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Measurements of the positron lifetimes revealed the influence of nitrogen impurities on the
processes of formation and evolution of vacancy clusters representing phase transitions in a
system consisting of the SiC host lattice, impurities, and vacancy defects. Similar phase
transitions occur in multicomponent nonequilibrium systems.

1.INTRODUCTION

Investigations of structural' and particularly of radi-
ation,*® defects in semiconductor materials are of funda-
mental importance for physics of semiconductors. Among
the enormous number of known semiconductor materials
the compound silicon carbide (SiC) is distinguished by an
extremely desirable combination of mechanical, thermal,
optical, and electrophysical properties”® which make this
material promising for applications in nuclear reactor con-
struction, as well as in microelectronics and optoelectronics.
Silicon carbide is highly stable under the influence of hard
radiation and also exhibits certain special properties which
extend potential applications of this wide-gap semiconduc-
tor. For example, some of the radiation defects created in
SiC act as effective recombination centers, which have been
used in the development of SiC diodes emitting green and
light blue light.” However, the nature of many radiation
centers has not yet been identified. Additional information
can be obtained by applying not only conventional tech-
niques, but also new methods that allow selective investiga-
tion of different types of structure defects.

Recent years have seen extensive utilization of the posi-
tron annihilation method, which is very sensitive and can be
applied selectively to vacancy-type defects.!” The data ob-
tained by this method'!"!* and their correlation with the re-
sults of other investigation have demonstrated the great
promise of the positron annihilation technique in the diag-
nostics of structure defects in semiconductor materials.

We shall report and analyze the results of positron in-
vestigations of vacancy-type defects formed as a result of
irradiation of silicon carbide by various types of penetrating
radiation, and the evolution of these defects in the course of
thermal annealing of the irradiated samples. These results
reveal the fundamental role of the nitrogen impurity in the
clusterization of vacancy defects as a result of phase transi-
tions in the host lattice-impurity-vacancy system. The re-
sults given below have been reported partially in communi-
cations on structure defects in SiC single crystals irradiated
with reactor neutrons,'*!> heavy ions,'® and fast elec-
trons.'”

We determined the positron lifetime spectra as a func-
tion of the fluence (dose) of high-energy particles and as a
function of the temperature of isochronous annealing of
samples which received various fluences. An analysis of the
results obtained for identical objects using different types of
radiation has made it possible to draw conclusions on the
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mechanisms of defect formation and evolution of defects
during annealing of irradiated silicon carbide samples and
on the capabilities of the positron annihilation method in the
observation of phase transitions in multicomponent systems
of the host-impurity—vacancy type characterized by small
values of the order parameter.

2.EXPERIMENTAL METHOD

We investigated single crystals of semiconducting sili-
con carbide in the form of the 3C, 6H, 4H, and 15R poly-
types. The positron lifetime spectra of these polytypes were
practically identical, so that all further investigations were
carried out on 6H-SiC crystals because of their ready avail-
ability and because of their industrial applications. We in-
vestigated p- and n-type single crystals grown by the Lely
method at temperatures 2600-2700°C. The n-type conduc-
tion was imparted by doping with nitrogen, while boron or
aluminum was used to obtain p-type samples. The investigat-
ed range of impurity concentrations was (2X10'7)-
(1x10*°) cm 3.

A linear accelerator provided fast (E, = 4 MeV) elec-
trons which were used to bombard samples at various tem-
peratures. The electron fluence (dose) range was
(1Xx10")-(3%10"®) cm 2. Irradiation with reactor neu-
trons (with the fraction of neutrons of energy in excess of 10
keV amounting to ~10% ) took place at a temperature not
exceeding 90°C; the fluence range was (3Xx10'%)-
(1X10%") cm~2. We also used ' Xe * ions of energy 124
MeV provided by the Y-300 accelerator at the Nuclear Re-
actions Laboratory of the Joint Nuclear Research Institute
(Dubna); the temperature of the sample was less than 50°C.
In this case the fluence range was (5X10'°)—(5x10'*)
cm~2,

