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Self-trapping and multiplication of electronic excitations in Al,O5 and Al,O5:Sc crystals

M. Kirm and G. Zimmerer
1. Institute of Experimental Physics, University of Hamburg, Luruper Chaussee 149, D-22761 Hamburg, Germany

E. Feldbach, A. Lushchik, Ch. Lushchik, and F. Savikhin
Institute of Physics, University of Tartu, Riia 142, 51014 Tartu, Estonia
(Received 30 November 1998; revised manuscript received 10 March 1999

The processes of intrinsic and extrinsic luminescence excitation by synchrotron radiation of 4—-40 eV or
electron pulses have been studiedxAl,O; single crystals at 8 K. The intrinsig (7.6 eV) andE emissions
(3.77 eV) can be effectively excited in the region of long-wavelen{885—9.1 eV and short-wavelength
(9.1-9.3 eV components of exciton absorption doublet, respectively. FaStand~20 ng and slow(~150
ns) components of thé emission correspond to the creation of singlet and triplstexcitons. The efficiency
of the A emission in the region of band-to-band transitions is low. The intensityeshission sharply increases
(approximately quadraticallywith a rise of the excitation density by nanosecond electron pulses,®Ac,
the 5.6-eV luminescence is caused by the decay of near-impurity electronic excitat®bseV) as well as by
the electron recombination with holes localized neat*Seenters. The efficiency of 7.6-, 5.6-, and 3.8-eV
emission sharply increases at the energy of exciting photohs 525 eV. One photon of 26—-29 and 30-37
eV causes the ionization of thep2 or 2s? shell of the oxygen ion and provides the creation of two or three
electron-hole pairs, respectively. Long-term investigationa-@l,O; crystals did not lead to the detection of
immobile self-trapped holes or electrons. Themission excited at the direct photocreation of excitons or at
the recombination of free electrons and free holes is interpreted by us as the radiative decay of self-shrunk
excitons. The theoretical model of Sumi allows the existence of such immobile self-shrunk excitons even if an
electron and a hole do not separately undergo the self-trap[8$0d.63-182€09)01825-1

I. INTRODUCTION the appearance of the recombination luminescence of STE's.

Nonrelaxed intrinsic electronic excitatiofEE’s), which A photon with the energy e,xceedmg, by several tlmeg, the
value of E4 creates in AHC’s an electron-hole-f) pair

manifest themselves in the reflection spectrum and the SPeGiith a hot electron whose energy is sufficient for the forma-
tra of optical constants, have been investigated in detall fo{ion of a secondang-h pair or a secondary excitdh.An

single CryStE}EOf the wide-gap materialAl O3 (€nergy 9ap  anajogous process of multiplication of EE's has been re-
Eg=9.4_e\/). Theoretical calculatlons_ of the structure of \,0q1ed in YAIQ, crystals as weft?

conduction(CB) and valence band¥/B) in Al O3 have also The studies of the process of relaxation, self-trapping, and
been doné:” An a-Al,0; single crystal is optically aniso- multiplication of EE’s, formed by 8.5-40-eV photons, have
tropic and its unit cell contains ten ions. A doublet structureso far been inadequate in anisotropicAl ,O5 crystals. Some
was observed in the region of 8.8-9.3 eV, i.e., at the edge akchnical difficulties are the fact that the main intrinsic emis-
fundamental absorption of AD;. A long-wavelength com- sion of sapphire has the maximum at 7.6 eV, i.e., the meth-
ponent of this doublet is well pronounced for the electricods of vacuum-ultravioletVUV) spectroscopy were needed
field of incident light parallel to the optic axisEg(c), for the detection of this luminescence under crystal excita-
whereas the short-wavelength component dominates in thén by x rays® or by an electron beadf:'® The process of
absorption for incident light withELc.* The absorption photoexcitation of 7.6-eV emission has been studied even
bands at 8.8—9.3 eV are convincingly interpreted as the formore poorly. It has been shown only that the 7.6-eV emis-
mation of p5s excitons. The hole component of these exci-sion in ALO; can be excited by 8.8-9.2-eV photorig®
tons is formed fronp-type oxygen VB, whilestype CB is  Photons of such energy cause the creation of excitchs.
responsible for the electron componerit. It was supposed that the 7.6-eV emissioniAl ,O5 cor-

