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Recombination of conduction electrons with trapped-hole centres
in MgO:Be and MgO:Ca single crystals

MgO:Be xone MgO:Ca MOHOKpHCTANAAPBIHAAFbI OTKI3TIIITIK 3JIEKTPOHIAPABIH
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Ken canpinaynsi (£, = 7,8 aB) MgO:Be sxone MgO:Ca MOHOKpHUCTaIIapbIHAa Be”" u Ca*"monnaps! manmay
KO3FaJIaTBIH KEMTIKTep YIIiH KapMarblIITap KbI3METIH aTKapaThIHBl KepceTinmi. Omap MgO KpHcTaabIHbIH
KeJIeMiH/Ie aBToJIOKanAaHFaH Kyire erneiini. MgO:Be sxone MgO:Ca kpucrangapsiaga 10 K teMneparypana
KEMTIKTIK OPTaJIBIKTap/BbIH IEKTPOHAAPMEH PEKOMOMHALMIAHYBI KEH)KOIAKThI JTIOMUHECHCHIMSHBIH, (MaK-
cumymzapsl 7,2 sxoHe 6,8 3B) maiima OomybiHa okeneni. AtanraH jkonakrap coikecinmiel90 wkoHe 50 K
TeMIIepaTypajiap/a KbITyJIbIK coHeml. DHeprusinapsl 5—10 k3B anexTponnapmen Hemece 25 3BidoToHAapMeH
aNIbIH aja CAyJeNeHIreH MOHOKPHCTANIBI KBI3JBIPY OaphICHIHIa TEPMOCTHMYJIACHICH! TIOMUHECISHIINS
mBIHAApEl Tipkengl. On IIBIHIap KEMTIKTIK OpTalBIKTApAbIH TEPMOMOHM3AIHACHIHA (XKOHE KO3FaIMalIbl
KEMTIiKTep/IiH aKayJapra ;KHHAKbLIAHFAH dJ1EKTPOHIapMeH peKoMOUHAIMsANalybiHa-OailnabcThL. [Be] " sxone
[Ca]” KeMTIiKTiK OpTAIBIKTap KYJOHJBIK 3aps/Ka *oHE BICTHIK DJIEKTPOHIAPMEH COyJIe MblrapMail eTeTiH
pEeKOMOMHAIMSUIAHYABIH THIMII KuMachiHa He. OChIHIai BICTBIK PEKOMOMHALMSIIAPAbI (PEHKEIIIK JKYITBIH
KYpBITy DHeprusckl FE,-maH acaTelH sKkyHenmepaeri PpeHkelbs akdyJapbIHEIH pafHalUAMEH KypbLTybI
MeXxaHU3MAEPiHiH 0ipi peTiHe KapacTbIpyFa 00iaibl.

IToka3ano, 4TO B MIMPOKOIIENEBHIX (£, = 7,8 3B) mMonokpuctamiax MgO:Be u MgO:Ca nonsl Be*" u Ca*'
CITy’KaT JIOBYIIKaMH JUIsl BEICOKOIIOJIBIDKHBIX JIBIPOK, KOTOpHIC B.0ObeMe MgO He mepexo T B aBTOJIOKaJIH-
30BaHHOE COCTOsIHUE. PekoMmOuHarwms apipounsix neHTpoB B MgO:Be n MgO:Ca ¢ anexTpoHaMu IIpoBOIH-
Moctu npu 10 K npuBOAUT K TOSBICHUIO MHMPOKOHOIOCHOH JIIOMHHECIEHINHN (MaKCHUMyMbBI TpH 7,2 U
6,8 3B), mcmbIThBatomel TemoBoe Tymenne npd 190°m 50K coorBercrBenHo. Ilpm HarpeBe MoHO-
KpHCTaJlIa, IPeIBapUTeNbHO 00mydyeHHOro ekTpoHamu 5—10 k3B unu potonamu 25 3B, 3apeructpupona-
HBI TIMKU TEPMOCTUMYIUPOBAHHON TIOMHHECHEHIUN, CBA3aHHBIE C TEPMOMOHH3AIMEH IBIPOUHBIX LIEHTPOB U
pexoMOMHaIeN MOABIKHBIX JBIPOK C JIOKAH30BAHHBIME, Ha JedexTax 3meKTpoHaMH. JpIpouHbIE HEHTPHI
[Be]" u [Ca]" uMeroT Ky;oHOBCKHIA 3aps W Gombinoe dQPEKTHBHOE CeueHne Ge3bI3TydaTelbHON PeKOMOU-
HaIlX C TOPSIYMMHU JIEKTPOHaMH. Takue ropsaue’peKoMONHAIIN MOXKHO PaccMaTpuBaTh Kak OJUH U3 MeXa-
HU3MOB PaJIMAI[IOHHOTO co31aHus AedeKToB DpenHkens B cucTeMax, Te SHeprHs Co3JaHus (GppeHKeIeBCKOn
Hapbl MPEBBILAET L.

