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INFLUENCE OF DIVACANCY-OXYGEN
DEFECTS ON RECOMBINATION PROPERTIES

OF n-Si SUBJECTED TO IRRADIATION
AND SUBSEQUENT ANNEALING

The variation of recombination properties in n-Si grown by the Czochralski method, doped to
the free electron concentration ng ~ 10**+10'% em™3, irradiated with °° Co vy-quanta or 1-MeV
electrons, and isochronously annealed for 20 min in the temperature interval 180-380°C, in
which divacancy-oxygen (V2 O) complexes are formed and annealed, has been studied in detail.
The nonequilibrium charge carrier lifetime 7 is found to significantly decrease after the anneal-
ing in a temperature interval from 180 to 280° C, with the effect being stronger for low-resistive
n-Si. It is shown that a change in T after the annealing at 180-380° C is caused by divacancy
defects, most probably V2 O. By analyzing the experimental data with the help of the Shockley—
Read-Hall statistics, it is found that the formation of V2 O defects is characterized by an activa-
tion energy of 1.25+ 0.05 eV and a frequency factor of (14 0.5) x 10° s, and their annealing
by an activation energy of 1.54 =+ 0.09 eV and a frequency factor of (2.1 1.4) x 10" s™*. The
values of the hole capture cross-sections by singly and doubly charged acceptor states of Vo O
are obtained as: (54 2)x 107" and (84 4) x 1072 cm?, respectively.
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1. Introduction

Among the integral parameters of silicon, the life-
time of charge carriers, 7, is the most sensitive to the
radiation action. As a rule, 7 can vary by orders of
magnitude in silicon irradiated with y-quanta or a-
few-MeV electrons, whereas the carrier concentration
or mobility practically does not change at that. The
degradation of 7 in irradiated silicon is caused by the
formation of radiation-induced defects, which are ef-
fective recombination centers [1-4]. That is why the
application of radiation-induced defects as the cen-
ters of charge carrier recombination forms the basis
of radiation-technological methods for the fabrication
of power silicon-based devices. In general, the param-
eter 7 in silicon is sensitive to the presence of various
defects, which makes it a powerful tool to study the
defect properties of this material and to control its
quality [5].
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In this work, our attention is focused on the influ-
ence of divacancy-oxygen (V20) defects on the recom-
bination properties of n-Si. The Vo0 complex was
identified in EPR studies of electron-irradiated Cz Si
as long ago as in 1976. However, the positions of its
electron levels in the forbidden band were discovered
recently, when V50 was started to be considered as
the main candidate responsible for the degradation
of silicon detectors of ionizing particles [7, 8]. Now,
it was found [9-16] that the annealing of irradiated
Cz or diffusion oxygenated float-zone (DOFZ) silicon
in the temperature interval 200-300°C leads to the
interaction between a mobile divacancy Vs, and an
interstitial oxygen atom O;. As a result of this in-
teraction, a VoO defect is formed, which is annealed
at temperatures of about 300-350°C. The transfor-
mation Vo — V30 occurs with a proportionality of
1:1. In work [17], the electron level with an energy of
~E.—0.55 eV was attributed to VoO(—/0). However,
a detailed study of the V5 annealing kinetics in Cz
and DOFZ silicon revealed another spectrum of V5O
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levels. In particular, the electron levels of V4 and V50
turned out very similar. Two new levels in n-Si lo-
cated at ~FE,. — 0.23 €V and ~FE. — 0.47 eV were
associated with doubly and singly charged acceptor
states of Vo0 [9-12]. A new level at ~E, + 0.23 eV
in p-Si was identified as a donor state of Vo,O(+/0)
[13-16]. At the same time, the level at ~F, 4 0.08 ¢V
is considered as VoO(2+/+) [14, 16].

Most of the above-mentioned researches were
aimed at studying the electron properties of VoO. The
influence of these defects on the variation of integral
parameters (in particular, the charge carrier lifetime)
of Cz Si remains almost unstudied. Nevertheless, the
data in works [18, 19] testify to a relation between
the changes of 7 and the formation of V5O defects in
Cz n-Si crystals 69Co v-irradiated and annealed in a
temperature interval of about 200-400°C, as well as
in the case of electron irradiation in the same temper-
ature interval. Being characterized by a high thermal
stability and having deep levels in the forbidden Si
region, V5O defects can serve as effective recombina-
tion centers in silicon and silicon-based devices.