The positron lifetime spectra were determined at room
temperature using apparatus for fast—fast coincidences with
a working resolution corresponding to a full width at half-
maximum (FWHM) of 380 ps (Ref. 18). The positron
source was radioactive 2> NaCl evaporated on a Mylar film
and covered from above by an identical film. The activity of
the source was ~ 10 uCi. The fraction of the component of
the source utilized in calibration experiments on annealed
(p< 1072 Pa) samples of nickel, iron, titanium, and disloca-
tion-free single-crystal silicon amounted to ~11%. All the
experimental spectra were analyzed, after subtraction of the
components of the source, using the POSITRONFIT
EXTENDED program'?, which yielded one or both compo-
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nents. In many cases it was not possible to carry out a com-
ponent analysis of the spectra and they were then described
by the average positron lifetime 7 defined as the first-order
moment of the experimental spectrum.

Isochronous annealing (¢, = 10 min, in steps of 50 or
100°C) took place in air (temperature range 7, = 50—
1000°C) or in an atmosphere of pure argon (7, = 1050-
2300°C). The annealing temperatures were constant to with-
in 4+ 2and + 10°C, respectively.

3. EXPERIMENTAL RESULTS

The positron lifetime spectra of the original samples of
all the n-type SiC polytypes investigated included one com-
ponent with a lifetime of 157 + 2 ps, whereas in the case of p-
type samples or samples grown at temperatures well below
2600°C the positron lifetime was somewhat longer and could
reach ~ 167 ps. Hence, we assumed that the lifetime due to
annihilation of quasifree positrons in the host crystal lattice
was 7, = 157 4+ 2 ps.

Figures 1, 2, and 3 give typical dose dependences of the
average positron lifetime 7in 6H-SiC irradiated with reactor
neutrons, electrons, and xenon atoms. All samples exhibited
a monotonic rise of 7 as a function of the fluence and a satu-
ration region in which 7 remained practically constant in
spite of a further increase of the fluence. In the neutron irra-
diation case the saturation of the average positron lifetime
occurred at @, = 2.5 10" cm 2 and in the saturation re-
gion (upto ®, = 1X10*° cm ~?) the value of 7 was 225 + 2
ps, whereas the experimental positron lifetime spectra were
described by one time component (the y? statistical fit crite-
rion was at least 1.07). When the reactor neutron fluence
reached 1X 10%! cm ~2, the value of 7rose further to 238 + 3
ps.

Irradiation with fast electrons also increased the aver-
age positron lifetime when the fluence ¢, was increased.
However, the saturation value of 7 reached at &, = 1< 10"®
cm~? amounted to 198 + 2 ps and was considerably less
than the corresponding value in the case of the neutron-irra-
diated samples.

The dependence of the average positron lifetime 7 on
the xenon ion fluence reached saturation at ®; =~ 5x 10"
cm~? and remained constant at 7 = 170 + 2 ps, within the
limit of experimental error. The 124-MeV xenon ions pene-
trated a silicon carbide crystal to a depth of ~4.5 mg/cm?
(Ref.16), whereas positrons from the > Na radioactive iso-
tope reached a depth of ~25 mg/cm?. The positrons ther-
malized in the damaged surface layer were captured by de-
fects and were annihilated on them in a time 7, exceeding 7,,.
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FIG. 1. Dependence of the average positron lifetime 7 on the fluence ®,, of
reactor neutrons.
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FIG. 2. Dependence of the average positron lifetime 7 on the fluence ®, of
reactor neutrons.

Special measurements with a high-resolution spectrometer
(FWHM = 250 ps) made it possible to separate the long-
lived component with 7, = 220-230 ps in the ion-irradiated
samples; the intensity of this component was I, = 13-17%.
The value of 7, agreed with the positron lifetime in neutron-
irradiated samples and the intensity represented the fraction
of the positrons which were slowed down in the ion-damaged
layer.