MgO is the simplest representative of the wide band gap oxide materials (£, = 7.8 eV) and is often re-
garded as their model system. Furthermore, it itself has found various practical applications as an isolator
material, irradiation resistant construction material, laser material, and even as a luminescent material in the
UV spectral region (5=7 eV).

Similarly tofthe majerity of alkali halide crystals (AHC), magnesium oxide has a cubic face-centred
Bravais latticewhere @ anions form a close-packed structure. Anions and cations are located at octahedral
sites, the ionie.radius for 6-coordinated O*” and Mg is 1.26 A and 0.86 A, respectively. In spite of the simi-
lar crystal lattices the properties of electronic excitations in MgO and AHC are different. In all AHC, at suffi-
ciently low temperatures a hole after vibronic relaxation inside a valence band undergoes transformation into
the self-trapped state in the form of an immobile Vi centre, the structure of which was determined via the
EPR method — a two-halide quasi-molecule X, located at two anion sites along <110> direction [1,2]. Be-
cause of a strong electron-phonon interaction, the self-trapping of excitons also takes place in regular lattice
regions of AHC at low temperatures (see, e.g., [3, 4]). In AHC, the maxima of broad luminescence bands
related to self-trapped excitons are located at 2.2—6 eV. On the other hand, only the manifestations of large-
radius free excitons and highly mobile conduction electrons (e) and valence holes (h) have been detected in
the reflection and luminescence spectra of highly pure MgO single crystals at low temperatures. In our opi-
nion, this fundamental difference in the behaviour of the holes in the regular regions of AHC and MgO can
also influence the processes of hole trapping by different impurity centres.

The optical properties of MgO depend strongly on the presence of various defects. The prevailing de-
fects in nominally pure MgO crystals not subjected to an irradiation with heavy particles, are the defects in-
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troduced during the crystal growth: mainly cation impurities, both bi- (Ca*", Mn*") and trivalent (Fe’", Cr’",
AT’ and, as a consequence, the cation vacancies (v.) to neutralize the excess charge of the trivalent impuri-
ties. If one subjects the MgO crystals to an ionizing radiation (VUV-radiation, X-rays), free holes are created
and then become localized near the cation vacancies (the so-called V-centres, see, e.g., [5, 6]). The free elec-
trons are trapped mainly by the impurity cations. In the accordingly doped crystals, the holes can be localized
also near the monovalent (e.g., Li") or bivalent (Be*") impurity cations. If the resulting trapped-hole centre
does not contain the cation vacancy, a different notation is used: [impurity atom ] cenereharee "o o 1 4]°,
[Be]" are, respectively, a hole localized near a Li" and a Be* ion. For MgO, such notations are widely ac-
cepted since [5]. The main constituent of the hole centres is the O, the hole localized on a regular anion
(see., e.g., [5-8]).

Doping of MgO single crystals with Be results in the formation of a number of new Be-containing cen-
tres. In the context of this paper, one of them is relevant (see also [7, 8]): the [Be]" centre/(Be*—O, i.e. a
hole trapped at an oxygen ion nearby an impurity Be*" ion). The [Be]” centre is created by:X-irradiation at
77 K, its EPR spectrum is best observed at 4 K and at high microwave powers. The [Be]” centte has a tetra-
gonal symmetry with a slight orthorhombic distortion. This distortion is caused by the off-centre position of
the small Be*" ion (the ionic radius equals 0.41 A and 0.3 A for 4- and 3-coordination, respectively) in an
Mg”" cation site.

