Accepted Manuscript

Kinetics of the electronic center annealing in AloO3 crystals
V.N. Kuzovkov, E.A. Kotomin, A.l. Popov
PlI: S0022-3115(17)31509-X

DOI: 10.1016/j.jnucmat.2018.02.022
Reference: NUMA 50795

To appearin:  Journal of Nuclear Materials

Received Date: 25 October 2017
Revised Date: 14 February 2018
Accepted Date: 14 February 2018

JOURNAL OF
R MATERIALS

Please cite this article as: V.N. Kuzovkov, E.A. Kotomin, A.l. Popov, Kinetics of the electronic center
annealing in AlpOg3 crystals, Journal of Nuclear Materials (2018), doi: 10.1016/j.jnucmat.2018.02.022.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all

legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.jnucmat.2018.02.022

Kinetics of the electronic center annealing in AlO; crystals

V. N. KuzovkoV, E. A. Kotomirt?, A.l. Popov

Y nstitute of Solid Sate Physics, Kengaraga 8, Riga LV 1063, Latvia

“Max Planck Institute for Solid State Research, Heisenbergstr. 1, Stuttgart
70569, Germany

Abstract

The experimental annealing kinetics of the primafgctronickF , F* centers and
dimerF; centers observed in A); produced under neutron irradiation were carefully
analyzed. The developed theory takes into accdunirtterstitial ion diffusion and
recombination with immobilé--type and F,-centers, as well as mutual sequential
transformation with temperature of three types wpezimentally observed dimer
centers which differ by net charges (0, +1, +2)hwispect to the host crystalline
sites. The relative initial concentrations of thtgees ofF, electronic defects before
annealing are obtained, along with energy barbetaeen their ground states as well

as the relaxation energies.
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1. Introduction

a-Al,03 (corundum, sapphire) is important radiation-resisimaterial with potential
applications for components of diagnostic windowsd &areeder blankets [1-8]. The
radiation-induced vacancies in oxygen sublatticedpce electronic defects (color

centers) with trapped one or two electrons BhandF centers, respectively) [9-12].

TheF type centers in AD; show a distinctive optical absorption: at 203 g (eV) £
centers) and 256 nm (4.8 eV’ (centers). Properties of complementary interstitia
impurity atoms @are much less known due to absence of magneticemioamd optical
absorption in a suitable energy range. It is kndwawever, that in most binary oxides (as
well as in alkali halides) [13-15] the anion intérals are considerably more mobile than
complementary vacancies and thus tReype center annealing at intermediate
temperatures (in MgO and Ab; around 400-500 K) arises due to the recombination
immobile electron centers with mobile interstitials. Théssupported by the fact that
center aggregation in thermochemically reduced Mg®18] and A}Os [1,19] (when
only F centers exist) occurs at very high temperatuygscally above 1500 K. Similar
picture was also observed in yttria-stabilized-amia (YSZ) [20] and BeO [21].

Under intensive neutron, ion or fast electron iiatidn of AlbOs, or even high-frequency
induction heating method, along with single defediserF, electron centers are also
observed [1,22-30]. Dimd¥, centers are also found in some other oxidesudnog
MgO, CaO and O [9,31-39].

These defects consist of two nearest oxygen vaesncapped different number of
electrons [5,6] which is confirmed in the case &% by theoretical calculations [40].
Three types of fcenters reveal optical absorption at 302 nm (¥)1 856 nm (3.5 eV)
and 450 nm (2.7 eV) [1,22,23].

The study of thé=- andF, electronic center annealing is important for pcédn and
control of radiation stability of oxide materialsRecently, we developed
phenomenological theory describing the diffusiontcolled kinetics of the Frenkel
defect annealing in ionic solids [41,42] and demw@ted how analysis of the
experimental data allows us to extract two conperameters: the migration energy of
the interstitial iond, and pre-factoX = ngRDy/f5, whereny is initial defect concentration,

R recombination radiusD, diffusion pre-exponent, an@ heating rate.



In this paper, we generalized this theory, takitg account dimeF, centers and their
mutual transformation and recombination. We havealyaed in detail available
experimental kinetics of both the sindgte and dimerfF; type center annealing in AD;
in a wide temperature range (300-1200 K).