In this paper, we studied the degradation of the
lifetime of nonequilibrium charge carriers in %°Co
~-irradiated and 1-MeV-electron-irradiated Cz n-Si
(ng ~ 10110 cm=3) after its isochronous anneal-
ing in a temperature interval of 20-380°C. In this
context, an interval of about 180-380°C was analyzed
in detail in order to determine the role of V50O de-
fects in the modification of Cz n-Si recombination
properties.

2. Experimental Part
2.1. Experimental specimens

Two groups of n-type silicon specimens were used.

(i) n-Si:P. The phosphorus (P) impurity created
the conductivity of the n-type in Si. Some specimens
from this group had a high concentration of carbon
impurities (n-Si: P,C).

(ii) n-Si:TD. Oxygen thermodonors (TDs) were
responsible for the donor properties of Si specimens
in this group. The n-Si: TD specimens were obtained
by thermally treating the high-resistive n-Si (P ~
1x10'3 em™3) at 450°C. The condition [TD]/[P] > 50
was obeyed at that. Thermodonors, unlike phospho-
rus atoms, are insensitive to irradiation. They do
not create complexes with radiation-induced vacan-
cies (like VP defects) and do not lose their donor ac-
tivity under irradiation [20].
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The specimen parameters (the initial concentra-
tions of free electrons, ng, oxygen, O;, and carbon,
Cs, as well as the lifetime 7 of nonequilibrium charge
carriers before irradiation, are quoted in Table 1 for
both groups.

2.2. Specimen irradiation and annealing

The experimental specimens were irradiated at room
temperature with °Co v-quanta to a dose of about
7 x 10" cm™? |[the radiation intensity J, =~ 2 x
10* quantum/(cm? s)| and 1-MeV electrons with to a
dose of 1x10'3 cm™2 [J, ~ 3x 10! electrons/(cm?s)]|.
The irradiated specimens were isochronously (for
20 min) annealed in the air atmosphere in a tem-
perature interval of 20-380°C.

2.3. Measurement and analysis procedures

The lifetime of charge carriers in the specimens
was determined from the nonequilibrium photocon-
ductivity relaxation under low-excitation conditions
(An/ng = 1%). The determination error for 7 did
not exceed +10%. The influence of the irradiation
and subsequent annealing was estimated, by using the
known relation

=75 4 kD, (1)

where 7y is the initial lifetime of nonequilibrium
charge carriers, 7 the lifetime of nonequilibrium
charge carriers after the irradiation to the dose ® and
the subsequent annealing, and k. the 7-degradation
constant.

The experimental results were analyzed with the
help of the Shockley-Read—Hall statistics. In our case
(n-Si, a low defect concentration, An < ng, and

Table 1. Specimen parameters

. 1015 705 [Cs] [0s]
S no, s|s [k
pecimen cm™3 us 1016 cm=—3 | 1017 cm~—3
n-Si: P ~0.1 110-130 <5 6-9
~1 80-90 <5
~2 120-130 <5
~5.5 90-100 <5
~1 50-60 ~40
n-Si: TD ~0.5 50-55 <5 89
~1 55-60 <5
~8.5 75-80 <5
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the charge carrier recombination occurs through lev-
els in the upper half of the band gap), the lifetime of
nonequilibrium charge carriers is governed by the life-
time of holes (minority charge carriers in n-Si), and
the following expression is valid for every recombina-
tion center:

Ncexp(—E;/ksT)

= (N |14 =R @

where oy, ; is the hole capture cross-section by the i-
th recombination center, v, the heat velocity of holes,
N; the concentration of the i-th center with the level
FE;, N, the effective density of states in the conduction
band, kg the Boltzmann constant, and 7" the absolute
temperature. The total change of 7 is determined as
the sum of the partial contributions 7;,

ot = ZT;l. (3)

Then, from Eq. (1) and taking Eqs. (2) and (3) into
account, the following expression is obtained for the
degradation constant of the charge carrier lifetime:

N.exp(—E;/kgT)] ™"
kr = iUpni |1 ; 4
L @
where n; = [V;]/® is the efficiency of the i-th recom-
bination center formation.