The low-temperature irradiation of the MgO single crystals containing purposely introduced impurity
hole traps with photons of hv > E, = 7.8 eV, X-rays or an electron beam causes the formation of electron-
hole (e-h) pairs. Highly mobile valence holes undergo rapid localization near dominant hole trapping centres,
while conduction electrons lose their energy excess down to the bottom of the band via fast vibronic relaxa-
tion. Thereupon totally relaxed electrons mainly recombined with the trapped holes. Figure 1 demonstrates
the corresponding wide luminescence bands detected via a double VUV monochromator at the excitation of
doped MgO single crystals by 10-keV electrons at 10 K. The same'luminescence bands have been detected
under crystal excitation by synchrotron radiation of 9-30 eV, at.6-10 K. The wide emission band peaked at
the highest energy of ~6.8 eV is related to the electron recombination luminescence in MgO:Ca. This emis-
sion is not detected in pure MgO and, therefore, couldnot be ascribed to the luminescence of self-trapped
excitons. The maximum of the recombination luminescence band in MgO: Be is located at a lower energy
(~6.2 eV [9]). The intensity of both recombinatien,emissions drastically decreases (more than by three orders
of magnitude) in ~1 s after an electron irradiation is'stopped. The continuously weak phosphorescence is typ-
ical of the tunnel recombination between spatially separated but trapped electrons and holes.
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Fig. 1. Emission spectra of MgO: Be (solid line), MgO: Al (dashed-dotted line) and MgO: Ca single crys-
tals (dashed-double-dotted line) under the excitation by 10-keV electrons at 10 K

The heating of an X-irradiated MgO: Be crystal with a constant rate of f = 10 K/min from 10 K to
T > 190 K causes the destruction of [Be]" centres via hole release and restoration of Be*" at cation sites. The
released holes recombine with the electrons still localized at different defect/impurity centres, for instance
with the appearance of the 2.9 eV emission, which is especially intensive in plastically deformed samples
and is tentatively connected with the presence of bivacancies. Some holes are also localized at deeper traps,
for instance, VAl centres in MgO:Al’” are stable up to 375 K [10].
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Figure 2 shows the thermoactivation characteristics of MgO:Be>" (150 ppm) single crystals. The pulse
annealing of the EPR signal of [Be]" centres was measured in the sample X-irradiated at 10 K.The curve of
thermally stimulated luminescence (B = 10 K/min) was measured for 2.9 eV emission in a MgO:Be®" crystal
irradiated for 1 hour by 5 keV electrons at 5.2 K. The main TSL peak at ~190 K accompanies a sharp
decrease of the EPR signal intensity. The thermal quenching of the 6.2 eV emission (under excitation by
25 eV photons), connected with the release of electrons from some traps and their recombination with the
holes from [Be]" centers, takes place in the same temperature region (see Fig. 2). So, there is no doubt that
we have a hole process at about 190 K.
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Fig. 2. Thermoactivation characteristics of MgO:Be*" (150 ppm) single crystals. TSL of 2.9 eV (curve 1,
B =10 K/min) for MgO:Be2+ (150 ppm) irradiated for 1“hour by 5 keV electrons at 5.2 K. The annealing
of the EPR signal of [Be] -centers in the sample X=irradiated at 10 K (curve 2) and the temperature
dependence of 6.2 eV emission under excitation by 25 eV photons (curve 3)

The problem of the hole self-trapping in"MgO has long been under consideration. In [11] the 6.9 eV
luminescence band in MgO single crystals was interpreted as a luminescence of self-trapped or at least re-
laxed excitons. On the other hand, the th€oretical,ealculations have shown that there can not occur any self-
trapping of holes in a bulk MgO crystal, while the process is possible at low-coordinated sites (corners, kinks
etc.) at MgO (100) surface [12, 13]. This conclusion is also consistent with the experimental results [14] that
showed a high hole mobility in the bulk MgO.