Figures 4, 5, and 6 give the results of determining the
average positron lifetime in the course of isochronous an-
nealing of silicon carbide samples irradiated with neutrons,
electrons, and ions. Depending on the nature and fluence of
the radiation, and on the impurity composition of a specific
sample, we were able to identify between one and four of the
following stages of annealing of positron-sensitive defects:

The low-temperature stage observed in the case of elec-
tron-irradiated n-type (temperature range A7, = 150-
500°C) and p-type (AT, = 100-250°C) samples with differ-
ent dopant concentrations, as well as in crystals irradiated
with small (@, <1x10'7 c¢cm~?2) reactor neutron fluences;

The “negative” annealing stage resulting in an increase
in the average positron lifetime with increasing the isochron-
ous annealing temperature 7, in the range A7, = 1000
1200°C in the case of electron-irradiated and AT, = 500-
1000°C in the case of neutron- or ion-irradiated crystals;

The high-temperature stage of defect annealing in the
range AT, = 1300-1600°C, typical of samples which re-
ceived low fluences of all the radiations we employed,;

The high-temperature stage AT, = 1300-1500°C ob-
served for those crystals which received high electron
(®,>1x10" cm~?), neutron (®, = 1X10* cm~2), and
ion (®,>5x 10" cm~?) fluences;

The high-temperature stage AT, = 1600-1950°C typi-
cal of strongly irradiated SiC single crystals irrespective of
the type of radiation;

7[ps
160
[~ jL § ;__/§
3
160
@, cm—2
I_”_L I ] 1 I |
A 1072 0"

FIG. 3. Dependence of the average positron lifetime 7 on the fluence of ®;
of xenon ions.
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FIG. 4. Dependence of the average positron lifetime 7 on the temperature
T, of isochronous annealing of neutron-irradiated samples: A)
®, =3%10°cm~%;A) P, =1X10" cm~2;@) &, =1x102° cm~2;
0) ®, =1x10*" cm-2.

The high-temperature stage AT, = 2000-2300°C ob-
served only for samples irradiated with neutrons up to
®, =1x10*' cm 2.

The values of the migration energy for each of these
stages were reported in Refs. 15, 16, and 17.

4. DISCUSSION OF RESULTS

The main result of the interaction between a high-ener-
gy particle and atoms in a crystal is the formation of primary
structure defects in the form of Frenkel pairs consisting of
vacancies and interstitial atoms. Depending on the irradia-
tion conditions (temperature, nature and energy of the par-
ticles, dose rate, etc.),the components of the resultant pair
can be stable or mobile. Stable pairs are suitable for observa-
tion by the positron method: vacancies then can capture po-
sitrons and increase the positron lifetime. If the interstitial
atoms are mobile, then the diffusion causes them to escape to
sinks or it results in pair recombination in encounters with
vacancies. If the vacancies (which are of more interest to us)
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FIG. 5. Dependence of the average positron lifetime 7 on the temperature
T, of isochronous annealing of electron-irradiated samples: A) samples
dopedtoN, — N, = 5% 10" cm 3 and irradiated by the fluence &, = 1
X 10" cm~%; A) samples doped to N, — N, = 3X 10" cm~? and irra-
diated by the fluence ®, =1Xx10"7 cm~?; O) samples doped to
Np — N, =3X%10" cm~3 and irradiated by the fluence ®, = 1x10'®
cm~2; @) samplesdoped to N, — N, = 2X 10'® cm ~? and irradiated by
the fluence ¢, =1x10"® cm~-2; O) samples doped to
Np, — N, =2x10" cm~? and irradiated by the fluence ®, = 1 10'®

cm™2,
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FIG. 6. Dependence of the average positron lifetime 7 on the temperature

T, of isochronous annealing of samples irradiated with xenon ions: @)
P®,<5%10”? cm~%;0) ®,>5%10" cm 2.

are mobile, secondary defects may form with the participa-
tion of vacancies (for example, divacancies or vacancy—im-
purity complexes). In the case of silicon carbide, possible
types of behavior of the siraplest defects are complicated by
the presence of two sublattices.