2. Theoretical

Our model of radiation defect annealing includesftiilowing steps: (i) primary Frenkel
defects (vacancies and interstitials, in case gDAthese are thé-type centers and;O
interstitials) are produced by radiation in equahaentrations, (i) defects migrate with
the diffusion coefficients determined by the migratenergie€, and pre-exponentials
Do, (iii) The F centers mobile at high temperatures attract e#toér @and form metallic
colloids, (iv) the dissimilar defects recombine opmutual approach within a critical
distanceRthrough the bimolecular reactiqw) the post-irradiation annealing occurs with
the linear increase of the temperature, (vi) thsgees of immobile dimefF, centers
created under intensive irradiation can mutualgnsform F,(1) - F,(2), F,(2) =
F,(3), and recombine with mobile interstitials. More hwehatical details are discussed

in Appendix.

As was shown [16,41,43,44], the centers in thermochemically reduced (TCR)
sapphire are mobile only above 1500 K. Below tlemperatureF-type center
recombination and transformation in irradiated sias@re controlled by much more
mobile oxygen interstitials [9,41]. This is walbserved, for example, in alkali
halides [13, 42]. However, in TCR samples with higimcentration of impurities and
mobile vacanciedefect-assistant F center migration and dimer formation could also
occur at reduced temperatures [17,43]. Fitting dheoretical kinetics to the
experimental data on tHecenter annealing, we can extract the migratiomgges of

interstitials and the pre-exponential factdysontainingDo.

3. Results
3.1 TheF centers
We found in the literature a number of experimestatiies for the electronfe- andF”
center annealing in neutron irradiated sapphird,aralyzed 10 available kinetics. Six of
these annealing kinetics are shown in Fig.1, wisetiea kinetic parameters obtained for

all 10 kinetics are summarized in Table 1. Notd thase kinetics differ considerably by
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experimental conditions, first of all, neutron ayies and fluxes. This results in a
considerable variation of the migration energies @ne-exponentials summarized in
Table 1.

Table 1 The calculated migration energies of interstibalygen ionsk, and pre-
exponential factorsX for 10 kinetics from the literature (see refere)ce The
experimental and theoretical kinetics (points amtl lines) for the first six cases are
shown in Fig.1.

Nr. | Type |E,(eV)| X(KY Reference

1 F 0.79 | 2.1x10" [43]

2 F* 0.89 | 7.0x10' [43]

3 F 0.40 | 2.3x10™ [3], Fig.4

4 F 0.47 | 1.2x10° [23], Fig.5

5 F 0.39 | 5.3x10* [22], Fig.3

6 F 0.27 | 4.0x10™ [45], Fig.2c
7 F 0.22 | 3.3x10° | [45], Fig.2a
8 F 0.17 | 1.3x10° [22], Fig.2

9 F 0.14 | 1.9x10° [46], Fig.3

10 F 0.35 | 1.4x10° | [1], Fig.12b
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Fig.1. The kinetics of thé= or F* center annealing for different neutron fluxes (Sable 1
for details).



We attribute a strong dependence of Eyeand X parameters to the variation in
radiation defect concentrations (the irradiatiarx}fl As one can see, decrease of the
diffusion energies is accompanied by decrease,rdgre of magnitude, of the pre-
exponential factors. Moreover, pre-exponentialdexcK are typically much smaller
than its simple estimate for normal diffusion ilystals (assumingo = 10"’'cm®, R=
10 A, Do =10° cnf s*, p= 10 K/min, one expects the=10° K™). We believe that
this is result of increasing material disorderinighwarger and larger fluences which
is supported by recent experimental [47] and thexaie[48] studies. The smallest
fluxes correspond to curves 1 and 2 handF" centers), which show the largest O
migration energies (0.8-0.9 eV) and largest présfacX=20-70 K. This migration
energy is indeed close to theoretically calculat@de for thecharged interstitial ions
[49], and considerably smaller than the estimatetlfe neutral interstitial [50]. Note
that the calculated migration energy of the elestré centers is much larger, 4.5 eV

[41], therefore, these defects are immobile atéhgperature range shown in Fig.1.

Second, the annealing curves for FhandF" centers (curves 1 and 2 in Fig.1) decay
sinchronously which means that no transformatibm F* occurs; both defects
recombine independently with mobile interstitialhe difference of 0.1 eV in the

obtained migration energies could serve as an acgwstimate of our theory.

