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lonizing-irradiation-induced thermally stimulated currents in Al ,03:Mg
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The thermally stimulated curren§SC) processes induced by ultraviolet light and x-ray irradiation at low
temperature in oxidized magnesium-doped aluminum oxide single crystals has been studied between 80 and
300 K. It has been found that the main TSC process shows the same behavior as the main thermally stimulated
polarization (TSP process with respect to peak temperature, activation energy, and sample-thickness and
thermal-treatment dependences. It is concluded that this TSC process, as it was also the case of the TSP one,
arises from the thermally activated ionization of }jigenters and is due to the existence of blocking contacts
at the sample-electrode interfaces. The observed irradiation-induced decrease in the thermally stimulated de-
polarization(TSD) currents can also be explained in the frame of the stimulated dielectric-relaxation-currents
theory previously applied to the TSP and TSD phenomena in such metal-insulator-metal systems with blocking
contacts[S0163-182@9)02011-1

[. INTRODUCTION MgO:Li. The TSP and TSD originate from the thermally
activated ionization of these centers, which release holes. It
Developments in fusion technology have lead to the studyvas concluded that the dominant TS& TSD) peak at
of radiation effects in many types of materials. Insulatorsaround 270 K(which was labelled peaB) is due to the
will be used in several parts of future reactbrsradiation  formation of blocking contacts at the sample-electrode inter-
with energetic particle$neutrons, ions, electronand with  faces. Experimental findings such as the large current-
gamma rays will cause severe damage, thus the physicdensity values in TSP and TSD measurements, the linear
properties of materials will change. Besides this, transmutadependence of the total polarization related to this peak on
tion products generated by nuclear reactions with 14-MeMhe square root of the applied voltage, the independence of
fusion neutrons will increase the materials impurity contentthe capacitance on the sample thickness, and the current-
All these effects must be carefully evaluated in order to asvoltage characteristics of AD3;:Mg samples, support this
certain which candidate materials are suitable for use in thessonclusion, as predicted by the theory developed by Sim-
applications. mons and Tayld’ to study TSP and TSD processes in
Among others, AlO; is one of the main envisaged candi- metal-insulator-metal systems with blocking contacts. This
dates for use as an insulator material or in the radiotheory is based on the changes in the width of the depletion
frequency heating systems as transmitting windows. Magneregions, formed at the sample-electrode interfaces because of
sium is one of the most abundant transmutation productthe blocking contacts, when connecting or disconnecting the
appearing as a result of nuclear reactions between fusiovoltage and in the subsequent heating runs. Other experimen-
neutrons and aluminum iofsThe presence of magnesium tal results, including high-voltage TSP measurements, the
ions in the host matrix has a strong effect on the permittivityfirst-order kinetics character of the 270-K peak, the sample
and loss tangent of alumirfdt is therefore necessary to get thickness dependence of the peak position, and therefore of
a detailed knowledge about the effects of magnesium on thihe relaxation time, and the observed hysteresis effects, are
dielectric behavior of AlO;. A basic understanding of part consistent with this conclusion. It is noteworthy to point out
of the dielectric properties of an insulator can be achieved byhat the two TSD peaks found in oxidized MgO:Li single
means of the thermally stimulated polarizatiéRSP) and  crystals also arise from these types of proce8ses.
thermally stimulated depolarizatidif SD) techniques. The two other peak8abelled peakA andHT) existing in
In an extensive study published in a previous pager the TSP and TSD spectra of &;:Mg are closely related to
was shown that the TSP and TSD processes appearing peak B. Although nothing thoroughly conclusive has been
oxidized magnesium-doped aluminum oxide single crystalproposed for them, the low-intensity pealat around 245 K
are related to the presence of jgenters, which consist of might be due to Maxwell-Wagner-type polarization of inclu-
a substitutional M§" ion with a trapped hole localized on sions containing Mg centers. These inclusions are produced
one of the six oxygen ions surrounding the magnesiunby the oxidizing thermal quenching treatment from existing
impurity.* The thermal stability of these centdtiey anneal magnesium-aluminum-spinel precipitates inside thgOAl
out above 800 Kis believed to be due to the formation of matrix.
magnesium-rich inclusions, which behave in the same way The above processes are due to the thermal equilibrium
as the “microgalaxies” postulated by Cheeatal® for  charge carriers. On the other hand it is known that ionizing
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irradiation can induce in insulators trapped charge carriers oo [
(nonequilibrium carriers which are subsequently released
from trapping states when the sample is heated, giving rise to
a transitory electric-current enhancement known as a ther-
mally stimulated currenTSC) and to thermoluminescence
(TL) before recombining at some centdsee for example
Ref. 9. It has been, in fact, shown that low-temperature
ultraviolet-visible light irradiation induces Mg centers and