3. Results and Their Discussion

In the general case, the change of 7 in an irradiated
and subsequently annealed silicon specimen means
the annealing or the additional formation of the main
recombination center or the formation of a new one,
which is more recombinationally active than those
formed after the irradiation. Therefore, the change
of 7 was studied firstly after the irradiation and then
after the irradiation and subsequent annealing.

3.1. The change of T
in 60 Co ~-irradiated Cz n-Si

Figure 1 demonstrates the dose dependences of Ar~!
for (a) n-Si:P and (b) n-Si: TD specimens with var-
ious free electron concentrations ng irradiated with
60Co vy-quanta. One can see that A7~! linearly de-
pends on ® for all specimens in both groups. This
circumstance makes it possible to determine the ex-
perimental values of k'™ with the help of expression
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Fig. 1. Dependences of A7~! on the irradiation fluence

with 60Co 7-quanta for n-Si:P (a) and n-Si:TD (b) speci-
mens with various free electron concentrations ng (points cor-
respond to experimental data, and solid curves to their linear
approximations

(1). At the same time, the dependence ki (ng) for
the ~-irradiated n-Si:P and n-Si: TD specimens is
increasing (see Fig. 2), and the experimental points
for both n-Si groups lie on the same curve.

It is known that the vacancy-oxygen impurity atom
complexes (VO or A-centers, an acceptor level of
E. — 0.17 €V) are the main recombination centers
in °Co y-irradiated Cz n-Si:P [4, 21-23| and n-
Si: TD [22] at room temperature and a low excita-
tion (injection). This fact is also confirmed by our
calculations. The solid curve in Fig. 2 describes the
contribution of VO-centers to the change of 7 af-
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Fig. 2. Dependence of k" on the free electron concentra-
tion ng for 90Co ~-irradiated n-Si: P and n-Si: TD specimens.
Symbols correspond to experimental data, the solid line is the
calculated contribution of VO defects

ter the ~-irradiation calculated according to expres-
sion (4). When approximating the experimental de-
pendence kI'™(ng), the quantity o,vo was the only
fitting parameter, and the experimental value nyvo =~
~ 4 x 107* em™! for ®°Co y-irradiated Cz n-Si spec-
imens in both groups was taken from works [22, 23].
The calculation and experimental results are in good
agreement, if o, vo = (2.0 £ 0.4) x 1073 cm?, simi-
larly to the results obtained in our previous [22] and
other [3,23| researches. The growth of the dependence
ki (ng) in Fig. 2 occurs due to an increase in the oc-
cupation degree of the electron level of VO-centers in
low-resistive specimens.

3.2. Change of T in %°Co ~-irradiated
Cz n-Si at the isochronous annealing
in a temperature interval of 20-380°C

3.2.1. Isochronous annealing

Figure 3 demonstrates the typical experimental de-
pendences of k. on the isochronous (20 min) an-
nealing temperature T,,, in an interval of 20-380°C
for ~-irradiated Cz n-Si:P (a) and n-Si:TD (b)
specimens with various free electron concentrations
ng. The main characteristic features are as follows.

¢ All k. (Tann) dependences are qualitatively similar
for Cz n-Si specimens in both groups and with differ-
ent ng-values. Annealing to about 180°C practically
does not affect k.. Substantial changes occur in an in-
terval of 180-380°C. Namely, k, drastically increases
t0 Tann ~ 240+280°C and, at the subsequent anneal-
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Fig. 3. Dependences of k- on the isochronous (20 min) an-
nealing temperature for °Co ~-irradiated Cz n-Si:P (a) and
n-Si: TD (b) specimens with various free electron concentra-
tions ng’s

ing, decreases to a value corresponding to 80-90% of
7o at Tann ~ 360--380°C. Note also that a peak-like
change of k; in the interval from 180 to 380°C clearly
correlates with the formation and annealing of Vo0
defects in Cz n-Si (see Fig. 5 in work [11]).

