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OKPEMI ACHEKTHU TEOPII BIIIAJNY JE®EKTIB B OITIPOMIHEHUX KPUCTAJIAX
CdSb

Ilpouyecu ymeopenna i nepedyooeu paodiayitinux Oegexmie npu OnpomiHeHHI i GiONANi MOMCHA PO32NAOAMU AK
CYKynHicmo KeazixiMiunux peakuyiii pizHozo nopaoky. /leaki i3 HUX eaxcko 3eecmu 00 opmu, aka 6 dasana Moicaugicmsy
npoOananizyeamu uacogy 3anexcHicms Konyenmpayii deghekmie npu eionai.

Baswenueum napamempom, akuit euznauac Kinemuky eionany oeghexmis, ¢ enepzisa akmueayii ¢ionany. Icuye oazamo
Memooie eusnavenus yici enepeii. Mu Kopucmyeanucsa memooom nepepizie, AKUil [PYHMycmyca Ha ananizi Kpueux Appeniyca
npu piznux memnepamypax gionaiuy. /Ina eusnauenns oonacmi mepmocmiinkocmi padiayinnux deghpexmie euxopucmosysanacsa
MemoouKa i30XpoHHO20 6iOnay.

Kniouogi cnosa: padiayitinuii oecpexm, onpominenns, sionan, kpucman CdSh, enepais axmusayii, ougysis.
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SOME ASPECTS OF THE THEORY OF DEFECT ANNEALING IN IRRADIATED CdSb
CRYSTALS

The processes of formation and rearrangement of radiation defects during irradiation and annealing can be considered
as a set of quasichemical reactions of different orders. Some of them are difficult to reduce to a form that would allow analyzing
the time dependence of the defect concentration during annealing.

An important parameter that determines the kinetics of defect annealing is the annealing activation energy. There are
many methods for determining this energy. We used the cross-section method, which is based on the analysis of Arrhenius
curves at different annealing temperatures. To determine the thermal stability region of radiation defects, the isochronal
annealing method was used.

Keywords: radiation defect, irradiation, annealing, CdSb crystal, activation energy, diffusion.

Statement of the problem. The annealing process is part of a complex of measurements to establish
the nature and mechanisms of the physicochemical properties of materials. Theoretical approaches to
annealing are based on the kinetics of defect reactions — diffusion of interstitial and vacancy components,
their mutual recombination, or the formation of more stable complexes. Important concepts are defect
mobility (diffusion coefficients), migration activation energies, charge carrier capture/emission by defects,
and kinetic models of isochronal and isothermal annealing. The classical picture involves successive stages
of annealing with increasing temperature — low-temperature recombination (mobile interstitial atoms),
intermediate association (formation of complexes), and high-temperature reperforation (movement of
vacancies/clusters). Mathematically, the processes are described by systems of diffusion-reaction equations
or exponential relaxation laws with characteristic activation energies [1]. Theoretical aspects of
semiconductor defect annealing have been analyzed in the literature [2-8].

Analysis of recent research and publications. In the modern semiconductor industry, there is a
growing need to understand and combat potential radiation damage problems. Space applications are an
obvious case, but, beyond that, today's device and circuit fabrication rely on increasing numbers of
processing steps that involve an aggressive environment where inadvertant radiation damage can occur [3].

The authors [4] proposed and simulated the radiation defects type and amount of CdogZng1Te:In
crystals after neutron irradiation with the Monte-Carlo software SRIM. The calculated data are also
compared with experimental results of detector performance and the crystal defects obtained using
thermally stimulated current (TSC) measurement. The effect of a fast neutron flux (® = 1014 — 1015 cm-
2) on the electrical and photoluminescence properties of p-CdZnTe single crystals is studied [5]. Isothermal
annealing is performed (T = 400 — 500 K), and the activation energy of the dissociation of radiation-induced
defects is determined at ED ~0.75eV. The parameters that characterize process the annealing (the
activation energies and frequency factors) of the main radiation defects in silicon (A-centers, E-centers,
divacancies, etc.) have been ascertained, and various mechanisms and reactions that determine the
conditions for the annealing of the defects were proposed [6].