TL processes between 80 and 300 K due to hole release from
these center®in which other impurities acting as donors,
such as Cr and Fe undergo valence changes. This so-
generated trapped charge may then have a strong influence =% 240 %0
on the TSP processes of 81;:Mg, so its study could con-
tribute to have a better understanding of them. In this paper
we present our results on the TSC processes induced in FIG. 1. TSP spectrur—) of an Al,O3;:Mg sample quenched
Al,05:Mg single crystals by ultraviolefUV) and visible in air from 1520 K. TSC spectra of the same sample after 10 min.
light illumination and by x-ray irradiation. The observed xenon-lamp illumination at 170 K, previously cooled down from
TSC peaks are very closely related to the TSP peaks of unifoom temperature witli—. —. —.—) and without(— — —) applied
radiated samples. The behavior of the irradiation-induceglectric field. The inset shows the result of fitting the main TSC
MQQ optical-absorption band and of the3Eradiolumines-  Peak to a first-order kinetics procegee text experimental TSC

cence supports this conclusion. curve (—), peak obtained for the calculatdgl, and 7, values
PP (— — —), and difference between both curves- - ).
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Il. EXPERIMENT radiation at 170 K are also shown in this figure. One of them
was obtained after the sample had been cooled from room
The same samples of Mg-doped,@} single crystal used temperature without any applied voltagee., the same con-
in our previous papérave also been employed here. Theydition to take a TSP spectrynand the other after cooling
were thermally quenched in air from temperatures abovevith 25 V applied to the sample faces. This is the same
1250 K by dropping them into liquid nitrogen. The elec- voltage that is applied at low temperature to measure the
trodes were indium foils pressed on the sample surfaces. TRESP and TSC spectra. It is worth remarking that no TSP
same experimental setup used for TSP and TSD measurgurrent is observed after cooling the sample with an applied
ments has been used for the study of TSC induced by UV oyoltage equal to that applied during the subsequent heating
visible light from either a 450 w xenon lamp or a Bausch andrun because the same polarization is maintained along the
Lomb tungsten lamp. TSC induced by x-ray irradiation werewhole cycle. Both TSC curves are similar to the TSP curve,
measured in a continuous flow Oxford cryostat, modelput they are higher in intensity, especially in the case of that
CF1204. Irradiations were performed with a Siemens AG Wobtained after cooling without voltage. PeBkin the TSC
66G tube(tungsten anodeoperated at 60 kV and 30 mA. A appears at 276 K. When illuminating the sample at tempera-
Keithley 617 electrometer was employed for electric-currentures below 170 K the TSC spectra are equal to that plotted
measurements. A voltage of 25 V was usually used in thén Fig. 1. Also, there is no difference in the TSC intensities
TSP and TSC experiments and a voltage of 500 V in thevhether or not the voltage is applied during irradiation.

