


1 Introduction - - - - : B o

As known, the radiation defects.in sapphire. are formed just under irradiation. causing the
atomic displacements, this excludes the ionization as a possible source of primary structural
damages. At the same time the production of electrons and holes simultaneously with the
atomic displacements significantly affects the evolution of the defect structure of the irradiated
crystal. An example of such effect is the radiation-induced conductivity (RIC) the value
- of which depends on the ratio of the ionizing and damaging component of;the’irradiation
effect. Thus, investigations of the radiation damage of Al;Os under high-energy heavy ion
irradiation When high rate of the defect formation and high level of the i ionizing energy losses
are involved are much currently problem. Experlments of Morond and Hodgson[l] have shown
the importance of the optical absorption and luminescence spectra registration for the RIC
studies as an indicator of the presence of the certain type of radiation defects. It stimulates the

"in-situ” optical investigations of sapphire under irradiation. In the present work experimental
results of studying the luminescence spectra of Al;03 excited by the ions B Ne and Ar with
the energres 13.6, 26 7 and 46.3 MeV, respectrvely, are bemg dlscussed

2 Experimental

The uv grade Al;O; samples tsed in our study were obtained from'the Institute of Crys-
tallography(Moscow) in the form of discs (the diameter- 10 and 20 mm, the thickness 0.34
and 2' mm) and were oriented sothat the crystalographic axis lay approximately perpendic-
ular to the surface. Under rrra.dratron the crysta.ls were orrented at 45° to the ion bea.m a.nd
monochromator directions. ‘ ; : C o e N

Experiments have been carried out w1th the IC-100 cyclotron beams. The ion béam induced
luminescence (IL) spectra have been registered in the wavelength range of 225:550 nm in-the
temperature range 80 - 350 K andcorrected for system response. The ﬂu'x(density of B; Ne
and Ar jons was 2x10°, 1.2 x 109 a.nd5 8 X 108 cm'2 -1, respectlvely Ton beam'pulse dura.tron
was 1.2 - 1.5 ms.: 0 RN R : hi.“'it"w, ot

bl

3. Results and Discussion e I P AR

The lumlnescence generatron by hlgh energy jons occurs together w1th radratron dama.ge for-
matron ' that, na.turally, suggests the. spectra dependence on its: concentratlon Due.to this
reason the .most correct comparison of the IL, spectra. is: poss1ble at the same; da.ma.ge level.
This value has been calculated as: o : ‘
[TTOIREE LRI S
D= / aD(z)dz/R
[T RN TR RS S E i PRI EN S PRI SIRATY: [ ”
where aD(x) darnage cross- sectlon as a functlon of the don: penetratlon depth and R
ion projective range. The.op(x) and ‘R, values have been:calculated by-using TRIM: - 90
computer code (for example [2}).:So, D e'quals total dpa value, divided-per projective range.
Luminescence spectra excited by B, Ne and Ar jons at 80 K, normalized on ion beam intensity
are given in Fig. 1. .for.D = 1.5 x 1075 dpa.. One can see, that.spectra composed of three-
broad bands peaked at 3.0, 3.8 and 4.35 eV. The luminescence yield in'these bands depends
on ion type, irradiation temperature and dose. As an example, the dose dependence of the IL
intensity N(D) for Ne and Ar ions at 80 and 293 K is presented in Fig. 2.-'As our results show,
there are, at least, two stages of dose dependence which differ by spectral decomposition. The
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Fig. 1. Lummescence spectra. excited by 1 MeV/amu heavy ions at 80 K.

initial time of the irradjation, three bands peaked, at 3.0, 3.8 and 4.35 eV are registered. The
next stage is characterized by the presence of two bands 3.0 and 3.8 eV only. The irradiation
by argon ions is characterized by low radiation efficiency in bands 4.35 eV and 3.0 eV the
reason of which will be discussed in a particular.work..

;A considerable body of works is devoted to the sapphire lummescenoes ina spectral range

tudled by us[ +3:19]. Thus, first of all; the comparison of parameters of the measured spectra

with the available literary data is.of interest. Information on spectra involving the excitation
type, the temperature of a sample during measurements, the position of the band maxima,
the lifetime of the excited state, the full width on half maximum (FWHM) are summarized
in Table 1. ‘ L