* The height of the peak AkPeak — fpeak _ firr
in the dependences k. (T,n,) is determined by the
parameter ng (see Fig. 4). From Fig. 4 (curve 1),
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one can see that the growth of ng from 1 x 10 to
8.5x 10 cm~3 induces an 8-fold increase of the peak
height AkPe** which is stronger in low-resistive n-Si
(no > 5 x 10'* cm~3). However, by comparing the
absolute values of AkP°** in curve 7 in Fig. 4 and
k™ in Fig. 2 in the examined no-interval, it is evi-
dent that the annealing effect on the T-degradation
in ~-irradiated Cz n-Si specimens is much more
pronounced in high-resistive specimens. For exam-
ple, the ratio AkPeak /" ~ 10 for specimens with
ng = 1 x 104 cm™3 and about 3 for specimens with
ng = 5.5 x 10'° cm—3.

e There is also a tendency that the peak shifts to-
ward higher temperatures with the increase of ng. In
our case, this shift amounted to about 40°C (see
Fig. 3, a).

3.2.2. The origin of T
variation at isochronous annealing

The degradation of 7 in the T,,,-interval from 180
to 240-280°C (Fig. 3) testifies to the formation of
either VO complexes (the major recombination cen-
ters after ®°°Co y-irradiation) or more efficient re-
combination centers. The temperature interval 180—
300°C corresponds to the annealing interval of Vo
in Cz and DOFZ Si [9-16]. The efficiency of the VO
center formation in %°Co v-irradiated Cz n-Si speci-
mens at room temperature is approximately two or-
ders of magnitude higher than that of the Vg forma-
tion [1,23]. Therefore, an additional formation of VO
centers due to a possible dissociation of Vo (Vo —
— V + V — VO) cannot change 7 by an order of
magnitude (or even by several times). Accordingly,
the annealing of Vo has to result in the formation
of another defect of the divacancy nature, which is
confirmed by the results of the following experiment.

A Cz n-Si specimen about 2.5 mm in thickness
was irradiated with 1 MeV electrons from one of its
largest faces at room temperature, whereas the life-
time was measured at both faces. A comparison of
DLTS spectra obtained for them (see Fig. 1 in our
work [24]) demonstrates that the peaks associated
with singly (F3, E. — 0.42 V) and doubly charged
(E2, E.—0.23 eV) acceptor Vq states were registered
only on the irradiated side of the specimen, whereas
the peak of VO centers (F1, E. — 0.17 e¢V) on the
both sides, although the efficiency of the VO center
formation on the shadow side was lower by almost an
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Fig. 5. Dependences of kr on the isochronous (20 min) an-
nealing temperature for the front and back sides of the Cz n-

Si:[P a1 x 10*® ¢cm~3] specimen about 2.5 mm in thickness
1-MeV-electron-irradiated to the dose ® = 1 x 1013 cm ™2

order of magnitude. This fact means that the energy
of electrons at the shadow side of the specimen was
lower or close to the threshold energy of the Vs for-
mation. In this case, if the changes of 7 in the interval
from 180 to 380°C (Fig. 3) were induced by the di-
vacancy defect, then they should not be observed at
the shadow side of the specimen.

Figure 5 exhibits the experimental dependences
kr(Tonn) in the interval of 20-350°C measured for
the specimen sides irradiated with 1-MeV electrons
(the front side) and not (the back side). One can see
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specimens  with various carbon concentrations [Csl:
4 x 1016 cm—3 for n-Si: P and 4 x 1017 c¢m for n-Si: P, C

that the ratio between the k" values measured at
those sides (T' = 20°C in Fig. 5) is about an or-
der of magnitude, being the same as the ratio for
the VO formation efficiency in the DLTS spectra (see
Fig. 1 in work [24]). It is important that, for the
shadow side of the specimen, where Vs were not ob-
served in the DLTS spectra, the relative height of
the (kﬁeak — k‘T”) /KT peak is significantly smaller
than for the irradiated one (about 0.5 and 2, respec-
tively). The presence of a small peak in the depen-
dence k;(Tann) for the shadow side can be explained
by the fact that DLTS measurements were carried
out in the near-surface layer about 10 pym in thick-
ness, whereas the recombination region size is about
0.15-0.50 mm, and the electron energy in this region
is already higher than the threshold energy of the
V;, formation. Thus, the formation of new divacancy
defects stimulates the degradation of 7 at the spec-
imen side irradiated with 1 MeV electrons (Fig. 5)
and, accordingly, in y-irradiated specimens (Fig. 3)
at their isochronous annealing in a temperature in-
terval of 180-300°C.