3.2. Dimer centers

In this Section, we discuss the annealing of tmeed, center kinetics observed in
two experimental studies [22,23]. As is seen in.Eigurves 4 and 5 for thg"
centers in these experiments decay smoothly andv s peculiarities due to
presence and transformation of dimer defects, dueditner relatively small
concentrations. Following original papers, Fig.2wh the normalized annealing
kinetics of the thred-,- centers from ref. [22] whereas these kinetics waoe
normalized in ref. [23]. (In our analysis we normmall data [23] for analysis and
returned them back to original form in Fig.3). Ndtat this is generally believed (e.g.
[22,23]) that three types of the dimer centersaieated as the result of bimolecular
reactions between single mobile vacancies, €.¢F - F,, F+F* > F; and
F* + F* > F#*. However, we understand now that the F-centersnarebile at the
relevant temperatures and thus mutual transformatb the dimer centers is
electronic process controlled by electrons thenmiailzation from vacancies and re-

trapping by other vacancies. Essentially, Eaetype centers observed [22,23] were
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created during the irradiation (e.g. as a resultowérlap of tracks produced by
neutrons) but not sample annealing. In paralled,tttalF, concentration decreases,
as well as that for the single defects, due to mdmpation with the mobile

interstitials.

Let us analyze now data in Fig.2, and derneiecenters in the sequence of their
appearance:sH1) corresponds to the peak at 302 npi2 450 nm, K3) 356 nm. As
one can see, concentration of the sirfgleenters monotonous decreases (see Fig. 1,
curve (5)) whereas three dimer centers show véfgrdnt behavior: similar but faster
monotonous decay oh@), a sharp K2) peak in the temperature range of thélF
decay, and §3) peak at higher temperatures whes@}-centers decay.
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Fig.2. Experimental points from ref. [22] and their thema analysis (full lines).
Maximum of the 450 nm band intensity was normaliednity. Background was substracted
and peaks normalized. Empty red squares very littelgot related to the F2(1) band (e.g. see
discussion in Ref. [23], p.2990, for more detaalsyl were neglected in our analysis
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Fig.3. Non-normalized experimental points from ref.[23Haheir theoretical analysis (full
lines).

This supports idea of mutual transformation of ¢htgpes of dimer centers. The fact
that theF center decay is not affected by the mentioned|@etties in theF, kinetics
indicates at a negligible concentration of dimentees compared to that of the
centers. This allows us to treat kinetics of EhandF, centers independently which
greatly simplifies the problem. In particular, wehitonsidering the kinetics of dimer
centers, the concentration of hole centers coulhiken from solution for the kinetics
for single centers. The basic equations for theedioenter kinetics are discussed in

the Appendix. Here we concentrate on the basidtsesu

As mentioned above, the annealing kinetics of dipsters is a combination of the
two independent processes: recombination of imreodligctron centers with mobile
interstitials (hole centers) and mutual transforarabf three types df.-type centers:
F,(1) - F,(2), and F,(2) - F,(3). As shown in Appendix, total concentration of
all dimer centers is defined by the sindgtecenter decay kinetic§(t) = n(t)/n(0),
asC*(t), wherex=R,/R, R and R are recombination radii for interstitials with gie

and dimer centers.



Three dimers could be characterized by relativecentrations (probabilities)\(t),
i=1,2,3, with the normalizatio(t)+ W;x(t)+ Ws(t)=1 and initial conditiorV;(0)=w;.
The dimer concentrations are defined as produg(®@t)” . These concentrations
were rescaled in Fig.2, following data presentaiioref.[23].

The equations for probabilities (see Appendix) dbsc dimer center mutual
transformationsF, (1) — F,(2) with the rate p=p.’exp(-B/ksT), and thenF,(2) -

F,(3) (with the rate p=p.lexp(-E/kgT)). Fitting theoretical curves to the
experimental ones, we have obtained the main kinprameters — activation
energiesE, and E;, two pre-exponentsP;=p,%g and P,=p,’/, recombination

parametek and initial defect populations..

The results are shown in Fig.2 and Fig.3 in fulives and summarized in Table 2.
As one can see, a simple model describes veryangehole set of experimental data.

Table 2 The obtained parameters of mutual dimer centestoamations.

F centers diffusion kB center mutual transformation
Ref. | Activation | Pre- Activation Pre-exponents Populations
energy exponent| enegies
E., eV X,K' | E E. PLKY [P KT Wy W, [W,
eV eV
[22] |0.39 5.3-10 | 0.46 | 0.32 | 9.7-70| 4.3-16 | 0.99] 0.01 | 0.00
[23] | 0.47 1.2-106 10.87 | 047 | 9.5-70] 1.6-16 | 0.78 | 0.02 | 0.20

The parameter=2.06 [22] and 1.66 [23]

The calculated activation energies for mutual cetrensformations based on data
[22] are similar,E,=0.46 eV andE.=0.32 eV and close to the Oi migration energy
E.=0.39 eV, three related pre-exponents are alsecies.3-10' K, P,=9.7-10 K*
and P,=4.3-10 K™. The parametek=2.06 is close to the ratio of geometric cross
sections of an interstitial recombination with giegle defect and di-vacancy. Lastly,
the initial Fz(1) dimer population is predominam;=0.992, whereas that for2) is
very small, anahegligible for F(3).