It is revealed [7] that radiation defects of both donor and acceptor types are introduced into the lattice
of the CdSb crystals with gamma-irradiation. The effectiveness of removal of carriers is a consequence of
the involvement of impurity atoms in the formation of corresponding radiation defects with deep energy
levels. Starting from the annealing temperature of 80 °C, deep donors with Ec — 0.16 eV are annealed in the
irradiated crystals [8]. During annealing, shallow acceptors ionized at 7= 78 K are formed, which leads to
a decrease in the crystal resistance and a change in its conductivity type. After annealing at 130 °C, the
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irradiated crystals were converted from n to p-type conductivity, as before irradiation. Neutron-irradiated
crystals annealed at a temperature of 200 °C practically did not differ in electrical and optical properties
from unirradiated CdSb crystals.

Problem setting. The aim of the paper is to consider methods for studying the kinetics and
establishing the mechanisms of annealing of radiation defects in cadmium antimonide crystals.

Presentation of the main material. The processes of formation and rearrangement of radiation
defects during irradiation and annealing can be considered as a set of quasichemical reactions of different
orders. Some of them are difficult to reduce to a form that would allow analyzing the time dependence of
the defect concentration during annealing.

Very often, the elementary activation annealing process is described by the equation:

dN E
E__ko : f(N)-exp(—ﬁj, @D

dN . . .
where a7 is the rate of change of the defect concentration at a constant annealing temperature and
T

a constant activation energy of the process E ;
N is the concentration of point defects or a physical parameter proportional to the concentration;
f(N)=N" is some function;
y determines the order of the process;

K, is aconstant, which at y = 1 is a frequency factor.
The simplest annealing of defects is the case where y = 1 (a first-order process). Such a process

occurs, for example, during the diffusion of defects (during annealing) to constant drains far from saturation.
Most experimental data indicate that isothermal annealing curves described by first-order kinetics can be
represented by an exponential function:
dN
—=—kN, (2
dr
where
k=AD, ®)
N is the concentration of defects at time 7 ;
A depends on the geometry of the drains;
D is the diffusion coefficient.
The solution to Eq. 2 is:
N =N, -exp(-kz),
where N, is the concentration of defects at the initial moment of annealing, when 7 = 0.
The coefficient A in Eq. 3 can be determined knowing the geometry of the sinks. In the case when
2
V4
the sink is the outer surface of the crystal, the coefficient A = ? for a spherical surface with radius R

2

and A= ﬁ for a surface in the form of a rectangular parallelepiped with edge sizes a, b, C
a’> b*> c?

An important parameter that determines the kinetics of defect annealing is the annealing activation
energy E . There are many methods for determining this energy. We used the cross-section method, which
is based on the analysis of Arrhenius curves at different annealing temperatures.

The rate of change of the defect concentration at a constant annealing temperature and a constant
activation energy is expressed by Eq. 1, written as:

1 dN E
E-W——exp(—ﬁjdr. (4)

Let us determine the change in the left-hand side of Eq. 4 for a certain time interval = from the
beginning of isothermal annealing:

© 0.4. ¥Ypban, C.A. Deoocos, JI.B. Awuncvkuii

174



Misicaysiecwvruii 30ipnux « HAYKOBI HOTATKH». Jlyyvk, 2025, Ne84

N
_ij.d_N=T.exp(_£j' (5)
ko 5 F(N) kT
where N is the initial concentration of defects at time 7 = 0 (the beginning of annealing).
We will perform isothermal annealing at various close temperatures. At each temperature, we will
choose such a time interval 7, during which the change in the defect concentration will be the same. Under
such conditions, the left-hand sides of Eq. 5 will be the same, which we will denote by:

N
C= 1 J'd_N (6)
Ko i, T(N)
Eq. 5, taking into account Eq. 6, will take the form:
7,=C- exp(%) @)

This Eq. 7 expresses the functional dependence between the annealing temperature T and the
annealing time 7, during which the defect concentration decreases by the same amount at each annealing
temperature. Taking the logarithm of Eqg. 7, we obtain:

E
Inz, =InC +—. 8
0 T (8)

1 . I
From the dependence Inz, = f(—j , we can determine the activation energy E of the process.