It is most probably that those defects are VoO com-
plexes. First, the DLTS study of the kinetics of Vo
annealing and V0 formation in Cz and DOFZ n-
Si shows that the transformation of Vy into Vo0 oc-
curs with a proportionality of 1:1 [9-12]. Second, the
variation of k; in the temperature interval from 180
to 380°C (Figs. 3 and 5) clearly correlates with the
formation and annealing of Vo,O defects in Cz n-Si
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(see Fig. 5 in work [11]). In work [21] on the basis
of the temperature dependences of 7 in y-irradiated
and then annealed high-resistive Cz n-Si specimens
(no = 7 x 10 ecm=?), it was shown that the 7
degradation is driven by an acceptor with a level of
E.—0.45 eV (supposedly, this is C;0,—V3). However,
the recent DLTS researches do not support this hy-
pothesis. Moreover, the formation of C;0;-Vo com-
plexes in %°Co y-irradiated Cz n-Si to low doses is
hardly probable, because the concentration of C;0;
complexes, as well as the concentrations of all other
radiation-induced defects, is much lower than the con-
centration of O; (in our case, almost by six orders
of magnitude). Note also that the level of this defect
is practically the same as the position of VoO(—/0).
Figure 6 demonstrates the experimental dependences
kr(Tann) for y-irradiated Cz n-Si specimens with var-
ious Cg concentrations. It is evident that the growth
of [Cy] from about 4 x 1016 to 4 x 1017 cm ™3 does not
affect the behavior of T annealing.

3.2.8. Analysis of T
variation at isochronous annealing

According to the results of our researches, the varia-
tion of 7 in the dependences k,(T,,,) within a tem-
perature interval of 180-380°C (see Fig. 3) takes place
due to the formation (from 180 to 240-280°C) and
annealing (from 240-280 to 380°C) of V50 comple-
xes. Then, in the examined case, the total changes of
7 after the irradiation and subsequent annealing can
be presented, according to expression (3), as the sum
of the VO and V50 contributions:

T =T = ot Tv,0(-/0) T TVao@—/—) (5)
where the contribution of each defect is determined
by formula (2). The system of kinetic equations that
describes the processes of V5O formation (Vo + O —
— V20) and annealing can be written in the form

d|V
[dt2] = —cv,0[Val,
(6)
d[V,0
V20l vsolVe] - V0],
where cy,0 = coexp[—FE,/(kgT)]) and iy =

= "™ exp[-EZ™/ (kgT)| are the constants of the
V50 complex formation and annealing, respectively.
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Fig. 7. Approximations (solid curves) of experimental dependences AT~ (Tann) for 69Co ~-irradiated Cz
n-Si: P (panels q, b, and ¢) and n-Si: TD (panels d and e) sources: total contribution (1), V2O (2), and VO (3)
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Table 2. Activation energies and frequency factors

for the V20 formation and annealing and the VO annealing

o V20 formation V20 annealing VO annealing

Specimen 1015 em?®
co, st Eq, eV co, st Eq, eV co, st Eq, eV

n-Si: P ~0.1 1.5 x 109 1.2 2.2 x 1010 1.45 5.6 x 10° 1.59

~1 1.5 x 109 1.24 3.3 x 1010 1.52 5.6 x 10° 1.54

~5.5 0.5 x 108 1.27 3.5 x 1010 1.63 5.6 x 109 1.61
n-Si: TD ~1 1.5 x 10? 1.23 7.5 x 109 1.56 5.6 x 109 1.64