TSD ones. Since no TSP is seen when cooling and heating with the
Optical-absorption and radioluminescence measuremenigltage on, it could be argued, in principle, that the differ-
were made in a chamber mounted in the beam line of @nce in the area under the TSC curves obtained after cooling
HVEC 2-MeV Van de Graaff accelerator, together with anwith and without the applied voltage should account for the
on-line spectrophotometer system, which permits in-beangharge released in a normal TSP measurement. Nevertheless,
optical-absorption and emission spectra to be meastred.this is not the case because this difference is much lesser
The samples were electron-irradiated edge on and the inhan the total TSP charge, as it can be easily deduced from
duced sample absorption or luminescence were measuregg. 1. In other words, there is not a direct addition of TSP

perpendicular to the beam direction at a depth of 2 mm betpolarization chargeand TSC(charge released by irradia-
hind the irradiated face. At this depth no displacement damtion) processes when irradiating after cooling down without
age occurs because of the energy loss of electrons in thgny voltage. All TSC measurements presented hereafter have
sample, therefore only ionization effects are detected in thgeen obtained after cooling and irradiating the sample with

sample region where the measurements are done. the voltage on.
X-ray irradiation at 80 K induces the TSC spectrum plot-
Ill. RESULTS ted in Fig. 2. PealB and theHT region already observed in

light-induced TSC spectra are also clearly seen. In addition,
Figure 1 presents a TSP spectrum of a@\:Mg sample  four very low-intensity peaks between 80 and 170 K appear.
quenched in air from 1520 K. As in our previous paper, Their intensities are not affected by any sample thermal
peak labelled at 278 K is clearly dominant. ThdT region  treatment(either oxidizing quenching or annealing in any
above 290 K is also observed. Peakat around 245 K is atmosphere They must thus be related to electric carrier
hidden under the low-temperature tail of pdalbecause of release from some residual sample impurities or defects, and
its low intensity. Two TSC spectra induced by UV light ir- therefore they will not be studied anymore along this paper.
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FIG. 2. TSP spectrum of AD;:Mg quenched in air from 1470 FIG. 4. Annealing curves for pedkin TSP (®) and TSC(H)
K (—). TSC spectrum of the same sample after x-ray irradiationmeasurements of a sample quenched in air from 1920 K.
for 30 min. at 80 K previously cooled down with an applied electric
field (— — —). The dependence of the TSC spectrum on the illumination
time is shown in Fig. 3. With increasing this time only a

The activation energEa and the preexponentia| fact®6 S||ght shift (abou 4 K between the lowest and the hlghest
of TSC peakB have been calculated by using a fitting illumination time in the figurgto higher temperatures of the
method for first-order process¥sAs an example, the result PeakB maximum is observed. The current density of the
of applying this method to the TSC curve obtained afterwhole spectrum grows with the illumination time showing a
cooling the sample with the electric field on, shown in Fig. 1,saturating trend, as it can be seen in the inset of this figure
is plotted in the inset of this figure. It is seen that p@akan  (this saturating trend is also observed when plotting the TSC
be very well fitted to a first-order peak with a high- area instead of the TSC peak heigiwhen irradiating with
temperature tail corresponding to the above-mentiod@d X-rays, saturation is reached after about 30 min, which cor-
peak. The activation energy valuelig=0.68+0.02eV, the responds to an x-ray dose of around 700 Gy. .
order of magnitude of, being 10 ''s. These values are the ~ The TSC pealB evolves against the sample thickness in
same as those obtained for the TSP pBak the same way as the TSP peBk(see Ref. B The peak

