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Introduction

The question of annealing of defects that arise in the
technological process of growing or the process of
irradiation of crystalline bodies is of important scientific
and practical importance for establishing the nature of
defects and processes of their transformation in order to
obtain material with given parameters.

After a short-term annealing of close pairs, there is a
long-term one (1 s - 1 hour). The difference between these
annealings is not only in the relaxation time scale, but in
the nature of ongoing processes. When the defects are
Frenkel pairs, uniformly distributed over the volume, the
effect of short-term annealing can be neglected [1].

Simulation of long-term annealing processes at the
atomic level requires high speed and computer memory.
Significant progress in the modeling of such processes has
been achieved using a macroscopic approach, which
allows describing the temporal evolution of the
concentration of defects using a system of differential
equations for various types of defects: interstitial atoms,
vacancies, clusters, dislocation loops, pores, impurities,
precipitates, grain boundaries, etc.

I. Isothermal annealing

The change in the concentrations of interstitial atoms
I(t) and vacancies V() associated with mutual
recombination is represented by equations [2]:
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dV(t)/dt = —K(T)V(t)I(t),
di(t)/dt = =K(T)V(t)I(t),
V(0) = Vo, 1(0) = Iy,
here K(T) is the recombination  constant,
K(T) = 4nrD(T), D(T) = Dyexp (—E/kT) - is the
diffusion coefficient of the faster component, r is the
radius of the defect recombination region [3].
The solution of these equations under the condition of

constant temperature T = const describes the process of
isothermal annealing:

1©) = oo = 1)/ ((Voexn (K (1)t o = 1)) = I ).

V) =1(@) +V, —I,.
Let's consider two options.
1. Close concentrations of interacting defects. Let
dI(t)/dt = —K(T)I(t)?,
1(0) = I,.

The solution of the bimolecular reaction equation
(second-order reaction) is
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1(t) = Ip J(LK(T)t + 1).

This solution can be obtained by the limit transition
I, = V, from the previous solution.

2. Concentrations of defects differ significantly. Let
V(t) = Vo,

dI(t)/dt = —K(T)V, - 1(0),
1(0) = I,.

The solution of the monomolecular reaction equation
(first-order reaction) is

1 = Ioexp (_KVOt),

which can be used to describe the flow of a defect on an
unbounded trap.
This solution can also be obtained from the very first

solution at another boundary transition I, « V.

Therefore, by changing the difference V, — I, it is
possible to smoothly transition from a bimolecular
reaction to a monomolecular reaction.

I1. Isochronous discrete annealing

It is clear that each step of isochronous annealing is
isothermal annealing. So, if we take as the initial value
obtained in the previous step, and also explicitly introduce
the temperature dependence of the recombination
coefficient K(T;) = Koexp(—E/kT;), where E is the
activation energy of the diffusion process of the
component and replace t with At = const - duration of
one step of annealing, then the value of the concentration
at the i-th step will be written in the general form and in
the two limiting cases by the expressions:

Li=L_.(Vo—1p)/ ((Ii—l + Vo — Io)exP(KoAt(Vo - Io))exp(—E/kTi) - Ii—1):

Iy = I;_ /(i1 KoAt exp(—E /kT;) + 1),

I; = I;_exp(—=Ko VoAt exp (—E/kT;)),

Thus, the obtained expressions are recurrent
dependences of the concentration of defects on
temperature. It is convenient to use them in case when
during isochronous annealing there is a different
temperature step. But, if annealing is carried out with a
constant step at the temperature AT, then instead of
recurrent expressions for the analysis of experimental
data, analytical ones can be used, in which the
concentration /; on j - therefore, the steps will be expressed
through the initial concentration lo, the initial temperature
To, the size of the temperature step AT and the step number
J.

Let's consider the step-by-step transition from a
recurrent connection to dependence on the step number for
a monomolecular reaction. Let's write the expressions for
j steps starting from the first:

11 = 10 exp(_KoAt exp(_E/le)),
I, = I, exp(—K,At exp(—E /kT,)),
I; = I;_y exp(—KoAt exp(—E /kT})),

Expressing the next in terms of the previous one, we
get:

I = ILyexp(—KoAt Z{zl exp(—E/kT})).
For a bimolecular reaction:

1/1, = exp(E /kTy) /KoAt + 1/1,,

1/1, = exp(E [kT,) /KAt + 1/14,
1/1; = exp(—E/kT;) /Kot + 1/1;_,.