A long-term investigation of cubic-alkali-halide crystals responds to the radiative decay of STEs® This hypoth-
(AHC’s) with a simpler lattice structure led to the conclusion esis is widely cited in literature. On the other hand, the emis-
that intrinsic EE’s undergo significant changes between inision of FE's has not yet been detected in,@d. The
tial photon absorption and the process of EE radiative anniexistence of STH’s, stable up to 220 K, was assumed in Ref.
hilation. Free excitongFE’s) created by exciting radiation 16. However, there is no convincing confirmation of the ex-
undergo transformation into self-trapped excit¢83E’s) in istence of STH’s in AJO5. Furthermore, it was shown by the
singlet or triplet state¢see, e.g., Refs. 8—10, and referenceselectron-spin-resonance method that the holes, thermal an-
therein. An optically formed free hole can be transformed nealing of which occurs at 220 K, are localized near?Mg
into a self-trapped holéSTH) due to the formation of a impurity ions in ALO5:Mg.’
dihalide quasimolecule located at two anion sit¥ (cen- An emission with the maximum in the region of 3.8 eV
ter). The recombination of electrons aik centers causes was observed in AD; crystals and tentatively ascribed to
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the recombination of electrons and STH®$® Unfortu- R L
nately, thea-Al,O; single crystals grown at high tempera- L o~ -
tures do not have ideal stoichiometric composition. An FOEAN \
Al,O5 crystal, growing even in a weak reduction regime, |
provides the formation of anion vacancies, the charge of
which is partially compensated by electrois’(andF cen-
ters are formetf). The luminescence df* centers lies in I, \ \
the region of 3.8 eV als® So, it is difficult to separate the 4 \ e .
emission ofF* centers and the supposed luminescence of . ) NN
STE'’s at 3.8 eV. 5 6 7
Up to now the investigation of low-temperature processes Photon Energy (eV)
of EE relaxation as well as of the supposed STE emissions
was carried out mainly for AD; crystals under excitation by ~ FIG. 1. Luminescence spectra of ;8 (@), Al;05:Sc (150
X rays, an electron beam, or by VUV radiation bf ppm, slolid ling and ALO;:Sc (600 ppm, dashed linen the case of
<11eV132|n the present study we investigated the exci-€xcitation by 6-keV electrons at 8 K.
tation processes of intrinsic and impurity emissions as well o o
as the process of multiplication of EE’s in A&),:Sc crystals €M consisting of a photomultiplier EMI 9863 B/Q, a fast
and in a-Al,O; crystals of high purity and perfection under ©Scilloscope, and a telecaméfa. o
excitation by synchrotron radiatigSR) at 8 K. In the region Single ALO; and ALO;:Sc crystals were the main objects
of high absorption constants it is necessary to take into acf the present study. The-Al,O; crystals of high purity and
count the complicated processes in near-surface crystal laferfection were grown by the Czochralski technitien the
ers of about m thicknesgsee, e.g., Ref.)3Therefore, the region of extrinsic absorptio(2—-8.5 eV the velllues of the
processes of various luminescence excitation by electroA0SOrption constant do not exceet1-2 cm — at 295 K
pulses of nanosecond duration have also been studied. TH@f our a-Al,0; samples® The AL,O;:Sc crystals contained
penetration depth of 300-keV electrons in,@4 is 300 um. ~ about 150 or 600 ppm of 8t ions that substituted alumi-
The main goals of the present study weethe experi- Nnum ions. At 8 K, S impurity ions are responsible for a
mental investigation of the spectral-kinetic peculiarities ofProad absorption band with the maximum at 8.5 eV adjoin-
the excitation of the 7.6-eV intrinsic emission and of theing the region of intrinsic absorption. The emission of Sc
5.6-eV emission of S centers andii) the consideration of Ccentersthe maximum aE'=5.6 eV) does not undergo ther-

the mechanisms of the creation and of the radiative decay ¢pal quenching up to 300 K" .
excitons localized in the defectless lattice region. The main experiments with SR were carried out for the

parallel-sided crystal plates of dimensionsxIT0Xx 2 mn?
with the ¢ axis normal to the excited surface. The excitation
Il. EXPERIMENT spectra were measured at the incidence angle of 17.5°. In

The photoluminescence experiments were carried out gome cases the excited surface of@was parallel to the

the SUPERLUMI station of HASYLAB at DESY, Hamburg. axis. In_ all the cases of electron excitation, an electron beam
The experimental setup has been described in Ref. 21. T as oriented at an angle 45° to a 'crystal surfa}ce_ and. the
excitation spectra were normalized to equal quantum intenuUminescence was detected perpendicular to excitation direc-
sities of SR falling onto the crystal. A typical spectral reso-1°"-
lution of 0.33 nm(about 20 meV in the region of 8.5 ¢V
was used. The full width at half maximum of SR pulses was Ill. EXPERIMENTAL RESULTS
130 ps with the maximum repetition rate of 5 MHz. The
excitation spectra were measured for time-integrated lumi-
nescence, as well as for the emission detected within a time Figure 1 presents the steady luminescence spectrum of a
window (length At) correlated with the excitation pulses of highly pure ALO; crystal @ 8 K in case of excitation by
SR (delayed byét). Up to four time windows were set si- 6-keV electrons. Analogous emission spectra were obtained
multaneously. The delayt and the lengthAt were varied if the energy of electrons equaled 9 or 3 keV. A broad lumi-
between 0.6—60 and 1.5—-110 ns, respectively. nescence band with the maximumEt=7.6 eV (half-width