The excitation spectrum of TSC induced by UV and vis-temperature increases monotonically when increasing the
ible light illumination has been obtained by measuring thesample thickness and the area under this peak depends lin-
evo|uti0n of peakB he|ght against the exciting ||ght wave eal’ly on |t There is also a parallel beha..Vior of TSC and TSP
length for a constant illumination photon dose between 22@®€aksB with the thermal treatments given to the samples.
and 550 nm. The TSC response yield so obtained only showBoth peaks shift to lower temperature when the quenching

a growth stage when decreasing the excitation wave lengtigmperature is increased, the amounts of these shifts being
without any clear band. the same. Moreover, a pulsed thermal annealing experiment

shows that the annealing curve for the TSC peak is identical
to that of the TSP peak, as it can be seen in Fig. 4. During
the pulsed-thermal annealing procedure, both peaks shift to-
wards higher temperatures when increasing the annealing
temperaturdsee Fig. 5 for the TSC peak; note that pdak
appears here at about 250 K before the annealing procedure
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FIG. 3. Evolution with the illumination time of the TSC spec-

trum induced by Xenon-lamp illumination in a sample quenched FIG. 5. Evolution with the annealing temperature of the TSC
from 1470 K. The inset shows the dependence of the TSC peakpectrum induced by Xenon-lamp illumination at 170 K in a sample
height on the illumination time. quenched from 1920 K.
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after being polarized with 500 V for 10 min. at 290 K, cooled down
FIG. 6. Isothermal decay curves at several temperatures aftegith the field on, and x-ray irradiated at 60 kV and 30 mA at 80 K
Xenon-lamp illumination. The results for each temperature haveor 0 (—), 3(— — —), 60(- - - -), and 1800—.—.—.—) s with
been normalized by shifting laterally into coincidence. the electric field off.

is started, instead of at 278 K as it was in Fig. 1; this is dudield on, the depolarization currents being detected with the
to the high temperature 1920 K from which the sample usedield off during the subsequent heating run. As it is known,
to study the thermal annealing was quenghed the TSD spectrum of oxidized AD;:Mg consists of the

After annealing the samples at temperatures higher thasame peaks that appear in the TSP specfrémTSD spec-
1100 K, when the quenching-induced TSP spectrum and thisum of an ALO;:Mg sample quenched from 1470 K is
Mg}, centers have disappeared, there is a residual TSC pegkown in Fig. 7. PeaB and part of theHT region are clearly
at about 270 K, as it can be seen in this figure. It must b&een. As it can be observed in this figure, an x-ray irradiation
ascribed to a process other than p&kecause its position at low temperaturéwith the electric field removedbefore
does not vary with the temperature from which the quenchstarting the measurement leads to a decrease in the intensity
ing is made, unlike the case of peBkvhose displacement to Of peakB. This completely disappears at approximately the
lower temperatures is about 25 K when the quenching temsame irradiation dose at which the TSC peak height reaches
perature is increased from 1270 to 1920 K. A TSC peal@ saturation value, only thEIT region remains. This very
around 270 K appears in x-irradiated pure,@{ single important result indicates that radiation-induced depolariza-
crystals'® It was ascribed to hole release from traps. It hagfion occurs in these samples.
been checked that its position and height do not change with Finally, some optical-absorption and radioluminescence
high-temperature quenching, as the residual TSC peak dheasurements have been made in oxidizegDAMg to try
Al,O;:Mg. to elucidate the possible role of some defects or impurities.

The decay at a constant temperature of the UV lightlonizing irradiation causes the Mgoptical-absorption band
induced processes has been studied between 230 and 320aK480 nm(Ref. 4) to grow with a saturating trend with dose.
by performing current measurements after illuminating theOn heating after irradiation this band anneals out continu-
sample for a given period of time at each temperature. Theusly between 200 and 280 K. The radioluminescence spec-
transitory phenomena so detected are related to detrappirigim has a narrow band at 694 nm, which is due to th& Cr
processes of charge carriers in excess created by illuminaen emissiont> and a broad band at about 290 nm, which has
tion. In the temperature range corresponding to the TSC peakeen ascribed to the emission Bf,, centers E* centers
B the electric current-densityfollows an exponential decay beside a M§" impurity).X° The CF* emission decreases in
function of timet, while at higher temperatures, when tHH€  intensity as the sample temperature is raised from 80 to 300
region appearsl is proportional ta™ ¢, « being a parameter K.
whose value is near 1. This behavior is like that observed in
studying the isothermal relaxation currents after applying a
polarization voltage to the samplds in this case, all relax-
ation currents have been plotted together by displacing them The experimental results presented along this paper lead
along bothX andY axes in order for all of them to be super- to the conclusion that the main TSC process of oxidized
imposed in a unique “master” curvéFig. 6).** The master Al,0;:Mg has the same origin as the TSP process already
curve obtained after light excitation is very similar to that observed in this materidl:both TSC and TSP curves are
obtained after applying a polarization voltage. Both show aalmost identical, both peaks labell@&have the same acti-
clear transition from a time-exponential decay to a time-vation energy, the dependence of both types of processes on
power decay. the sample thickness and on the thermal treatm@ndsliz-