So, the band 3.0 eV, as seen from the Table, is in the luminescence spectra at irradiation
by all types of the ionizing radiation and at excitation by the light in the absorption band
6.1 eV and attributes to'the F-centers(two electrons in the field of the anion vacancy). The
position of the'maximum of this 'band does not depend on crystal temperature in the range
from 10-300 K this is alsc true in the case of high-energy ion irradiation.” The luminescence
band at 3.8 eV(one electron in the field of the anion vacancy) is also observed under the effect
of all kinds of radiations, however in contrast to the band 3.0 eV it is a complex one and in-
volves up to three elementary bands[18] ‘These bands have the maximum at the same energy
but differ by polarization characteristics, the FWHM, excitation spectrum arid temperature
dependence as well. The structure of the band 3.8 eV is analyzed in the work [18} in the most
detail ‘where the spectral structure and kinetics of the cathodoluminescnce, the photoexcita-
tion and photoluminescence spectra, kinetics'and the spectral structure of thermostimulated
luminescence- of the nominal pure samples and sa.mples w1th different concentration of the
intrinsic defects have been studied.

’ 2
Table 1. The luminescence characteristics of sapphire for different types of the excitation
(here PL-photoluminescence, Cl.-cathodoluminescence, STE - self-trapped exci-
tons, STH - self-trapped holes).

Type of the htmez, €V FWHM, eV Lifetime Nature of Ref.

excitation the band .
PL 4.1, 4854ev 3.75-3.8 0.351 <50ns - F* - 3,4,10, TRTAT
5.3.82 0.34 <7ns . F* .j'\;, : -
PL 6.1 eV 2.99-300 036 10-36ms F . © 3,595
X-ray S0 3.8, 0.35(300K) <4 ns Ft- i 18
A 0.26(80K) el e
.30 T A
43 - 0 U STH oo
cL R TR ¥ S N R T 1)
3.0 ‘ S -

38 " 0.46(300K) 10 ns(300K)  STE g
- 0.35(80K) 100 ns(80K) IR

e” . 3.76-3.81 F* 1,3

0.430-2MeV  2.98-3.008 : F -
e~ - - 381 Ot 13,17
0.48 MeV 4.1 R
n 3.87.0 F* 6
<E>1.3 MeV 295 F ) _' .
Het, D+ 380387 . F*O s ‘
6.5, 25 keV 2.95-3.00 T
H+, Het TRt 7,8
2-3.8 MeV Fq ) Z

: B -
At 3.68 : TP+ o
2.4 MeV » U317 Faoo o oo

First of all, in samples irradiated by neutrons the main contribution in emission at 3.8 ¢V
is conditioned by the radiative transitions in the F*-centers. The maxima of the typical
excitation bands of these intercenter transitions are at 3.8 and 5.35 eV. The halfwidth -
0.35 €V at 300 K (.26 eV at 80 K), the polarization ratio Ij/I, =1.3 and the lifetime 7 < 4
ns are the spectral passport of the F* band. The band with the maximum 3.8 c¢V. FWHM
=0.25 eV at 300 K and the polarization ratio Ijj//, = 6 was observed in the neutron irradiated
samples under photoexcitation in the band of intercenter transitions with the maximum at
4.1 eV and at excitation in the region of the fundamental absorption{18,19]. This band in the
author’s opinion is caused by the interstitial atoms of aluminum[15}.

And at last, the band with the maximum 3.8 eV, halfwidth 0.36 ¢V and 7 < 28ns at
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Fig. 2 . The dose depengence of the 1L intensity for Ne and Ar ions at 80 and 290 K.
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300 K (.35 eV and, 280 ns at 80 K), the polarization ratio I;j/I; = 0.8 has been detected in
samples with the undamaged anion sublattice. The emission in this band (E-luminescence by
the author’s terminology) is connected with the known intrinsic luminescence characterized
by the band with the maximum at 7.5 eV (A- lummescence)[IG] Due to the analysis of
all possible mechanisms of the E-luminescence the authors came to the conclusion that the
experimental data obtained by them can be interpreted from the common point~of view
just in the framework of conceptions on the exciton nature of the both related luminescence
bands. So, in this case the exciton has two stable configurations of the relaxed state which
are separated by the potential barrier. The low-energy configuration of the rela.xed exciton
involves self-trapped hole as a hole component and responds for the E- liminescence. Thus,
the E-luminescence can be interpreted as a luminescence of the self- trapped exciton.-

Besides the STE emission in sapphire crystals at the luminescence excitation by the X-rays
(18] there has been detected spontaneous interdefect radiative recombination independent on
the temperature of observation below 200 K. It is a so-called tunnel luminescerice (TL) the
spectrum of which is presented by the band with the maximum at 4.3 eV. Accordmg to [18]
the TL mechanism involves the drffusron controlled tunnel recombination of the electrons and
holes, i.e. ‘the reactions of the tinnel transfer of the electron between the electron and hole
centers which is lrmlted in the velocity of their diffusive approach Thus, the emission in
the band of 4.3 eV is due to .the reaction whrch includes the thermostlmulated mrgratlon of
nature is as a radiative relaxatlon of the 1plike state of the F centers[17] “ s :