The experiments with irradiation by an electron beamd~0.8eV) dominates in the emission spectrum of a pure
were carried out at the Institute of Physics, University ofAl,Os crystal at 8 K. Doping of AO; by SS* impurity ions
Tartu. The spectra of steady luminescence were measured (h50 ppn) leads to the appearance of a broad emission band
the region 1.8-9.0 eV using excitation by 6-keV electrons aE'=5.6 eV (see Fig. 1 At a higher concentration of St
8-300 K. The cathodoluminescence of,@4 (3.8-9 eV impurity ions (about 600 ppmthe 5.6-eV emission domi-
was recorded through a double vacuum monochromator by mates in the spectrum, while the intrinsic VUV emission is
solar-blind photomultiplier in the photon counting regiffe. weakened.
A typical optical slit width of monochromator was 13 A. The  Figure 2 shows the luminescence spectraasfl,O;,
spectra of fast emission were measured using a powerfldl,O5:Sc (150 ppm), and AD;:Sc (600 ppm) crystals at 8
electron pulse generator GIN-68DThe duration of a single K in the case of excitation by photons of several energies
electron pulse wasr=3ns, the current density 1-150 hy,. The luminescence banB'=7.6eV dominates in the
Acm ™2 and its average electron energy 300 keV. Fast lumispectrum of time-integrated photoluminescence at an excita-
nescence was recorded through a monochromator by a sysen in the region of the long-wavelength component of the

Intensity

A. Luminescence spectra
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FIG. 2. Luminescence spectra of 8 (curves 1-3 Al,0;:Sc FIG. 3. Luminescence spectra of 8, crystals in the case of

(150 ppm, curves 4 and 5and ALO5:Sc(600 ppm, curves 6 and 7  excitation by 8.97 eMsolid and dashed lingsand 10-eV photons

in case of excitation by photons of 8.97 €1~3), 8.8 eV (4 and 5, (O and @) at 8 K. The spectra are measured for time-integrated

and 10.7 eV(6 and 7 at 8 K (1-4, 6 or 295 K(5 and 7. The (solid curve andO) and fast emissionAt=5ns, t=1.5ns

spectra are measured for time-integrated4—7 and fast emissions (dashed line an@®).

(At=2.1ns,6t=0.6ns, curve 2 andt=23ns, st=2.6 ns, curve

3). a-Al,0,.1528 On the other hand, this hypothesis was con-
stantly criticized because of the existence of well-established

exciton doublet kiv,=8.98 V). The spectra of fast lumines- 3-8-€V emission of-* centers in AJO; samples with preir-

cence At=2.1ns, 5t=0.6ns andAt=23ns, ot=2.6ns) rad|'at|onF centers. ThlsF center emission could also be

are practically the same. A large half-width of the so-called®*Cited out of the region of fundamental absorptiselec-

A luminescence of AD, (7.6 eV) testifies to the connection t|ye absorption/excitation bands 2eOX|st in the transparency re-

of this emission with the decay of the localized EE’s formed9i0n of Al,Oz from 4.5 to 8.5 eV.

after the achievement of the equilibrium distribution of lumi- W€ succeeded in detecting the fast component of 3.8-eV

nescence centers in vibrational energy. Direct excitation ofMission 8t=5 ns, st=1.5ns), which does not have selec-

SA* centers by 8.5-eV photons causes the appearance tive excitation bands from 4.5-8.8 eV and can be excited

intense luminescence'=5.6eV in ALO;:Sc (150 or 600 only at the photocreation of excitort8.9-9.2 eV or e-h
ppm). However, in case of 10.7-eV photon excitatién pairs hr>9.5eV). The absence of excitation bands in the

emission dominates in AD; and S&* center emission in region of extrinsic absorption is an important indication of
AlLO,:Sc (600 ppm). Thee-h mechanism of 5.6-eV lumi- intrinsic luminescence. So, in addition to the intringic

nescence excitation is efficient at 295 K. The@J:Sc crys- emission, the 3.77-eV emission is also connected with the
tal with a sufficiently high-impurity concentration is an ef- radiative decay of excitons ia-Al,Os. Further we will use
the E definition for the second intrinsic luminescence band.

fective short-wavelength emitter in a wide temperature_. o
Figure 3 demonstrates that the 10-eV photon excitation gen-

region. The third ionization potential of a free scandium . O )
atom(24.75 eV is significantly lower than for an aluminum ©ratinge-h pairs in ALO; causes the appearance of the emis-

atom (28.44 eVl Thus, the S¥ ions that substitute Af sion bandE'=3.87eV §~0.5eV for both time-integrated
cations do not serve as electron traps. The analysis of expef@d fast 8t=5 ns) signals. The maximum of this recombi-

mental data allows us to conclude that the luminescence diation luminescence is shifted by 0.1 eV toward higher en-
SE* centers arises also in the region of band-to-band transEr9i€S with respect to the faStemission excited at the direct