In any case the concentration of stable vacancy-type
defects is governed by the number of primary knocked-out
(PKO) atoms, which is proportional to the fluence of the
high-energy particles employed. The coefficients of propor-
tionality can be calculated for fast electrons, neutrons, and
ions.? Such calculations were used in Fig. 7 to plot the de-
pendence of the average positron lifetime 7 on the relative
concentration of the PKO atoms. In the case of xenon ions
the values of 7 are corrected for the thickness of the damaged
layer which exceeds the positron range (for details see Ref.
21). Figure 7 demonstrates the identity of the defect-forma-
tion mechanisms in the case of neutrons and ions, on the one
hand, and a major difference in the case of fast electrons, on
the other. An elastic collision between a fast particle and a
crystal atom is accompanied by the transfer of a kinetic ener-
gy to the atom, and the average value of this energy E, is
very different for light and heavy incident particles. In the
case of electrons of energies amounting to several MeV the
value of E , is slightly higher than the threshold energy E,
for the displacement of an atom, so that the Frenkel pairs
generated by electron bombardment are distributed uni-
formly throughout a crystal. On the other hand, in the case
of fast neutrons and ions we have E, > E;, which results in
the formation of displacement cascades, which are local re-
gions with a high concentration of the PKO atoms. Within
such a region the probability of formation of secondary de-
fects containing vacancies is high.

We shall analyze our experimental data on the positron
lifetime in 6H-SiC samples on the basis of these general ideas
about the processes of formation and behavior of radiation
defects in samples which received different fluences of neu-
trons, ions, and electrons and were then annealed in a wide
range of temperatures.

4.1.Neutron andion irradiation

In describing the dependence of the average positron
lifetime 7 on the relative fraction F of PKO atoms in the case
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FIG. 7. Dependence of the average positron lifetime 7 on
the relative concentration of primary knocked-out atoms:
@) neutron irradiation; O) electron irradiation; ) ion ir-
radiation; 1) curve calculated for R, = 20 A;2) curve cal-
culated for R, =30 A; 3) curve calculated for
o=3%X10"" cm?

of neutron and ion irradiation (Fig. 7), we use the cascade
model of defect formation and the diffusion mechanism of
positron capture. We assume that if a thermalized positron
reaches a cascade region (which is a sphere of radius R ) by
diffusion, it is certain to become localized in defects and be-
comes annihilated by a process characterized by the lifetime
74 = 225 + 3 ps. If the cascade concentration is IV, the rate
of positron capture by these cascades is

ky=4nN,DR,, (1)

where D is the positron diffusion coefficient.

The positrons that have escaped capture become anni-
hilated at arate A, = 1/7,. Consequently, the probability of
positron annihilation and defects is p, = &, /(k, + 4,), so
that the average lifetime of positrons can be described by

T=ptat+(1—pp) Ts. (2)

If the concentration of cascades is not too high, so that
the average distance between them is r=~1/N*>R,, we
can easily demonstrate the validity of the relationship

R,=r(Ndns)", (3)

where n,; and N, are, respectively, the concentration of de-
fects in a cascade and its average value in the irradiated part
of a sample. According to Ref. 23, the concentration of de-
fects in a cascade is independent of the radiation fluence and
of the energy of the PKO atom, but is governed exclusively
by the parameters of the material

na=nevTw/Ea, (4)

where ¢, and T, are the atomic specific heat and the melt-
ing point of the material. The coefficient 7 allows for the
reduction in the concentration of the ‘“‘surviving defects”
(compared with the concentration of PKO atoms) in the
case of fast (~ 10~ !? s) annealing of the cascade region; it
amounts to 7~10"2 (Ref. 24).