~8.5 1.2 x 109 1.29 1.3 x 1010 1.6 5.6 x 109 1.64

Table 3. Cross-sections of hole
capture on V20 and VO acceptor levels

Defect Level, eV op at 293 K, cm?
VO(-/0) E. - 0.17 (2.0+£0.4) x 10713
V20(2-/-) E;.-0.23 (8+£4) x 10712
V20(-/0) E; - 047 (5+£2)x 10713

The solution of Egs. (6) with the initial conditions
[Vo](t = 0) = [Valirr and [V20](t = 0) = 0 is as
follows:

_ [V ]irr
[V20] = —(C%/r:lO/CQVQO Y X
x (exp(—cv,o0t) — exp(—cib), )

where ¢ is the isochronous annealing time, [Vl
the concentration of divacancies after the irradia-
tion, and [V,0] the total concentration of Vo0 com-
plexes, which is the sum of their concentrations in the
singly and doubly charged negative states, because
the Fermi level in our specimens is located above the
V20(—/0) level at room temperature.

Figure 7 demonstrates the experimental depen-
dences AT 71(T,un) obtained for 59Co y-irradiated Cz
n-Si: P (panels a, b, and ¢) and n-Si: TD (panels d
and e) specimens together with their description, by
using expressions (5) and (2) with the fitting param-
eters of VO and V50 defects quoted in Tables 2 and
3. The concentration of VoO complexes was calcu-
lated with the help of expression (7). The required
[Valirr value was calculated taking into account that
the ratio nvo /v, ~ 102 for 5°Co v-irradiated Cz n-Si
[1,23]. At Tann > 300°C, the VO and V20 complexes
are annealed simultaneously. Therefore, in order to

1102

correctly determine the V,O parameters, we sepa-
rated the influence of VO on 7. For this purpose, the
annealing constant cyo = 5.6 x 10% exp [—1.7/ (kgT)]
was taken from work [1] as the basic one, and only
the E,-value for the VO annealing was corrected ac-
cording to our experimental data (see Table 2).

From Table 2, one can see that the average F,-
value for the V5O formation equals 1.25 £ 0.05 eV
for both Cz n-Si groups. This result is in good agree-
ment with the data demonstrating that the processes
of Vo annealing [12, 25| and V2O formation [12] are
characterized by the same value E, ~ 1.3 V. The an-
nealing of V5O is characterized by the value E5"" =
= 1.54 £ 0.09 eV (see Table 2) as in theoretical
work [26], but it is lower than a value of about
2 €V obtained in experimental work [27]. We also ob-
tained E, and ¢y values similar to ours, when using
the experimental dependences for the concentration
changes of V5 and V50 complexes at the isochronous
annealing of electron-irradiated Cz n-Si (see Fig. 5 in
work [11]). Note also that there is a tendency for the
activation energies of VoO formation and annealing
to grow with ng (Table 2), which correlates with the
shift of the kP°** peak toward higher annealing tem-
peratures (Fig. 3). It is evident that the VoO charge
state can play a key role in this situation. This issue
is not considered in this paper.

The dependence AkP®®X(ng) (curve I in Fig. 4)
corresponds to the maximum contribution of V50 to
the total change of k., when all Vo are transformed
into V0. In this case, the calculations show that 7
is driven by the Vo0O(—/0) level in high-resistive n-Si
(np < 5x 10 cm~3, curve 3 in Fig. 4) and the Vo0
(2—/-) level in low-resistive n-Si (ng > 5x 1014 cm =3,
curve 2 in Fig. 4). The dependence AkP***(ng) grows
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due to the increase in the electron occupation of the
V20 (2-/-) level, for which o), is larger than for the
V20 (-/0) one (see Table 3). At the same time, the
total contribution of VoO (curve 1 in Fig. 4) to the
degradation of 7 in the examined ng-interval is much
larger than that of VO (the main recombination cen-
ter in 59Co ~-irradiated Cz n-Si, Fig. 2), despite that
the formation efficiency of primary V, (and, accord-
ingly, the V50 concentration maximum) is approx-
imately two orders of magnitude smaller than the
formation efficiency of VO. However, the large value
of nyo is compensated (i) in high-resistive n-Si by a
low filling degree of the VO acceptor level by elec-
trons (about 1072 at ng = 1 x 10'* cm™3), whereas
Tp,VO ~ Opv,0(—/0), and (b) in low-resistive n-Si by
the fact that o), v,02—/-) > op,vo-