tions due to the electron recombination with the holes localformation of excitons.
ized at oxygen ions near $¢c The ALO;:Sc excitation by
8.5-eV photons causes the creation of near-impurity EE'’s
that decay later with the appearance of broadband 5.6-eV Figure 4 shows the excitation spectra of the three main
emission. broadband emissionsE(=7.6, 3.8, and 5.6 eVmeasured
The emission bancE'=3.8eV was also observed in for Al,O; and ALO5:Sc (160 ppn) crystals at 8 K. In order
Al,0O; at 8 K. The detailed comparison of photoluminescenceo facilitate the separation of the spectral region of intrinsic
peculiarities in the region of 3.8 eV far-Al,0;, where the and extrinsic EE'’s, the solid line reproduces the absorption
luminescence of * centers was undoubtedly detect8@nd  tail measured for the electric field of incident lightlc in
the so-calledE emission of STE’s is supposed to exisf  Al,0; at 10 K* The absorption tail forELc is shifted
was of special interest for us. Figure 3 depicts the luminesslightly toward the high-energy regiofiby 70 meV at the
cence spectra for one of the nominally pure@ crystals in  value of k=107cm™%).* The efficiency of the fast 7.6-eV
the case of the sample excitation8K by 8.97-eV photons, emission(curves 2 and Bof high-purity Al,Os is high in the
which selectively generate excitons. The spectrum for thexcitation region of 8.9-9.1 eV, where the value of intrinsic
time-integrated emission in the region of 3.3-5.2 eV consistabsorption varies from 0to 10! cm™%. For another AJO,
of a number of subbands. However, the emission with thg&ample, where the axis was not strictly normal to the ex-
maximumEg'=3.77 eV (§~0.48 eV) dominates in the spec- cited surface, the region of high efficiency of fast 7.6-eV
trum of “fast” emission (At=5ns, st=1.5ns). Earlier, a emission is wider and reaches 9.3 ek<(10°cm™?).
similar emission bandg'=3.8eV, §~0.4eV at 80 K was There are no excitation bands in the region of 4.5-8.9 eV
tentatively ascribed to STE luminescen@® emission in  (i.e., out of the region of fundamental absorpliem the ex-

B. Spectra of luminescence excitation
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FIG. 4. Time-resolved excitation spectra for,8:Sc (150 sion of STE’s "_1 A1203 (%), 4.15-eV (_emission of STE's in KI®),
and 5.6-eV emission of St centers in AJO;:Sc (O).

ppm and two samples of AD; at 8 K. AlLO; No. 1, time-

'Qtze.%ritse(glgf\lljervae a]r)1 daAntdz ;aitn;;i\é : rr:g(S:L:?\r/ﬁeA; (2)? g'er&st C. The dependence of the emis_sion intensity on the excitation
Al,O3 No. 2, fast emissions of 7.6 efMAt=23 ns, 5t=6 ns(curve density

4)] and 3.8 eV[At=5ns, st=1.5ns(curve 3]. Al,O;:Sc, time- The dependencies of the intensity of several intrinsic and
integrated 5.6-eV emission of Sccenterqcurve 6. A fragmentof  impurity emissions on the density of excitation by nanosec-
the absorption spectruigeurve 9 of Al,O; (Elic) (Ref. 4. ond electron pulses have been studied for nominally pure

Al,O5 crystals of various origins as well as for /8;:Sc
o o - crystals. Figure 5 presents some of these dependencies mea-
?tatlon spectrum of fast 3'8'8\./ em|s§|omt(—5 ns, & sured for A)O; and ALO;:Sc (600 ppm at 80 K by means
=1.5ns) for an AJO; crystal of high purity and perfection. f single electron pulses (300 kek& 3 ns) with the change
The efficiency of fast 3.8-eV emissiap g reaches the maxi- o' sing’e elecron p N : ang
A . . of current density from 1 to 150 Aci. The intensity of
mum valug f'ﬂ 9.2 eV and is still high in thg region of inter- g3+ coner emission depends linearly on the density of ex-
band transitionsi{»>9.5eV). So, the maximum of 3.8-eV jtation while the intensity of STE emission increases ap-
emission efficiency lies at higher exciting photon eneffsly  roximately quadratically with the increasing electron cur-
0.2 eV) than that of 7.6-eV luminescence. It is necessary tGent density. This behavior is observed in a wide temperature
mention that thé " center 3.8-eV band in @R " -rich crystal  range although thé\ emission of STE’s at 295 K is ther-
reaches its excitation maximum at 4.8 eV, i.e., at the direcinally quenched by two orders of magnitude with respect to
photoexcitation oF * centers, but is several times weaker in the luminescence intensity at 80 K. The superlinear depen-
the region of fundamental absorption. This sample of03l dence was detected for steady 7.6-eV emission under a
was grown in a reduced regime and contains a large numb&-keV electron-beam excitation at 8 K.
of F* andF centers. Generally, the dependence of the intensity of recombina-
According to Fig. 4, the emission of Sccenters E'  tion luminescencé on the excitation intensitydensity |,
=5.6eV) can be effectively excited by 8.0—8.8-eV photons.consists of three main stages. At low valued of when the
while the value ofysis low in the region of 9.1-10 eV. The Separate excited regions of a crystal do not overlap, there is a
5.6 eV emission can also be excited in the region of a longlinear dependence betweénand|. (the so-called first lin-
wavelength component of exciton absorpti@9-9.1 ey, ~ €ar region. At the second stage of =f(l¢) the overlapping

partly due to the reabsorption @ luminescence by S& _of the excited regions in a.cr)_/stal takgs place causing an
increase of the average excitation density. In the case of the

centers. . ) S )
The analysis of the excitation spectra for the fast compo—eX'Sten.Ce oft.thetn(\j/a:hre%omblndatlon cgatwels :jol the lumines-
nents of 3.8- and 7.6-eV emissions, and their compariso ﬁnce Indvre?i 'gite v nehi ehpernv elnce ewEanmthe Ir? lﬁsgr
with the previously measured spectra of intrinsic opticala y quadratic. Al even higher values Qf’. en the numbe
4 of e-h pairs formed at the excitation significantly exceeds
constant$;* allows us to conclude that th&band at 7.6 eV . -