Substituting in Eq. (4) the tabulated values of the pa-
rameters of SiC taken from Ref. 25 and assuming that E,
amounts to 17-30 eV (Ref. 6), we obtain n, ~3x 10"
cm 3. At such high defect concentrations the rate of cap-
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ture of positrons by the defects (~8X 10 s~ ') is much
higher than 1, = 6.4 X 10° s~! (for the capture cross sec-
tion taken from Ref. 15). This is a quantitative confirmation
of the above conclusion that the capture of a positron by a
cascade implies its preferential annihilation in a defect.

The average concentration of defects in the interior as a
function of the relative concentration of the PKO atoms F
can be found from N, = 5FN,, where N, = 9.6X10*
cm ~? is the concentration of atoms in SiC.

The room-temperature diffusion coefficient of posi-
trons in SiC can be assumed to be D=1 cm?/s by analogy
with some other semiconductors.?®

We can now calculate the fluence dependence of 7 using
Egs. (1)-(4) and employing R, as the fitting parameter.
The calculated curves 1 and 2 in Fig. 7 correspond to values
of B, amounting to 20 and 30 A, respectively,. We can see
that the experimental values obtained for neutrons and ions
in the region of rise and saturation of 7 lie between these
curves. Consequently, the average cascade radius can be esti-
mated to be R, = 20-30 A. This value is in good agreement
with the available experimental data for other semiconduc-
tors: in the case of GaAs the optical measurements gave
R, =25 A (Ref. 27), electron microscopy of Si yielded
R, =20 A (Ref. 28), whereas the positron method yielded
the cascade radius amounting to 15 and 15 A in #- and p-type
Ge, respectively.®!

We shall follow Refs. 14 and 15 and assume that defects
and cascades are divacancies (which implies
Ty = T4 = 225 + 3 ps). This naturally does not exclude the
existence of single vacancies or of their complexes formed
with impurity or host interstitial atoms.

4.2. Electronirradiation

An analysis of the fluence dependence of 7 carried out
for various irradiation temperatures'’ in combination with
isochronous annealing curves shows that electron irradia-
tion of n-type SiC samples creates at least two types of va-
cancy defect. One type of defect, stable up to ~ 150°C, is due
to the presence of Frenkel (¥-I) pairs. The much more sta-
ble defects of the second type should be regarded as complex-
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es consisting of a vacancy and a nitrogen impurity atoms, as
postulated in Ref. 17. Positrons captured by defects of both
types become localized finally in vacancies, where they are
annihilated. We can see from Fig. 7 that in the F~10~*
range there is saturation in the rise of 7, which is clearly due
to the capture of practically all the positrons by V-I pairs
and vacancy-impurity complexes. Since, according to the
results of Ref. 12, the five types of positrons localized at
vacancies and at vacancy—impurity complexes are practical-
ly identical, the saturation level of 7 manifested by curve 3 in
Fig. 7 should represent the lifetime of a positron localized at
avacancy,i.e., 7, ~200 ps. It should be pointed out that the
numerical value of the ratio 7,, /7, =~1.27 is in good agree-
ment with similar values for our semiconductor materi-
alS. 11,29,30

Following Eq. (2), we find that the average lifetime of
positrons 7 is given by

T=pyTivt(1—pv) T, (5)

where p, =k, /(k, + A,) is the probability of annihila-
tion in a vacancy.

The kinetic expression for the rate of capture of posi-
trons by defects of two types (labeled by the indices 1 and 2)

is?®

kv=(NiUx+N202) v, (6)

where N and o are the concentration of defects and the posi-
tron-capture cross section of the defects; v~ 107 cm/s is the
velocity of a thermalized positron.