The analysis of data [23] demonstrates that transition energies are slightly larger
than in ref.[22]: E,=0.87 eV andE=0.47 eV, as well as;@nigration energ¥,=0.47
eV. Three related pre-exponents are also clgsé:2-108 K*, P;=9.5-16 K* and
P,=1.6-16 K. The parametex=1.66 is again close to the ratio of geometric €ros

sections of a single and di-vacancy. Lastly, th&ainF,(1) dimer populations is



large,w;=0.78, F»(2) dimer populations is very smally,=0.02, whereas population
of the third dimer is intermediatey;=0.20. At any rate,F,(1) dimers again are

predominant defects after irradiation and beforgeafing.

Temperature evolution of three types of dimer cotegions in both experiments
[22,23] is shown in Figs. 4 and 5. It is well sdere that the main difference lies in
the larger initial concentration ¢%,(3) dimers under experimental conditions of ref.

[23] but qualitatively results are very similar.

It could be assumed that mutual transformatiorhoddF,-type centers correspond to
three possible dimer chargds;, F," andF,** (four, three and two trapped electrons
in the di-vacancy (see Fig. 3 [51], Fig. 3 [40] hieh occurs vialectronic process --
dimers successive thermal ionization with releaszhdime one electroif, - F; +

e andF, - F}* + e, respectively. This hypothesis needs further cheafalysis.

12 T T T

AIZOS

4 L
=2} o
| I

Probabilities

o2
S
T r

0.2 -

0.0 L \ 1 ;
200 400 600 800 1000 1200

Temperature, K

Fig.4. The calculated temperature dependence afrdienter populations [22].

Along with sequential dimer center transformatidhél) — F,(2), F,(2) — F,(3),
we considered more general processes includingthgpeal reactiorF, (1) — F,(3)
and reversible reactions (with electron trappinB)(3) — F,(2), F,(2) = F,(1).
(This analysis is based on our previous experigvittereversible chemical reactions
[52,53]. More details are available from authorsrbguest). The main conclusions
are as follows: (i) The hypothetical procesg1) - F,(3) does not occur, only
sequential transformatior%, (1) - F,(2), F,(2) —» F,(3) take place, (ii) The rates
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of above mentioned reversible processes are néfyegnall. Similar analysis shown

that there is no mutual transformation of EhandF" centers.
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Fig.5. same as Fig.4 for data in ref.[23].

4. Conclusions

Phenomenological theory of the diffusion-controlkthealing kinetics of single and
dimer electron centers in irradiated oxides waseliged and applied to ADs

crystals. Theoretical analysis of the available ezxpental kinetics for thé type

centers produced under neutron irradiation shovengtdependence of the migration
energy and pre-exponent for oxygen interstitiakion the radiation fluence which is
ascribed to increasing material disordering [48]e Tnigration energy of 0.8 eV for
lowest fluence (almost perfect crystal) is in a djomgreement with theoretical

prediction forcharged oxygen interstitials in crystalline matrix [49].

Analysis of the kinetics of the mutual transforroatiof three types of dimd¥,-type
centers observed under intensive neutron irradig22,23] allows us to extract all
kinetic parameters and supports the idea that ttieee centers differ by the charge
states (neutral, single- and double-charged defeitiisrespect to the perfect crystal).
We suggest the following center interpretation: 302 - F,, 450 nm -F," , and 356
nm F,**. Note, that determination of the defect chargeestas very non-trivial
problem; there is also no unique opinion in theréture also foi,-type dimer
centers [9,22,23,29,30,40,51], which needs furtmalysis. The general hypothesis of
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different charge states and electronic procesdasdh¢heir mutual transformations is
supported by our similar results for three typesdainer centers observed in MgF
[54] and discussed in ref. [28]. It is also clgashown here that this transformation
does not involve migration of singketype centers [29].