.. the number of rival recombination centers, the dependence of
and a part Of.thE band at 3.8 eV are caused by t_he _radl_atlvel =f(l,) is linear again(the second linear regipnSo, the
dec_ay offoptllcally gen?ratetcri] excitons. Pthotfo?hxcnatptn in tg‘?wo linear stages of, =f(l.) are separated by the region of
region of a fong-wavelength component of the exciton aby, o superlinear dependence of the luminescence intensity on
sorption leads mainly to the appearance of 7.6-eV emission e oy citation density. The dependence of (1) has been
while  3.8-eV  luminescence dominates in the short-hq.qughly investigatedboth experimentally and theoreti-
wavelength component of an exciton absorpti@®l1-9.4  .q)ly) for several phosphors on the base of wide-gap crystals,
eV). Because of the relatively weak excitation provided byysed in selective dosimetefsee, e.g., Ref. 29In relatively
our experlmen':'al Condltlons, the 7.6-eV emission pracuqa”ypure Sapphire Crysta|s with the content of |mpur|ty recombi-
cannot be excited by photons bi>9.5eV at the experi- nation centers about 10 ppm, the excitationfoemission
mental station used. However, the excitation of@Jby an  due to the recombination @-h pairs formed by SR in our
intensive line of krypton dischargd0 eV) leads to the ap- experimental conditions occurs within the first linear region.
pearance of the 7.6-eV luminescerite. The excitation of AJO; by powerful nanosecond electron



506 M. KIRM et al. PRB 60

pulses with the current density 3—90 A cfrcorresponds to R LI s s S
the superlinear dependence betwkeandl . (see Fig. 5. At
higher current density (£6-10° Acm™?) the second linear
region ofl =f(l.) can also be realized.

To compare the behavior of STE emission in@d and
AHC’'s we measured the dependence of S&Eemission
(4.15 eV) intensity on the current density of single electron I
pulses for a Kl crystalthe content of impurity ions was : %@;
3-10 ppm at 80 K. This dependence appears to be linear %
(see Fig. 5. It was proved unambiguously that tleeemis-
sion of STE’s in Kl is caused by the recombination of elec-
trons with STH’s ¥/ center$ stable at 80 K. The linear b s b
dependence for $¢ center emission in AD;:Sc (600 ppm) 78910 15 20 25 30 35
is connected with the migration of electrons and holes at Photon Energy (eV)

10-15 interion distances that provides the efficient excitation g 6. Excitation spectra of 5.6-eV emission offScenters
of 5.6-eV emission of St centers in a crystal with high- for Al,0,:Sc (600 ppm at 8 K. A fragment of the absorption spec-
impurity concentration. If holes underwent fast self-trappingtrum of an ALO; crystal ELc) (Ref. 4.
and STE emission arose due to the recombination of elec-
trons with STH’s, the linear dependence on the excitatiorSc" by 8.0—8.9-eV photons totally absorbed by the crystal.
density would be valid also for the intensity of STE emissionin the region of 12—-24 eV the value of reflectiviB/varies
in an ALOj; crystal. However, our experiments revealed nofrom 20% to 35% and the depth of penetration of the excit-
linear dependence for teemission of STE’s. Furthermore, ing photons into a crystal is smallr €10 °~10 6cm).
A emission was not detected in any peak of thermally stimuTherefore, the value of;; is lower in this spectral region.
lated luminescence connected with the release of electrorikhe influence of near-surface nonradiative recombination
from impurity traps and their recombination with holes. We and reflection losses significantly decreases starting from 25
performed special experiments with /85, Al,03;:Sc, and eV (R<10%,r~10 3cm) down to the level typical of the
Al,O5:Ga crystals and did not observe the 7.6-eV thermallyd.5—11-eV region. The value ofg. sharply increases from
stimulated luminescence at the heating of the electron25 to 37 eV exceeding even the efficiency of Scenter
irradiated crystal from 8 to 295 K. There are no manifestaemission at the direct photoexcitation of*S¢ In order to
tions of the freezing of ST emission intensity at a cooling explain this increase ofyg,, it is necessary to take into ac-
of an Al,Oj; crystal, irradiated by 9-eV photons, down from count that the values df for 11- and 29-eV photons are
80 to 4 K. So, contrary to the case of exciton self-trapping inpractically equaf, while the value ofs, at least doubles
alkali iodides® the transformation of a free exciton into a from 11 to 29 eV. The value df is practically constant in
self-trapped state in AD; is not impeded by an activation the region of 29-37 eV; however, a sharp increase of the
barrier. efficiency of S&" center emission continues in this spectral
region as well. Therefore, the increase mf. at 26—37 eV
o . cannot be explained by a trivial reduction of near-surface
D. Multiplication of EE’s in Al ;03 and Al;05:Sc losses. The analysis of the data presented in Fig. 6 allows us