To determine the thermal stability region of radiation defects, the isochronal annealing method was
used. The irradiated crystal was isothermally annealed for the same time interval At =7, — 7, , atdifferent

temperatures T,, T,, T,, ..., which increased after each previous annealing. The isochronal annealing curve
can be obtained by integrating Eq. 1 over time:

N
= dN E

—=k, -exp| —— . 9
0 N7 0 p( an JAT ( )

Figure 1 shows the dependences of the time during which the resistance of the freshly treated surface
decreased by a factor of e = 2.7 (in the exponential interval) on the storage temperature of the irradiated
crystal. The activation energy of the process determined from this dependence using Eqg. 8 is equal to
(0.36 £ 0.03) eV. Obviously, this energy is the energy of defect migration, which is formed during the
decay of defect clusters in neutron-irradiated CdSb crystals. For the exponential interval of the dependence
of the resistance on time, we can determine the value K and, accordingly, the coefficient of defect diffusion
D at different temperatures (Eq. 3).

When determining the coefficient A, it was assumed that the sink for defects is the surface of the
crystal in the form of a parallelepiped, far from saturation. The calculated value of D at different
temperatures is given in Table 1.

Table 1.
Temperature dependence of the diffusion coefficient D
T,K D, cm?/s
273 1.6-10*
293 3.6-10*
308 7.6 - 10"
318 14-10°

Conclusions. At annealing temperatures T, , for which KT, << E, the left-hand side of Eq. 9, which

determines the change in the defect concentration during the annealing time Az, will be very small.
Significant annealing of defects will be observed at temperatures for which KT, is close to the activation

energy of defect annealing E. By conducting isochronal annealing, the main stages of annealing of
radiation defects in irradiated crystals are established.
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Fig. 1. Temperature dependence of the time interval during which the defect concentration in
the exponential region of the curves decreases by the same amount during annealing of neutron-
irradiated (® = 2 - 10'® n/cm?) CdSb crystals

References:

1. Brown W.L., Augustyniak W.M., Waite T.R. Annealing of radiation defects in
semiconductors. Journal of Applied Physics. 1959. Vol. 30. P. 1258-1268.

2. Davydyuk G.E. Radiation effects in semiconductors : textbook. Lutsk : Vezha-Druk, 2014.
278 p.

3. Claeys C., Simoen E. Radiation effects in advanced semiconductor materials and Devices.
Springer Science & Business Media, 2013. 404 p.

4. Bao L., Ganggiang Z., Xu L., Zhang B., Dong J., Li Y., Jie W. Neutron irradiation-induced

defects in Cdo.sZno.1Te:In crystals. Materials Science in Semiconductor Processing. 2019. Vol. 100. P. 179-
184.

5. Plyatsko S.V., Rashkovetskyi L.V. Deep radiation-induced defect centers created by a fast
neutron flux in CdZnTe single crystals. Electronic Properties of Semiconductors. 2018. Vol. 52. P. 305-
309.

6. Gaidar G.P. Annealing of radiation-induced defects in silicon. Surface Engineering and
Applied Electrochemistry. 2012. Vol. 48. P. 78-89.
7. Fedosov S.A., Zakharchuk D.A., Koval Yu.V., Yashchynskiy L.V., Urban O.A. Kinetic

effects in Cadmium Antimonide crystals before and after gamma-irradiation. Physics and Chemistry of
Solid State. 2020. Vol. 21, Ne 2. P. 266-271.

8. Fedosov S.A., Panasyuk L.I, Yashchynskiy L.V., Shymchuk S.P., Urban O.A. Surface
effects in neutron-irradiated CdSb crystals. XX International Freik Conference on Physics and Technology
of Thin Films and Nanosystems (ICPTTFN-XX), Oct. 06-10, 2025, Ivano-Frankivsk, Ukraine : Materials.
Ivano-Frankivsk : Publisher Vasyl Stefanyk Carpathian National University, 2025. P. 215.

© 0.4. ¥Ypban, C.A. Deoocos, JI.B. Awuncvkuii

176