For simplicity, we shall assume that the cross sections
o, and o, are the same and equal to o,and that the sum of the
defect concentrations N, and N, is N,F, the concentration of
the PKO atoms. It then follows from Eq. (6) that the rate of
capture is given by

ky=N,Fov, @)

which together with Eq. (5) can be used in the calculation of
7(F) by selecting the value of 0,50 as to obtain the best de-
scription of the experiments. The calculated curve 3 in Fig. 7
corresponds to o ~3 X 10~ !> cm ~? and it describes satisfac-
torily the experimental results in the range F>>10~°. At low-
er values of F the experimental points lie well above the cal-
culated curve, indicating a considerable increase in the
positron-capture cross section at low defect concentrations
(F<10~%). We can assume that an increase in the concen-
tration of the investigated defects changes the charge state of
vacancies which occur in a Fresnel pair or in a complex, for
example, in the case of a doubly charged negative Frenkel
pair, it becomes singly charged or even neutral. There is a
corresponding reduction in the effective radius of the Cou-
lomb attraction of positrons to negatively charged vacancies
and, consequently, the positron-capture cross section de-
creases. The Coulomb nature of the interaction underlying
the positron capture is supported by the large value of the
estimated capture cross section: even in the range F~ 107 it
exceeds ~ 10~ 1% cm?, whereas for F< 109, it should be even
greater (in the case of a neutral vacancy, e.g., in silicon, we
have 0~2X 10~ cm ~2; see Refs. 29 and 30).

4.3. Annealing of irradiated SiC samples

Isochronous annealing of irradiated samples provides
additional experimental information on the nature of radi-
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ation defects and on their behavior, particularly on the inter-
action between defects and between them and impurity
atoms as the annealing temperature is increased.

1. The low-temperature annealing stage. This stage was
observed for electron-irradiated n- and p-type SiC samples
(Fig. 5) and samples irradiated with low reactor-neutron
fluences (P, <3 10' cm~2, Fig. 4). The results obtained
at different electron irradiation temperatures indicated'’
that the low-temperature stage is associated with annealing
of genetic Frenkel pairs (i.e., pairs consisting of components
generated in one event): an increase in temperature results in
recombination of “close” pairs (those separated by short
distances between the components), whereas “distant” pairs
dissociate into free vacancies ¥ and interstitials 7. It is inter-
esting to note that an electron-irradiated p-type sample with
a boron impurity concentration N, — Np ~5X 10" cm 3
exhibited a narrower stage shifted toward lower tempera-
tures (AT, = 100-250°C, Fig. 5). The value of 7 corre-
sponding to the preannealing state was much lower than for
n-type samples and low-temperature annealing stored the
initial positron lifetime. All this indicated that electron irra-
diation of p-type samples resulted in the formation of just
one type of defect stable at room temperature: Frenkel pairs
that were annealed totally at T, ~250°C.

It is clear from Fig. 4 that the low-temperature stage
was not manifested by the annealing curves of the samples
irradiated by neutron fluences (®, >1Xx10'” cm ~2). Clear-
ly this was not due to the absence of Frenkel pairs as a result
of strong neutron interaction, but to the predominance of the
capture of positrons by cascades (and then by divacancies,
forming these cascades). In fact, at low neutron fluences
when the concentration of cascades was low [and, conse-
quently, the average distance 7 between the cascades exceed-
ed the positron diffusion length A = (D7, )!?], the low-
temperature stage was manifested by the isochronous
annealing curves (Fig. 4).