The effect of x-irradiation on the TSD spectrum of ing quenchings and thermal annealirsge very similar, and
guenched AlO;:Mg has also been studied. Contrary to thethe same behavior in studying the isothermal decays of either
TSP measurements, in a TSD experiment the sample is pgolarization- or irradiation-induced electric currents has been
larized at high temperature and cooled down with the electridound. Moreover the occurrence of radiation-induced depo-

IV. DISCUSSION
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larization strongly supports this conclusion. one measured with the same voltage, as it has been here
In our previous papérit was shown that TSP and TSD observed. In parallel, the ADR width grows up to its polar-
processes in oxidizing-quenched,@®:Mg samples are re- ized steady-state value at room temperature.
lated to thermally activated hole release from)jMgenters. On the other hand, when the voltage is applied at 300 K
From current-voltage measurements at room temperature &d the temperature is lowered to 80 K, the room-
was concluded that any metal used as electrodes makégmperature polarized steady state is frozen in. Therefore, no
blocking contacts for holes with the sample. This implies theT SP peak would appear in a later heating run with the volt-
formation of a depletion region with a negative space chargage on. Besides the isolated }genters, irradiation at low
(ionized acceptopsat the electrode-insulator interfaces duetemperature prior to this heating run causes partial refilling
to hole escape from traps near the sample surfaces. Accordf the ionized acceptors (Mg in the frozen in ADR, hence
ing to the stimulated dielectric-relaxation-curref®DRO  reducing the sample polarization. In this way the total charge
theory developed by Simmons and Tadlbto explain the released during the heating run is less than that obtained
TSP and TSD processes in metal-insulator-metal systemghen the sample is cooled down without any applied volt-
with blocking contacts, when a voltage is applied at a suffi-age. This explains the fact that the difference between the
ciently high temperature the system relaxes to a steady staigeas of the TSC measured after cooling the sample with and
because of the growth of the anodic depletion reg®DR)  without the applied voltage does not give the TSP charge, in
caused by further hole escape, leading to a time-dependeatrreement with a theoretical work by Henish.
current during relaxation. When an unpolarized sample is The effect of x-ray irradiation on the TSD of &;:Mg
cooled down and the voltage is applied at low temperaturecan also be understood in the frame of the SDRC theory. The
no current is observed because holes are not released framain TSD peak arises from the relaxation of the frozen-in
traps. As the temperature is raised hole release from tiaps polarized steady state during heatth-ray irradiation at 80
our case the Mfj center$ leads to a peak-shaped electric K after cooling and before heating leads to hole capture at
current(the TSP peak The electric current value goes back part of the ionized acceptors in the wide ADR, its width
to zero when all the traps in the region corresponding to theéherefore decreasing to near its unpolarized equilibrium
steady-state ADR have been depleted of their holes. value. In the subsequent heating run the system relaxation is
lonizing irradiation at low temperature creates additionalthus lesser than in the case of an unirradiated sample, so peak
Mgy, centers in the bulk, as it is seen in our optical-B is lowered in intensity. Although irradiation also creates
absorption measurements. The formation of these centers ligolated Md, centers in the bulk, which anneal out when
both light illumination and ionizing irradiation at low tem- raising the temperature, no contribution of their released
perature has also been observed by other aufttrShey  charge is detected in this experiment because no voltage is
arise from hole capture at isolated fjagenters, which are applied to the sample during heating. For a sufficiently high-
locally compensated by impuritigsuch as Gy and F§,) or irradiation dose the width of the ADR may diminish to the
other defects. The radioluminescence measurements confiti@lue corresponding to an unpolarized sample at room tem-
the role played by Cf ions in providing holes for Mfy ~ Perature, in this case no TSD peBkappears, as shown in
formation. These centers become thermally unstable aboJald- 7- Note that this irradiation dose is approximately the
200 K, according to our optical-absorption measurement§ame as that for which the TSC peak height reaches its satu-
and to results by other authdh&217.18 ration value. These TSD results lend then further support to