In MgO, Ca®" impurity ions replace regular cations and form substitutional solid solutions with the con-
centration of calcium ions up to Several at%. The ionic radius of Ca*" surrounded by six O is larger than
that for Mg*" (1.14 A and0.86.A¢ respectively). So, the doping of MgO with Ca®" causes the expansion of
the crystal lattice. It i obvious that the Ca®” situated at cation lattice sites cannot serve as traps for conduc-
tion electrons because the ioftisation energy Ej,, of a free Ca’ is about 3 eV lower than of Mg'. On the other
hand, the valuefof E; for Be' is by ~3 eV higher than that for Mg" and, in principle, electrons can be trapped
at Be*". However;ithe effective cross-section of electron trapping by Be" is at least by dozens of times lower
than the effective cross-section of the recombination for the complex Coulomb centres formed at a hole trap-
ping nearbyBe’ ! ions.

In [15],72°6.8 eV luminescence peak was reported in Ca-doped MgO crystals and assigned presumably
to[@a]” centre (Ca>" substituting Mg”" next to the hole trapped on an oxygen ion). To verify this conclusion
which is in contradiction with the assignment of the ~6.9 eV emission in nominally pure MgO to self-trapped
excitons [11], additional investigations of MgO:Ca (~200 ppm) were performed in our laboratory. The crys-
tal was firstly grown from highly pure starting materials by a variation of arc fusion technique and thereafter
the second growth was performed using the purest part of the crystal grown in the first stage. Such procedure
allowed to reduce additionally the concentration of uncontrolled impurities in MgO:Ca. According to [16], a
quasiline emission of free excitons at 7.69—7.70 ¢V dominates in the photoluminescence spectrum of highly
pure MgO, while the emission band peaked at 6.8 eV is absent. On the other hand, quasiline emission at
7.65 eV (i.e. shifted toward low-energy region with respect to the emission of free excitons) and intense
broadband emission peaked at 6.8 eV were detected in MgO:Ca crystals. The intensity of broadband emis-
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sion decreases parallel to the decrease of the concentration of calcium impurity ions. The 6.8 eV lumines-
cence is efficiently excited by synchrotron radiation of 7—40 eV, i.e. both below the edge of fundamental ab-
sorption and at the formation of free excitons or separated electrons and holes (band-to band transi-
tions) [17]. The efficiency of 6.8 eV emission is especially high at 25-30 eV, where the values of absorption
constant are relatively low thus decreasing the outcome of conduction electrons and valence holes at the sur-
face. In addition, the multiplication of e-h pairs, when one exciting photon forms two or even more e-h pairs
occurs if the photon energy exceeds ~24 eV [17, 18].

MgO:Ca™ [Cal}
(200 ppm)

hvem =7.65eV
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Fig. 3. The temperature dependences of the steady luminescence intensity measured for quasiline emis-
sion at 7.65 eV (filled circles) and broadband emission at 741, eV (triangles) at the excitation of MgO:Ca
by synchrotron radiation of 25 eV and the TSL curve (solid line),measured after irradiation of MgO:Ca by
X-rays at 6 K ( = 10 K/min).