4. Conclusion

To summarize, it is found that the lifetime of nonequi-
librium charge carriers in Cz n-Si irradiated either
with %°Co 7-quanta or 1-MeV electrons significantly
decreases after the isochronous annealing within a
temperature interval of about 180-280°C, with the
efficiency of this process depending on ng. Using spec-
imens with various impurity compositions, but having
the conductivity of the n-type, we have shown that
the modification of recombination properties in Cz n-
Si specimens firstly irradiated and then annealed in
a temperature interval of 180-380°C is governed by
the formation and annealing of V2O complexes. By
analyzing the experimental data with the use of the
Shockley-Reed-Hall statistics, it is found that the
formation and annealing of VoO complexes are char-
acterized by an activation energies of 1.25 + 0.05 eV
and 1.54 4+ 0.09 eV, respectively. We also determined
the values of o, for singly and doubly charged V20O ac-
ceptor states: (5+£2)x107! and (8 4+4)x 10712 cm?,
respectively. We have also analyzed and compared
the influence of VoO and VO defects on k, in Cz
n-Si specimens with the free electron concentrations
within the interval ng ~ 10'4+10'® cm =359, which
were subsequently subjected to the 9°Co ~v-irradiation
and annealing.
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BIIVINB JE®EKTIB

JINBAKAHCIA-KMUCEHDb HA PEKOMBIHAIIIIHI
BJIACTUBOCTI n-Si ITICJIA OITPOMIHEHHA
TA HACTVYIIHOTI'O BIAITAJIY

Pezmowme

HeranbHO JOCTi/IZKEHO 3MiHY PEKOMOIHAIIHHUX BJIACTHUBOCTEMH
ompominesoro y-ksarTamu 90 Co aur 1 MeB enexTponamu KpeM-
HIIO N-TUILy TPOBITHOCTI 3 KOHIIEHTPAIII€I0 BiJIbHUX €JIEKTPOHIB
no ~ 10%-1016 cm—3, Buporenoro meromom YoxpaabChKO-
ro (Cz n-Si), micas i30XpOHHOrO BiANady B TEMIEpaTypHO-
My niamasoni 180-380 °C, B sikoMy BiIOyBa€TbCsi yTBODEH-
Hsl Ta BiJIaj KOMIUIEKCiB nuBakaHcisg-kucenb (V20). Buss-
JIEHO, IO 9aC KUTTd HEPIBHOBaXKHUX HOCIIB 3apsaxy (7) cyt-
TEBO 3MEHIYETbCS Micjs Biamanay B mgiamaszoni ~180-280 °C
i meit edexT € cumpHimUM y Hu3bKOoOMHOMY n-Si. ITokazamo,
o 3miHa T micas Bianaay B gianasoni 180-380 °C 3ymosisiena
nedexkToM guBakaHCifiHOI mpupoau, HaifimosipHinie V2O. By-
JI0 BU3HAYEHO, aHAJI3YIOUYN €KCIEPUMEHTAJIbHI JaHi 3a J0Io-
mororo craructuku ITokni—Piga—Xomnna, mo yrsopenuss V2O
XapaKTepu3yerbcs eHepriero akrusamil £, = 1,2540,05 eB i
gactorHuM dakropom cg = (1£0,5)- 109 ¢!, a ix Bigmam —
enepriefo aktuparii E$"" = 1,5644+0,09 eB i vacroraum da-
Kkropom c§*" = (2,1£1,4)- 1010 ¢~!. Takoxx orpumano 3Ha-
YeHHsT MOIIEPEYHOrO Iepepisy 3aXOoIUleHHsI OipoK (op) ogHO- i
JTBO3APAMHUMH aKienTopuauMu cranamu VoO: (54£2)-10713 §
(84+4)-10712 cm? Bimmosimmo.
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