.TS AND DISCUSSIGN

Figure 1 shows the results of an experiment using sam-

ple CaO VI. The sample was illuminated at room tem-
perature with F-center light. When the luminescence
reached a maximum the excitation was cut off in —1 ms.
The luminescence intensity dropped rapidly by about an
order of magnitude before continuing to decay more slow-

ly by a non-first-order process (Fig. 1). After a few
seconds liquid nitrogen was forced into the Dewar and the
luminescence was quenched in a matter of seconds. This
behavior is indicative of phosphorescence due to charge
trapping. After five more minutes the sample was excited
with a 40-ms pulse of 1.7 eV (730 nm) radiation with a
bandwidth of —10 nm. A sharp cutoff filter excluded
light for A, &680 nm. The intensity of the luminescence
grew to a peak intensity with a time constant of a few
milliseconds. When the excitation was removed the
luminescence intensity decayed with a lifetime of -3 ms
before a component with a longer time constant became
apparent (Fig. 1). The luminescence could be reactivated
in this way many times with only a small drop in peak
luminescence intensity. Preliminary experiments indicate
that the excitation spectrum for the emission extends
beyond 900 nm (1.38 eV) and rises monotonically with in-
creasing energy to 550 nm (2.25 eV). Light with energy
greater than 2.25 eV can be absorbed directly into the Ii

band. The efficiency of the excitation was comparable for
each of the samples studied.

Figure 2 shows the thermoluminescence (TL) glow
curves for samples CaO III and CaO IV. The data for
sample CaO VI were similar to those for sample CaO IV.
These curves were measured over two temperature ranges,
20—300 and 77—400 K, and the two sets of data normal-
ized at 220 K. In each case the sample was cooled to the
starting temperature, illuminated with 3.1 eV light for 10
min, and heated at a rate of -0.1 Ks '. Figure 2 shows
that there are several overlapping TL bands in the range
270—350 K. However, the difference in the H ion con-
centrations in samples CaO III and CaO IV suggests that
the TL band near 320 K is due to the release of electrons
from H ions. TL occurs when the released electrons are
captured into the excited states of E centers. Similarly,
the difference in the glow curves near 110 K suggests that
there might be another electron trap in the samples which
is also related to the presence of hydrogen. The fact that
there are two intensity-uncorrelated lines in the local
mode spectrum of H ions indicates that these ions might
be in two kinds of sites, which are distinguished by dif-
ferent local charge compensators, for example. Separate
measurements indicate that thermal release of electrons
from H ions near room temperature has an activation
energy of 0.73 eV and near liquid-nitrogen temperature of
-0.1 eV. It is worth noting that the lifetime of F-center
luminescence is different in thermochemically reduced
and electron-irradiated samples. In thermochemically re-
duced samples a long-lived phosphorescence component is
observed in the range 60—100 K which is not seen in
electron-irradiated samples. This result im. plies that the
electron trap(s) causing the low-temperature phosphores-
cence are introduced by the reduction plocess and are not
otherwise present in the sample.
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FICx. 1. I.umincscencc intensity decay in thcrmochcmically
reduced CaO {CaO VI). The sample was rapidly cooled from
300 to 77 K at t=5 s. The sample was subsequently illuminated
with pulses of low energy, E=1.7 eV (730 nm) radiation.

FIG. 2. Thcrmohlmincsccncc glow curUcs of thcrmoclMIm-
cally reduced CaO {CaO III and CaO IV). The data were taken
in two temperature ranges and normalized at 220 K.
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The TL results suggest that in explaining the data of
Fig. 1 we should consider the effect of two main types of
electron traps. The deeper of these traps is thermally

emptied near room temperature and the shallower is emp-
tied near liquid-nitrogen temperature. As we have dis-
cussed above these two traps might both be related to H
ions. F-center phosphorescence occurs near room tem-
perature when optically excited electrons are captured
metastably before returning to F+ centers. When the
sample is rapidly cooled to 77 K, itinerant electrons are
frozen into the deeper traps and the phosphorescence is
quenched. We suggest that low-energy radiation (e.g.,
with E= 1.7 eV) can excite electrons from these traps into
the conduction band, from which some are captured
directly into the excited states of F centers. Other
released electrons are captured by shallower traps, from
which they leak slowly back to F+ centers. The latter
process is similar to that which occurs when F centers are
optically excited at 77 K in thermochemically reduced
samples. In this model, therefore, the excitation spectrum
of the infrared-stimulated emission corresponds to the
direct excitation of an electron from an H ion into the

conduction band. Because of the location of the F-center
absorption we have not yet been able to locate the peak of
this excitation spectrum experimentally. However, using
the formula' EojE,=el@„we obtain a rough estimate
of 2.5 eV (490 nm) for the optical transition energy Eo,
using a value of 0.73 eV for the thermal activation energy
E,. Here we used values of 3.4 and 11.8 for the high- and
low-frequency dielectric constants e „and e, respectively.
A value for Eo of 2.5 eV is consistent with the experimen-
tal data so far obtained.

There are still several parts of the model suggested
above under investigation, but our experimental data con-
firm that the presence of H ions are important in deter-
mining the optical properties of thermochemically re-
duced CaO.
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