The effect of the multiplication of freee-h pairs in  to conclude that the absorption of one photon of 26—29 eV
narrow-gap semiconductors was investigated in détgie, leads to the creation of twe-h pairs, while one photon of
e.g., Ref. 3D Another mechanism of the multiplication of 30-37 eV creates up to threeh pairs. The following re-
EE’s (MEE) has been detected in wide-gap dielectrics. Acombination of these-h pairs at S&" centers causes the
photon with the energy exceeding the threshold value createsppearance of the 5.6-eV impurity luminescence with
ane-h pair in which the energy of a hot conduction electron>1. This is the so-called effect of photon multiplication in

Absorption

Intensity

©0000 0 a0

is sufficient to form a secondary excit6h. an optical spectral region observed earlier in a humber of
In the case of AJO,, the excitation of cerium center emis- AHC's.*?
sion was investigated long ago in an,@}:Ce cathodolumi- The reflection of incident light and near-surface nonradi-

nophor at 295 K. There were no manifestations of the MEEative losses were taken into account at the interpretation of
process in the region of exciting photon energy up to 21.Zhe excitation spectra for impurity emissions in a MgO:Al
eV 3! Figure 6 shows the excitation spectrum of Scenter  crystal®® The used corrections smoothed the valueydf a
emission(time-integrated luminescence of 5.6 eV was de-wide region of fundamental absorptié®—20 eV}, while the
tected through a monochromaktaneasured in the region of value of 7 increases, nevertheless, three times hat
7-37 eV for ALO;:Sc (600 ppm at 8 K. The emission of >20eV. The process of MEE in AD; takes place ahv
Sc* centers can be efficiently excited within the region of >25eV. The higher threshold energy for MEE in, @k is
SA* center absorptiofi—8.8 eV as well as at the formation caused by higher value of the energy dapt and 7.8 eV in

of intrinsic EE’s of ALO; by 8.8—37-eV photons. The ab- Al,O; and MgO, respectively

sorption spectrum of-Al,Oz at 295 K ELc) (Ref. 4 is Figure 7 shows the excitation spectrum for the time-
reproduced in Fig. 6 as well. Photons of 9.5—-11 eV providdntegrated and fastAt=5 ns, st=1.5ns) emissions of 3.8
the electron transitions from a valence band into a loweeV measured in AD; at 8 K. The fast emission can be
stype subband of CB. In this case, the valuesgf is ap- excited in the region of fundamental absorptiomy(
proximately only a half of that at the direct excitation of >8.8eV) only. On the other hand, the time-integrated signal
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Lo FIG. 8. Excitation spectra for the time-integratetl), fast[At
DN ot o RN B =13.8ns, t=2.4ns (@) and At=43ns, st=15.5ns(+)] and
10 15 20 25 30 35 slow (At=110ns,5t=56 ns) component&D) of A emission in an
Photon Energy (eV) Al O, crystal at 8 K. The right intensity scale is valid for the 10—
37-eV region, and the left scale for the low-energy rediexcept
FIG. 7. Excitation spectra for the time-integratéd) and fast  for the curve marked by an arrgwAll the lines are guide lines.
(At=5 ns, 5t=1.5ns) emission®) of 3.8 eV in a ALO; crystal at
8 K. Inset shows a simplified energy-band diagram of agOAl
crystal (see text for detai)s

the thirde-h pair. So, the absorption of one 35-36-eV pho-
ton leads to the creation of threeh pairs. Our interpretation
of the MEE process in AD; is qualitative, and further pre-
at 3.8 eV consists of several spectrally close components aralse calculations of the band structure are needed.
its excitation spectrum has weak bandfat8.8 eV. Simi-
lar to an ALO;:Sc crystal(see Fig. 8 the sharp increase of
3.8-eV emission efficiency at 25—37 eV is the manifestation
of the MEE process in AD;, while low values ofzg at
12-24 eV are caused by the effective near-surface losses due The creation mechanisms of the excitons localized in a
to the nonradiative recombination of electrons and holes inegular lattice are of special interest. According to Fig. 4 the
this spectral region. The coincidence of the excitation spectrafficiency of theA emission is especially high at the excita-
for fast and steady emissions of 3.8 eV in the region of MEEijon in the long-wavelength regiof8.85-9.1 eV of the ex-
is an additional proof of the Auger-type mechanism of theciton absorption. At least three components, the duration of
MEE process. which is ~20, ~200, and~2000 ns, can be distinguished
The inset in Fig. 7 shows a simplified energy-band_dia-within the A emission excited by x-ray pulséNeverthe-
gram of an AJO; crystal based on theoretical calculationé.  |ess, the nature of these components is still unclear. We in-
VB, and VB, are two valence subbands formed by°2and  vestigated the decay kinetics of the 7.6-eV emission jOAl
2s® states of oxygen ions, respectively. The experimentallyafter excitation by 8.97-eV photons that cause the direct op-
determined values dE;=9.4 eV (Ref. 18 and band width tical formation of excitons. The intensity of th& emission
for VB, (7-9 eV) and VB, (3—4 eV) (Ref. 34 are used in  decreases by two orders of magnitude during the first 50 ns
our schematic diagram. The complicated CB is formed byalthough a weak slow component remains up to 20Qtms
3s, 3d, and 3 states of aluminum ion&he lowest part of  limit of our time-resolved measuremehts
CB is connected with 8 state$.° According to Ref. 6, the Figure 8 presents the excitation spectra of Ahemission
lower part of VB, is a mixture of 2° and 2 states of (7.5-eV emission was detected through a monochromator
oxygen because of the partial covalency of@J. It causes measured in the spectral region of 8.5-36 eV at 8 K. The
the high probability of electron transitions from the lower spectra were measured for stedtyne-integrategl lumines-
part of VB, to the 3 region of CB. Just such transitions are cence as well as for the emission components detected within
responsible for the formation of secondagyh pairs: the several time windows. Two fast componentst & 13.8 ns,
energy of a hot conduction electron, formed after photonst=2.4ns andAt=43ns, §t=15.5ns) are excited in the
absorption, is sufficient to create the secenld pair while a  region of 8.85-9.15 eV and their efficiency maximum is
hot hole in VB, is not able to form a secondary E&aseb in situated at 8.97 eV. The efficiency maximum for a slow
the diagram The value of threshold energy for this MEE component At=110ns, st=56ns) is shifted toward the
processE;=25eV, significantly exceedsEy~18.8eV be- higher energy. The analysis of the data presented in Fig. 8
cause a significant part of the absorbed energy of an excitingllows us to conclude that the excitation spectra of Ahe
photon is transferred to a photohole. The case the dia- emission have a fine structure: a fast emission dominates in
gram illustrates the situation when the energy of the abthe long-wavelength region of the exciton absorption, while
sorbed photon equals 35—-36 eV. The ionization procesa slow emission dominates in the short-wavelength region.
starts from the 82 shell of an oxygen ion and stops in thp 3 In alkali iodides, the lowest-energy state @fs excitons
region of CB. A hot photoelectron in CB is able to form the corresponds to pure triplet paraexcitons and singlet excitons
seconde-h pair, while the Auger recombination of an elec- are mainly created in the short-wavelength region of the ex-
tron from 2p®(0) with a 25(0) hole provides the creation of citon absorptior:'° The spin-orbit splitting foip®s excitons