Figure 3 demonstrates the temperature dependences of the luminescence intensity measured for quasi-
line emission at 7.65 eV and broadband emission,with.the/maximum at 6.8 eV (bandwidth of ~0.8 eV, mea-
surement was performed at 7.1 eV) at the steady excitation of MgO:Ca by synchrotron radiation of 25 eV,
which selectively forms separated electrons and holes. The absorption constant at 25 eV is significantly low-
er than those at the beginning of band<«to-band transitions and the 25-eV photons excite crystal regions lo-
cated rather far from the surface. The thermal quenching of the emissions starts above ~40 K and the intensi-
ties are decreased by half at about 50 K. To elucidate the processes responsible for the thermal quenching,
the thermally stimulated luminescence (TSL) has been measured after irradiation of MgO:Ca by X-rays
(50 kV, penetration depths exceeds the thickness of our sample) at 6 K. The TSL was measured for 2.9 eV
emission with the heating rate of /= 10 K/min. The 48 K TSL peak is dominant for 2.9 eV emission, while a
weak TSL peak at ~36 K is most noticeable for ultraviolet emission. The TSL has been detected on the back-
ground of a weak temperature-independent (8—80 K) tunnel phosphorescence with a complex spectral com-
position. A similar TSL curve (f = 10 K/min) has been detected in MgO:Ca previously irradiated by 6-keV
electrons at 6 K. The analysis of the dependences of steady photoluminescence on temperature and the TSL
curves testify that [Ca]" centres are formed after irradiation of MgO:Ca resulting on the hole trapping by
Ca’“impurity iofis located at regular cation sites. The thermal ionisation of [Ca]" centres takes place at about
50 K. The hoele‘delocalisation causes a sharp attenuation of the 6.8 eV emission because the holes released
from{Ca]" centres migrate to still localized electrons. The latter recombination process manifests itself in the
TSL peak at ~48 K in previously irradiated MgO:Ca: thermally released holes recombine with the localized
electrons via 2.9 eV emission.

Hole trapping in MgO single crystals can happen only if there exists an initial distortion or irregularity
in the crystal. It should be noted that the [Be]™ hole centre does not have any obvious coulombic precursor
for the hole trap. However, due to the small ionic radius, the Be?' that substitutes for regular cation Ca”' is
hopping inside the cation vacancy site polarizing the surrounding oxygen ions. When MgO:Be is subjected
to irradiation, such polarizations act as shallow traps for the holes. At some point, when a hole localizes at
the O* neighbouring the Be™', the latter relaxes away from the former, hence, the potential well is deepened
so that its depth is sufficient for localizing the hole and formation of Be*" trapped-hole centre.
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In view of this, it could be very instructive to investigate hole trapping in MgO:Ca crystals. Ca is also
isovalent with Mg, but its ionic radius rc, = 1.14 A is much bigger than that of magnesium. Such a big ion
will produce local distortions at the cation vacancy site, thus, possibly allowing a hole to be trapped on the
neighboring O, forming a [Ca]” centre. According to our experimental data, a 48 K TSL peak is related to
the thermal destruction of [Ca]” centre and the 6.8 eV luminescence peak is assigned to it (see Figs. 1 and 3).
However, the decisive experiment would be the EPR detection of the [Ca]” centre but it is technically com-
plicated because the MgO:Ca crystal must be irradiated and kept before the measurements at 7< 30 K.

It is of interest to compare the processes of a hole localization nearby impurity Be*” and Ca*" ions in
MgO and nearby Na“ or Rb" impurity ions (the ionic radius is smaller or bigger than that of K, respectively)
in KCI. The so-called Vg4 centres (a self-trapped hole near an impurity cation, see, e.g., [2]) are efficiently
formed in KCIl:Na, while such centres are not detected in a KCL:Rb crystal. According to luminescent stu-
dies, the hole localization near a Ca®" that substitute for a Mg*" with a smaller ionic radius ina regular cation
site takes place in MgO:Ca. Conceivably the effect of a lattice polarization by a hole in the region of an‘im-
purity ion in metal oxides is significantly stronger than that in AHC doped with isovalent alkaliimetals. As a
result the localization of a hole (or an exciton) in MgO occurs even near an impurity whichyionie radius is
bigger than that of a regular cation. Since Ca®" do not serve as the electron traps, the recombination of mobile
conduction electrons, formed at MgO:Ca irradiation by photons of hv > E,, with the trapped holes causes the
intense wideband luminescence peaked at 6.8 eV (see also figure. 3).