Expressing the next in terms of the previous one, we
get:

1/I; = X)_, exp(E/kT)) [KoAt + 1/1,.
I11.1sochronous continuous annealing at
a constant rate
Consider the case of linear dependence of temperature
ontimeT =T, + at, then time equations can be rewritten
as temperature equations:
dV(T)/dT = —Kyexp(—E /kT)V(T)I(T)/a,
dI(T)/dT = —Ky,exp(—E /kT)V(T)I(T)/a,
V(Ty) =V, V(Ty) =V,.
For concentrations we have a relation
V(T) =I(T) +V(T,) =V,
Let's divide the variables:
dI(T)/(I(T) + Vo — I)I(T) = —Kyexp (—E /kT)dT Ja

We integrate:
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I(T) = 1,(Vo — 1p) /| (Voexp (Ko (Vo — Ip)

The result was obtained through the integral, which is
not taken analytically.

It is easier to obtain the result by numerical integration
of the differential equation for dimensionless
concentration and temperature, by entering a unit of
concentration N =V, — I, and the unit of temperature
|t = a/KyN,theni =I(T)/N, v =V(T)/N. We obtain

i=1i,/ (vgexp (ITT) exp(—E/kT)dT /1) — io)).

IVV. Application to experimental results

Isochronous annealing of radiation defects in GaP
irradiated with reactor neutrons (F = 3 10%¢ n/cm?) was
carried out in the temperature range from room
temperature to 600° C. The calculated concentration of
damages that affect the fundamental absorption is an
exponential function of the annealing temperature (Fig. 1.)

[4].
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Fig. 1. Concentrations of radiation defects of the GaP
sample, from the isochronous annealing temperature.

T
exp(—E/kT)dT /a) — I,

To

Smooth approximation dependence (Fig. 1.), obtained
according to the model of the bimolecular reaction of the
annealing of Frenkel pairs with initial concentrations of
defects lo=7,1 102 cm™3, Vo= 7,3 102 cm3, the activation
energy E = 0,28 eV and the annealing constant
Ko/a=9,4 102 cm¥/K.

Conclusions

Analytical time dependences of the concentration of
defects in the case of isothermal annealing by the
mechanism of recombination of a pair of defects using the
example of a Frenkel pair are presented. Limiting cases
represent 1st and 2nd order reactions.

Iterative  temperature  dependences of  the
concentration of recombining defects were obtained
during isochronous annealing with a fixed exposure time
at a constant temperature.

The solution in the integral representation of
isochronous annealing with a fixed rate of temperature
change is given. Approximation of the experimental data
by the solution of differential equations obtained by the
numerical method was carried out.

The possibility of explaining annealing by one
mechanism is shown. The initial concentrations of
pairwise recombining defects, the recombination constant,
and the activation energy of the process are presented.

Saliy Ya.P. —Professor of the Physics and Chemistry of
Solid State Department.
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I30xpoHHwuii Ta izoTepmiunnii Bianaa gedekrin

Tpuxapnamcokuii nayionanonuil ynigepcumem imeni Bacuns Cmeganuka, m. lsano-@pankiscok, Yipaina,
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Po3rnsgHyTO 3aKOHOMIPHOCTI 130TEPMIYHOTO Ta 130XPOHHOTO AHWCKPETHOTO Ta Oe3MepepBHOTrO Biamaiy
MaTepiaily 3 MOCTIITHOIO MIBUAKICTIO HA MPHKIIAAI MOHOMOJIEKYJISIPHOI peakiii Ta 0iMOJIeKyIapHOT pekoMOiHamii
map @penxens. OTpuMaHO NapaMeTpH TIPOLIECY UL I30XPOHHOTO Bifmamdy pamiamifHuX nedeKTiB micis

HeHUTpoHHOTO onpomineHHst GaP.
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