2. The ““negative” annealing stage was observed only for
n-type samples with a fairly high dopant concentration
(Np — N, >1x10" cm~?) and irradiated with fairly high
fluences (®,>1x10° cm~2?, &,5x10"® cm~2,
®,>1X10" cm~?). An increase in the average positron
lifetime during this stage yielded a much higher value in the
case of neutron or ion irradiation than after electron irradia-
tion. A similar behavior of 7 was observed with increasing
neutron fluence from 10%° to 10! cm ~? (Fig. 4). The nega-
tive annealing stage was undoubtedly associated with the
formation of vacancy clusters in which the lifetime of local-
ized positrons was considerably longer than 7,, 7,,, or 7,,.
A component analysis of the spectra made it possible to dis-
tinguish, during the stage of negative annealing of neutron-
irradiated samples, a long-lived component with
7, =360 + 15 ps and 7, = 463 + 18 ps for the reactor-neu-
tron fluences of 10%° and 10?' ¢cm ~2, respectively. This in
turn made it possible to estimate the dimensions of the resul-
tant clusters: in these two cases they consisted of 5-8 vacan-
cies and more than 20 vacancies. The maximum intensity of
the long-lived component indicated that the cluster concen-
tration reached a value of the order of 10'® ¢cm 3. Similar
parameters were obtained also for the vacancy clusters
formed as a result of thermal annealing of SiC samples irra-
diated with heavy ions.

In the case of the electron-irradiated samples we were
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unable to separate the long-lived component in the positron
lifetime spectra because of the relatively small increase in 7
during the negative annealing stage. Hence, we concluded
that the clusters were then smaller or their concentration
was lower (or both).

As pointed out already, the negative annealing was not
observed for p-type electron-irradiated samples (Fig. 5) and
there was no such stage in the case of neutron-irradiated (to
a fluence of 1 X 10%° cm ~?) p-type SiC crystals. Hence, we
concluded that the nitrogen impurity played a fundamental
role in the clusterization of vacancy defects. This was sup-
ported also by the isochronous annealing curves obtained for
n-type electron-irradiated SiC samples doped with nitrogen
in various amounts (this is supported by the relevant curves
in Fig. 5 and by the results in Ref. 17). It is worth drawing
attention to the published information indicating that group
V impurities can cause clusterization of vacancies in other
semiconductors.?! It follows from our data that the initial
structures necessary for the clusterization process are com-
plexes of vacancies containing group V impurity elements
(in our case nitrogen atoms). The existence of complexes of
this type can account for the considerable increase in the
value of 7 above the initial value for an unirradiated crystal,
which is observed in the case of n-type electron-irradiated
samples after completion of the low-temperature annealing
stage (this increase in 7 is not exhibited by p-type samples
doped with boron to concentrations N, — N, = 5x 10"
cm~?). Moreover, we demonstrated earlier'” that thereis a
critical concentration of complexes (~ 10'® cm~?) below
which clusterization cannot take place. This critical concen-
tration could be reached if, on the one hand, the doping is
sufficiently heavy and, on the other, the radiation fluence is
sufficiently high.

It follows that the experimental results given in the
present subsection demonstrate convincingly that, in the
case of silicon carbide doped with nitrogen to a relatively
high concentration and irradiated with a sufficiently high
fluence of high-energy particles, there are some critical si-
tuations in which the system comprising the host crystal, the
impurity, and the radiation-generated vacancies becomes
unstable as a result of thermal annealing. This instability
gives rise to phase transitions which modify the vacancy sub-
system (cause vacancy clusterization).

3. High-temperature stages. At high annealing tempera-
tures (7, >1200°C) there are one or two stages of annealing
of structure defects governed by the radiation fluence and by
the nature of the impurity. In the case of SiC single crystals
irradiated with reactor neutrons and ions in low fluences
there is only one stage of annealing of defects forming cas-
cades. When the neutron fluence reaches ~ 1 10%° c¢cm 2,
the high-temperature annealing occurs in two stages and a
component analysis of the spectra shows that in the anneal-
ing temperature range AT, = 1200-1900°C the lifetime of
the long-lived component 7, = 360 ps remains constant with-
in the limits of experimental error. It is possible that the first
high-temperature stage causes annealing of “loose” clusters
followed by compact cluster configurations.'®> Irradiation
with neutron fluences up to ~1X10?! cm 2 generates va-
cancy clusters (formed during the negative annealing
stage), which are much more stable: they are annealed in one
stage in the temperature range AT, = 2000-2300°C. This is
a demonstration of a high thermal stability of large vacancy
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clusters which, as mentioned above, consist of 20 or more
vacancies.