Taking the above conclusions into account the TSC pro@Ur conclusion that TSP, TSD, and TSC processes in oxi-
cesses in Al0;:Mg can be explained as follows: dized ALO;:Mg with metal contacts have the same origin.
When the sample has been cooled from room temperature
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row. As seen before, irradiation induces excessMegnters. We are indebted to Dr. B. Sal¢EEN, Grenoble, Frange
During the subsequent heating with the voltage on, holesor supplying the samples used in this work. We also grate-
released from both the Mgcenters near the sample surfacefully acknowledge Dr. E. R. HodgsofCIEMAT, Madrid,
and those excess Mgcenters contribute to the resulting Spain for performing optical-absorption and radiolumines-
current peak; so it must be higher in intensity than the TSRence measurements.

*Electronic address: vila@ciemat.es 8R. Vila, A. Ibarra, M. Jimeez de Castro, and D. F. Mariani, Solid
"Electronic address: iodjc80@fresno.csic.es State Commun90, 61 (1994.
1G. P. Pells, J. Nucl. Mate.22-123 1338(1984). 9R. Chen and Y. KirshAnalysis of Thermally Stimulated Pro-
2J. Molla, R. Moreno, and A. lbarra, J. Appl. Phy80, 1028 cessegPergamon, Oxford, 1988
(1996. 0p_ A, Kulis, M. J. Springis, I. A. Tale, V. S Vainer, and J. A.
3R. Vila and M. Jimeez de Castro, Phys. Rev.4®, 1696(1994). Valbis, Phys. Status Solidi B04, 719 (1981).
“H. A. Wang, C. H. Lee, F. A. Kiger, and R. T. Cox, Phys. Rev. 'E. R. Hodgson and F. Agulbopez, J. Phys.: Condens. Matter
B 27, 3821(1983. 10 015(1989.
°Y. Chen, H. T. Tohver, J. Narayan, and M. M. Abraham, Phys.}?R. Vila, A. Ibarra, and M. Jimeez de Castro, Phys. Status Solidi
Rev. B16, 5535(1977. A 105 601(1988.

6J. G. Simmons and G. W. Taylor, Phys. Rev6p4793(1972. 13D, F. Mariani and M. Jimeez de Castro, J. Phys. Chem. Solids
7J. G. Simmons and G. W. Taylor, Phys. Rev6p4804(1972. 50, 125(1989.



PRB 59 IONIZING-IRRADIATION-INDUCED THERMALLY ... 7485

1A, K. Jonscherpielectric Relaxation in Solidé&Chelsea, London, ’P. A. Kulis, M. J. Springis, I. A. Tale, and J. A. Valbis, Phys.

1983. Status Solidi A53, 113(1979.
15T H. Maiman, R. H. Hoskins, I. J. D’'Haenens, C. K. Asawa, and'8V. S. Kortov, T. S. Bessonova, M. S. Akselrod, and I. I. Milman,
V. Evtuhov, Phys. Rev123 1151(1961). Phys. Status Solidi 87, 629(1985.

18R. T. Cox, Solid State Commu®, 1989(1972). 19H. K. Henish, J. ElectrosB, 233(1977).