From the data of the works [7,8] the spectra of the sapphlre lumninescence ‘measured durmg
low-energy ion 1mplantatron except for the F and F* bands mvolve also the band at 390 nm
(3.13 eV) aSSocrated w1th the Fy-centers. The, relatrve IL yield in this band increases. with
the increase of the mass ‘of ‘incident ions. Approxrmatron with the Gaussrans of the spectra
measured by us showed that the inclusion of the band 3.13 eV gives better agreement with
the experimental data. Therefore, one can assumes that while irradiation by the hrgh-energy
ions the band 3.13 eV is in the IL spectra. However, the obtained data are deficient in the
studied regions of fluences so that one could with certamty to determine the contrxbutron of
this emission in ‘the total luminescence mtensrty . s

So, summa.rlzmg ‘the ‘given information one’can ‘make a conclusion that’ the IL y1eld in
the spectral range’ consrdered at high- -energy jon ‘irradiation is mainly determined by the
intercenter ‘transitions’in"the F and F*-'centers and also by the radiative recombmatron
of the’ self~trapped ‘electrons and holes. As it was mentioned before, the contrlbutron of
these processes depends on the level of the damage of the anion crystal subla.ttrce Thus, to
determiné the'damage level of the which is peculiar to the above-hsted processes is'of interest.
As seen from the Fig. 2 the intensity of the bands 3.8 and 3.0 eV i mcreases w1th the irradiation
dose and reaches the saturation for the Ar ions or the level close to the saturation for the Ne
ions. At the same time the intensity of the band 4.35 eV decreases up to the undetected level
proportional to D™, where n is the parameter equal to 0.55 = 0.05 for both types of the ions,
as seen from the Fig. 3. Two possible processes causing the irradiation in the band 4.3 eV has
been discussed above, they are - the radiative relaxation of 1p- -like state of the F-centers and
the tunnel recombination of the self-trapped. holes with the electrons..’As in our case there
is no correlation in the dose dependencies of the band 4.3 V. and F-band, then there are no
grounds to believe that the luminescence in them is.caused by the'same centers.i:It is also
known, that the tunnel STH recombination involves.a stage of:the diffusive approach of the
self-trapped holes and electrons (electron centers). * -
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‘ Flg 3. The dose dependence of the IL 1ntens1ty in the ba.nd 4. 35 eV a.t 80 K.

" The availability of this sta.ge in any radioluminescence processes means s so-called migration
losses'due to the charge carrier captured by structural defects ‘and therefore, a certain depen-
dence of the lummescence yield on the concentration of defects similar to the observed one for
the band 4.35 eV, Among stich defects in our case a.re first and foremost the oxygen vacancies
which are the effective tra.ps for the electrons and as a result the F- centers are'formed. One
should note that the STH’radiation is suppressed under irradiation, ‘dose common to the Ar

and Ne ionis “and correspondmg to the dpavalue just 107%. Ta.kmg into account the character

of the band 3.8’eV, the IL dose dependence m "the most general form the dependence N(D)
should be presented a.s a sum: .

- N(D) NF++NSTE(D) R

where Np+ and NSTE(D) relate to the lummescence of the F+-centers a.nd the STE respec—
tively.. The forma.tlon of all F-centers and the STE are the competltlon processes. . In this

case the. ﬁrst one prefera.ble as "the anion va.ca.ncy disturbs the crystal subla.ttlce much more

‘than the hole. Therefore, the value Ns7e(D) as well as in'the case w1th the band 4.35 eV will
decreases with'i 1ncrea.smg the irradiation dose. However, taking into account the dispersion

of experrmental ‘data’to sepa.ra.te the ‘contribution of the F+-centers and STE luminescence.

from dose dependence is impossible. As a rough estimation of the upper bounda.ry of da.mage

dose range where one should take into account the presence of the .exciton luminescence i in

the ba.nd 3. 8 ‘eV one take value obta.med for 4.3 eV ba.nd - 104 dpa

it s
e .

4 Conclusmn

Thus the spectral structure of the lurmnescence of A1203 produced by hlgh-energy heavy ions

has been studied. It is shown that in the spectral interval of 2.3-5.6 eV the luminescence is
caused by the intercenter transitions in'the F* and:F-centers, the radiative STE recombina-
tion andithe tunnel STH recombination:: It has been found that the da.mage level ‘whereby
the STH emission is suppressed corresponds to 10~* dpa.’ !
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