In some publications (e.g. [23]) the absorption dbat 300 nm was tentatively
ascribed toAl;" interstitials, citing old studies, e.g. by Evdss]. However, this
hypothesis was not experimentally proved and iarlagview paper by Evans [56]
was not considered at all, the whole defect scenaais within the framework of the
concept of theF, F+ and large family of differenF, centers. In this connection
situation is quite similar to MgO, where radiatimatuced Mg interstitial optical
absorption never was observed. Moreover, theotetalaulations [57] indicate that
Ali" could be stable only at very low temperature doelow barrier for back
recombination, whered$ (1) start to decay above 600 K (Fig. 4).

Theab initio calculations of the atomic and electronic structfréhree dimer centers
could give better understanding of the parametégs Ec and relevant pre-
exponentials, in order to discreminate betweenefleetron thermal ionization and
delocalization between different dimer centers, tloeir ionic restructuring and

transformations.
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Appendix
1. Single center annealing kinetics

Changes of thé-type center and interstitial (holld) concentrations are described by the

bimolecular reaction
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dngp(t) _ dny(t)
o= e = —Kng(Hny (), (A1)

where nz(t) and ny(t) are defect concentrationgy(t) = ngy(t) = n(t). Our study
shows that thé=- and F*- centers reveal the same recombination rtesnd do not
transform one to another. It is convenient to adurce the dimensionless defect
concentrationC(t) = n(t)/n(0), C(0)=1. TheF centers are immobile at temperatures
400-1200 K, whereas oxygen interstitials migratéhwhe diffusion coefficientd =

Dy exp(—E,/kgT) , E4 is the activation energy. The recombination raiald be well
approximated a¥( = 4rDR [58], where R is recombination radius, typically tbe

R~a, (see discussion of this approximation in refs-§39).

The defect concentration decay reads

d (%) = Knodt | (A2)

wheren, = n(0). For the linear temperature increase with the/]?ate% T(t) = const,

eq. (1) becomes

1 T _ Eq
= 1HamX [ exp( kBT) dT | (A3)

whereX = ngRDy/f is a combination of basic paramters, d@fd= T (0).

We used eq. (3) for the least square fitting todkperimental kinetics, which gives us

two main kinetic parametedsandE; presented in table 1.
2. Dimer center kinetics

The smooth decay of the sindfetype center concentrations in Fig. 1 is obviousby
affected by changes in the dimer center conceatraiown in Figs. 2 and 3. This proves
that relative concentrations of dimer centers arallscompared to those of single defects
and thus one could consider both kinetics indepathgdeneglecting in particular,
formation of additionalF centers due to recombination of mobile intergsitiand F,
centers and decay of interstitial concentratione thurecombination witlr, compared
with that with single electronic centers.

As discussed above, kinetics of dimer centers dedu both their bimolecular
recombination with mobile interstitials and muttinsformation of three types &b-
type centers (monomolecular processésjl) - F,(2), and F,(2) —» F,(3). As the

12



result, the dimer center decay is described by kimeolecular diffusion-controlled

reaction

d nFZ (t)

1 = Kanp,(Ong (D), (A3)

whereK, = 4nDR, = kK, andk = R, /R is a ratio of cross-sections for the interstitial
recombination with the dimer and single electrotenters. Since the concentration on

the righ hand side (t) = n,C(t) is known, eq. (A2), one gets
d[Inng,(t)] = —kKn,C(t)dt = d[In C*(t)] . (AB)

In other words, the decay of dimer center concéotras related in a simple way to
that for that of single defects:

Fz(t) — (K
e =@ (A7)

This is why both types of centers decay in the seamgperature range.

Now we can consider kinetics of the mutual transfations of three types of tHe
centersF,(1) - F,(2), and F,(2) —» F,(3) .

Let us introduce the relative defect concentratigmebabilities)W(t), i=1,2,3, with the
normalization Wy(t)+ Wh(t)+ Ws(t)=1 and initial condition W(0)=w;. Then the
probabilities to find three types of centers aréingel by the following set of kinetic

equations:

aw
Tl = —paWi(B), (A8)

d Wyt
d_i() = p1W,(t) — p W, (0), (A9)

dWs3(t)
d_i = p. W, (), (A10)

where the transformation ratg=p,’exp(-Ey/ksT) corresponds to the proceBg1) —
F,(2), and then the rate,pp,’exp(-E/ksT) to the processF,(2) - F,(3). These
equations were numerically solved, provided thestamt heating ratg = %T(t) =

const. Using the least square method, we obtained the kiaetic parameters —

activation energies for mutual transformatidisandE., two pre-exponentB8;=p.%/p

13



and P,=p,%B, recombination parameter and initial defect populationss. The

obtained results are discussed in Section 3.2.
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