In the case of SiC samples subjected to weak electron
irradiation the only high-temperature stage is associated
with the annealing of vacancy—impurity complexes.'” In the
case of strongly irradiated crystals doped with nitrogen to
high concentrations there is a stage of annealing of these
complexes and also a stage resulting in dissociation of va-
cancy clusters. Since the temperature range of this stage is
close to the similar annealing stage in the case of neutron-
and ion-irradiated samples, we cannot exclude the possibil-
ity that the neutron annealing of neutron- and electron-irra-
diated SiC crystals results in the creation of vacancy clusters
of similar sizes, but the concentrations are very different.

5.CONCLUSIONS

The present investigation demonstrates that annealing
of silicon carbide samples exposed to high radiation fluences
and doped heavily with nitrogen can exhibit critical situa-
tions resulting in an instability of the system formed by the
host crystal, the impurity, and the radiation-generated va-
cancies. The development of this instability results in phase
transitions, representing formation of vacancy clusters when
the size, concentration, and thermal stability of these clus-
ters are functions of the radiation fluence. Such phase transi-
tions, typical of multicomponent systems containing vacan-
cies and impurity atoms, are observed in metals, alloys, and
semiconductors.

For example, it is shown in Ref. 32 that when the con-
centrations of quenching vacancies are the same in Al-Li
samples, there is a critical concentration of lithium atoms
which ensures that during annealing a negative stage in
which vacancy clusters form. In this case the lithium atoms
play a role similar to the nitrogen impurity in silicon carbide
and the interaction of these atoms with the quenching-gener-
ated vacancies gives rise to phase transitions in the alumi-
num-lithium-vacancy system manifested by clusterization
of lithium—-vacancy complexes during annealing. It was re-
ported in Ref. 33 that the tellurium dopant concentration is
of decisive importance in the behavior of gallium arsenide
irradiated with fast electrons. At high tellurium concentra-
tions (~4.5X 10'® cm ~? ) there was a negative stage during
isochronous annealing. According to our ideas, this stage is
due to the formation of vacancy clusters and corresponds to
a phase transition in the system formed by gallium arsenide,
tellurium, and radiation-generated vacancies.

The development of an instability in a system supersa-
turated with vacancies by the formation of a new phase (va-
cancy clusters) has been considered on a number of occa-
sions (see, for example, Refs. 34 and 35). As demonstrated
in Ref. 36 and 37 the presence of impurity atoms in the irra-
diated material can under certain conditions make the inter-
action in a ““gas” of vacancies an attractive effect.

The results obtained demonstrate the usefulness of the
positron method in the analysis of radiation of the positron
method in the analysis of radiation defects in silicon carbide.
When heavy particles (neutrons, ions) are used, the fluence
dependences of the average positron lifetime are described
well by the cascade defect-formation model. A numerical
estimate is obtained of the size of the displacement cascade
(~40-60 A) formed mainly by clustering of divacancies
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with a local concentration of ~3%10'© ¢cm~3. Irradiation
with fast electrons creates Frenkel pairs which are stable up
to ~150°C, as well as vacancy-impurity complexes. In the
case of n-type crystals these complexes act as effective posi-
tron-capture centers and they initiate the clusterization pro-
cesses. In p-type crystals such vacancy-impurity complexes
exhibit donor properties (they have a positive charge) and
are therefore not detected by the positron method.

It follows that the positron annihilation method allows
us to investigate the dynamics of phase transitions in systems
with a small order parameter, i.e., in those cases when the
formation of a new finely disperse phase consisting of va-
cancy clusters with dimensions of several angstroms is prac-
tically impossible to diagnose by such methods as electron
microscopy or X-ray spectroscopy.
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