IV. ABOUT MECHANISMS OF EXCITON
SELF-TRAPPING IN Al ,05
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in MgO is by an order of magnitude smaller than in iodideslinear region” of excitation is reache@ee Sec. Il ¢
and the lowest-energy state is ascribed to a singlet téte. The half-width of the long-wavelength component of the
Al,O;, a nanosecond component of the 7.6-eV emission igxciton absorption band in /D is about 0.15 eV at 8 K,
efficiently excited in the long-wavelength region of exciton which is not typical of large-radius Wannier excitons. On the
absorption. A component with nanosecond duration is usuother hand, the integral exciton absorption is smaller than it
ally typical of singlet exciton emission. So, our experimentalis expected to be for small-radius Frenkel excitons. The
results testify that the lowest state @Ps excitons in  binding energy ofp°s excitons in ALO; is Eg~0.3eV. So,
a-Al,05 is a singlet state mainly. the excitons, the effective average radius of which exceeds
The efficiency of time-integrated and f&st50 ng com-  the interanion distancé2.5-2.8 A approximately 5 times,
ponents of thel emission in the region of 35 eV is 20 times are probably formed in an AD; crystal. The translational
as low as that at the direct optical creation of excitons bymass of such excitons is significantly larger than the effec-
8.97-eV photongsee Fig. 8 One photon of 35 eV is able to tive mass of a hole. The migration of excitons through a
form threee-h pairs (see Sec. llID. So only 2% ofe-h crystal lattice is relatively slow; therefore they undergo a
pairs formed by 35-eV photons recombine with the appearlocalization in the defectless regions of a crystal and after
ance of the fast components 8f emission. However, the Vibrational relaxation decay with the appearanceéAamis-
efficiency of slowA emission At=110ns, st=56ns) of sion. The quantum yield of emission at the excitation by
triplet excitons at 35 eV reaches the same value as in th@-eV photons 85 K was estimated ag,=0.25>'*Heating
region of direct optical formation of excitons by 9.1-9.15 of a crystal up to the temperature 680K causes a sig-
ev. nificant increase of the absorption in the region of the Ur-
The process of exciton self-trapping inAl ,05 signifi- bach tail of an exciton band. This increase is connected with
cantly differs from that in a number of AHC'’s where it was the enhancement of the exciton interaction with phonons the
investigated in detafl? In AHC, the emission of STE can be effective energy of which i% weg~31—34 meV*** Accord-
excited at the direct optical creation of excitons as well as iring to our data, the dependence of the half-widtiAamis-
the region of interband transitions at the recombination ofion on the temperature in the region of 80-300 K can also
electrons with relaxed immobil’y center€~1° According be described as an interaction with phonons 7abe
to Fig. 5 the intensity of STE emission in KI depends lin- ~38 meV. In ALO;, the value offwey at the creation of
early on the density of excitation by 300-keV electrons. Anexcitons and at their radiative decay corresponds to the
effective cross section for the electron recombination withacoustic branch of vibrations. The vibration spectrum of
immobile Vi centers is larged=3x10 *2cn?). The effi-  Al,O5 was investigated by means of neutron scattering at 20
ciency of 4.15-eV STE emission in Kl at the direct photo- K.3®
creation of excitons or at the recombination of electrons with  Our experimental data testify to the excitation of the
immobile Vi centers is practically the same. emission not only at the direct formation pfs excitons by
The behavior ofA emission in A}O; drastically differs  8.9-9.3-eV photons but also at the recombination of free
from that of STE emission in Kl. The efficiency éfemis-  electrons and freémobile) holes. However, the effective
sion at the excitation by 9.5-10.5-eV photons in the regiorcross sectiorv for the recombination of free electrons and
of band-to-band transitiongwhere k<10°cm™! and the holes in a regular lattice of ADs is significantly lower than
probability of near-surface nonradiative recombination isthat value for thee-h recombination near neutral ccen-
low) is about 100 times as low as at the direct creation ofers (c~10 '°cm™2). In Kl, the value ofe~10 *2cm ?is
excitons by 8.98-eV photor(see Fig. 4 and )8 The recom-  typical of the recombination of electrons and immobile self-
bination creation ofA emission is efficient only under the trapped holes. The efficiency of the recombination mecha-
excitation by powerful electron pulsésee Fig. 5. The dif-  nism of the excitation ofA emission is high only at a suffi-
ference between the behavior Afemission in AJO; and  ciently high density of-h pairs formed at the excitation.
4.15-eV STE emission in Kl we ascribe to the fundamental Experimental results can be interpreted within the bounds
difference of hole processes in these two crystals. of the Sumi diagram for the possible interaction of intrinsic
In contrast to AHC's and SiPthe long-term search for EE’s with the field of acoustic phonori8.This phase dia-
immobile self-trapped holes in /D; was unsuccessfiysee, gram was later applied for the description of the behavior of
e.g., Ref. 37. In the close-packed oxygen sublattice 0§@4  EE’s in regular lattice of various solidsee, e.g., Refs. 10,
holes migrate eventat K so rapidly that they are able to 18, and 40. In the case of large- and medium-radius exci-
cause neither a large displacement of neighboring ions, ndons, phonons effect both the center-of-mésanslational
even a strong polarization of a lattice. Moreover, even inmotion and the relativéinterna) motion of electron and hole
crystals with the total content of imperfections of about 10components of an exciton. Sumi considered four possible
ppm, the holes undergo localization mainly near various imphases for an electron and a hole interacting in the acoustic-
purity ions or defects. The role of electron recombinationphonon field®® The realization of the definite phase in solids
with holes that undergo intermediate localization at impuri-of various classes depends on the electron-phonon and hole-
ties (defect3 becomes negligible if a single electron pulse phonon interaction, the ratio of the effective masses for car-
forms more than 14§ e-h pairs in 1 cni of an excited crys- riers, and the sign of deformation potentials of an electron
tal. In such conditions of excitation, the recombination ofand a hole. In semiconductors, there exist free electrons,
electrons and holes efficiently causes the formation of exciholes, and excitons, while none of them was detected in a
tons in regular lattice. Our estimation shows that the neededelf-trapped state. In AHC's, electrons do not undergo the
excitation density can be provided if the current density ofself-trapping, but holes and excitons exist in both free and
electron pulses exceeds 80 Acfni.e., when “the second self-trapped states. Self-trapped electrons as well as self-
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trapped holes have been recently detected in lead hdfides.in the regime of relatively weak excitatipf?