The cross-section for the recombination of electrons with charged.(coulombi¢) [Be]” and [Ca]" centres
is at least two orders of magnitude as high as that for neutral trapped-hole centres. In MgO, the energy re-
leased at the recombination of a cold electron (relaxed down to the bottom. of the conduction band) with
[Be]  and [Ca]" is not sufficient for the creation of a pair of Frenkel defects, i.e. the formation energy of a
Frenkel pair exceeds the energy gap (Ery > E;). However, non-relaxed\(hot) conduction electrons participate
in the recombination with [Be]" and [Ca]" as well providing, in principal, the formation of Frenkel defects.
Such hot recombination are in competition with the multiplication process of e-h pairs, when a sufficiently
hot conduction electron (or a hot valence hole) is able to create a secondary e-h pair (see, e.g., [18]). In MgO,
the width of the valence band is about 6 eV [19] andhotyvalence holes do not cause the multiplication of e-h
pairs. According to detailed experimental investigations, the efficient creation of secondary e-h pairs occurs
if the energy of exciting photons is hv = 25-30.eV. Soj,the energy of non-relaxed conduction electrons in the
crystal bulk, which can be involved in hot recombinationiinstead of the multiplication process, is limited by
about 11-16 eV. The energy released at.the tecombination of such electrons with [Be]" and [Ca] centres
ranges up to 19-24 eV, i.e. is basicallySufficient for the non-impact creation of Frenkel pairs nearby [Be] or
[Ca]’. Behaviour of oxygen interstitials in MgO was theoretically calculated in [20] and the experimental
manifestations of these interstitials were,detected in X-irradiated MgO crystals. Oxygen interstitials, stable
up to 700 K [21], can be formed, for.instance, with the participation of hot electrons and [Be]", [Ca]" or other
trapped-hole centres. It is worth noting that the favourable conditions for the defect creation via hot e-h re-
combination are formed at the irradiation of MgO with swift heavy ions due to the extremely high density of
electronic excitations (€-h pairs) within ion tracks. The further investigation of such processes lies ahead.
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CHeKTpaJILHO-JIIOMI/IHeCHeHTHbIe XAPAKTCPUCTUKH TBEPAbLIX PAaCTBOPOB
Cy.]'lb(l)aTOB KaJIud € OPrauimdeCKUMHU KPpaCuTeJIAMU

Spectral-luminescent features hard solution sulphate potassium
with organic dye staff

Mypamosa 3.D.

Kapazanounckuti 2ocyoapcmeennuiii mexnuyeckuil ynueepcumem (E-mail: z.murasova@mail.ru)

Kpucrangag OOSFBIITAPIBIH MeJIIEpi epTiHIINETiNeH yII ece a3 ekeHi kepcerinmi. JKyTeury sxoHe
JIOMMHECHICHIMS CHeKTPIIEpPiH eJIIIey YILIiH jKacalfaH aBTOMATThl KYPBUIFBIHBIH OJIOK-CYJI10achl MEH KYMBbIC
yCTaHBIMbI KENTipireH. AJBIHFaH KPUCTAIAAPABIH ONTHKANBIK CHUIaTTamanapsl 3eprrengi. JKyry sxone
JIOMUHECHEHIUSI CIIEKTPIIEPi Cy epTiIepiHAeri CIieKTpiiepre yKcac eKeHAIr KopceTii.

Potassium sulfate crystals doped by organic dye stuffs are researched in the article. It is shown the dye con-
tents in the crystals is less than one in the solution by three orders of magnitude. Optic characteristics of the
obtained crystals are investigated. It also shown, that absorption and luminescence spectrums are analogous
to ones of their water solutions. The flow block and operation principle of the automatic plant for measure-
ment of the absorption and luminescence spectrums are cited.

Beeoenue

B MOCJICAHUEC IOoAbl YBCINYUIICA UHTCPEC K TaAKUM TBEPABIM PACTBOPAM, B KOTOPBIX IMPU CUHTC3C WA

BBIpAMBAHUH KPHUCTAJLIOB HCIIOJNB3YIOTCS HEOPraHMYECKUE KOMIIOHEHTH B COYETAHUM C OPTaHUYCCKUMHU.
DT0 CBs3aHO, TIPEXK/IE BCETO, C MOTPEOHOCTSIMH ONTORIEKTPOHUKH M JIa3epHON TEXHHUKH. B HacTosmiei pabo-
T€ MBI PACCMOTPHUM TaKH€ TBEPJIBIE PACTBOPHI, UCIIONB3YSI HACOTIOTHIO padoT [1-7].
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