According to Sumi, one more unusual situation is pos- It is necessary to mention that neither self-trapped holes
sible: an electron and a hole do not separately undergo trangor self-trapped electrons have been yet detected in cubic
formation into a stable self-trapped state while the sum oface-centered MgO crystals. On the other hand, the intense
their deformation potentials is sufficient for the recombina-edge emission of free excitori3.69 eV} has been revealed
tion formation of a localized exciton. The formation of suchin MgO, although(in contrast to AJO3) there is no broad-
excitons is accompanied by the shrinking of wave functionsband emission connected with STE’s in this sysfénm
of an electron and a hole that take place in recombinationuniaxial BeO crystals, the emission of FE's is very weak,
Therefore, such unusual localized excitons were named ashile the two intense emission ban@sith the maxima at
self-shrunk exciton§SSE’9. SSE’s were supposed to exist 4.9 and 6.7 eYthat correspond to the two configurations of
in Y,0; (Ref. 40 and ALO,;.*® Our experimental results, excitons, localized in regular lattice, have been detetted.
presented in this paper, confirm the interpretation of the inThe reduced symmetry af-Al,O; and BeO wide-gap ox-
trinsic A emission in AjO3 as the radiative decay of SSE’s. ides promotes the formation of stable STE’s. Unfortunately,
In contrast to STE emission in AHC'’s, the emission was the theory of SSE’s in low-symmetry crystals has not yet
not detected in any peak of thermally stimulated luminesbeen elaborated.
cence recorded at the heating of irradiategdlcrystals(of
various levels of purity and perfectipfrom 8 to 350 K. So,
the recombination component Afemission is not connected
with the so-called “recombination through a local center”  This work was supported by the Estonian Science Foun-
and should be considered as the result of the recombinatiatiation (Grant No. 3868 and the PECO Program. M.K. is
of free electrons and mobile holes. Similar to many semicongrateful for financial support from the STINT Foundation
ductors, the probability of-h recombination is low(at least  (Sweden.
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