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Abstract. The defective structure of silicon single crystals grown by Chochralski method (Cz-
Si) before and after an irradiation by high-energy electrons and gamma beams (E ~ 18 MeV)
have been studied by the X-rey acoustic resonance method (XAR) and the method of low-
frequency internal friction (LFIF). It is shown the basic types of defects that created after
irradiation, have the dislocation nature. But their stability is different. It is also shown that
in Cz-Si at room temperature (more 10000 hours) the relaxation of radiation defects in the
ageing process occurs on the background of disintegration of oxygen oversaturated solid
solution in silicon accompanying with occurrence of essential internal tensions.
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1. Introduction

It is well-known, that characteristics of the semiconduc-
tor defective structure, its stability in time, its change
under influence of various external factors will appreci-
ably define properties both the most semiconductor ma-
terial and the devices made on its basis. It is especially
important for silicon which grown by Chochralski method
(Cz-Si) and has a plenty of oxygen. The condition of oxy-
gen (O, Si0,, Si0,) depends on temperature, concentra-
tion of other impurity and some technology factors and
its essentially influences on silicon physical properties.
This problem is not new, however it is investigated insuf-
ficiently especially in low temperature in the 20-400 °C
range. Therefore, influence of oxygen on physical prop-
erties Cz-Si remains a key question for development of
many technological processes [1]. To the most interest-
ing tasks of this plan which have not found the decision
should refer to finding-out of laws and an investigation
of oxygen low temperature precipitation mechanisms
[1,2] and influence on this process the intensive mechani-
cal forces and irradiation [3].

In the present work influence of long-term natural
ageing on the air and annealing in the 20-400 °C range,
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electronic and gamma beams irradiation on defective
structure Cz-Si has been studied.

2. Experimental part

Two methods of researches were chosen: a X-ray acous-
tic resonance method (XAR), allowing to measure with
high accuracy the structural factors of real crystals and
their macrodeformations level and the method of low-
frequency internal friction (LFIF) which posses high sen-
sitivity to changes of defective structure and to structural-
phase transformations in a material, especially in a com-
plex with studying the effective shear modulus (G,).

The object of research was the single crystal Cz-Si
which grown in a direction <111>. Two series of sam-
ples were prepared for X-ray acoustic studies. Crystals
of each series had approximately identical thickness.
They were got from one initial single crystal. The part of
samples from each series was irradiated by high-energy
(~ 18 MeV) electrons and gamma beams and the others
were used as control ones.

Experimental studies of X-rays diffraction feature of
irradiated by electrons and gamma beams silicon crys-
tals have been carried out at the excitation of acoustic
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cross-section fluctuations under conditions of the XAR.
The single-crystal scheme of the diffraction (Laue-dif-
fraction, MoK ,-radiation) was used. The distance from
a source to a crystal and from a crystal to the detector
was equal ~ 0.2 m. Thus collimation of the X-ray beam
by pair cracks 50 microns wide allowed horizontal di-
vergence of a bunch no more than 5 eng. min. For trans-
formation of the electric fluctuations in cross-section ul-
trasonic converters of niobates lithium (LiNbO3, cut YZ-
17 °) were used. Calculations of extinction length A, sta-
tistical Debye-Waller factor L and relative deformation
e were carried out according to a technique described in
[4,5].

Researches LFIF have been carried out on parallel-
epipeds 1.5x1.5x80 mm?3 (parallelepipeds have been cut
out by a long axis in a direction, perpendicular to a di-
rection of growth) in vacuum ~ 103 Pa, on frequencies
~ 2 Hz by the inverse torsion pendulum method. Syn-
chronously with measurements LFIF were fixed changes
of the effective shear modulus G,;.

After machining on diamond paste ASM-1/0 samples
have passed a full cycle of mechanochemical polishing
for removal of the deformed layer. Studied samples were
irradiated by high-energy electrons with streams ®, =
=1.8-10"3 el/cm? (1a) and @, = 3.6-10'3 el/cm? (1b) and
by the general doze of gamma beams 0.4 kGy (2a) and
0.8 kGy (2b). Studies had been carried out directly after
the irradiation (1a, 1b, 2a, 2b), and also after long natu-
ral ageing on time base more than 10000 hours (la*,
1b*, 2a*, 2b*).

3. Results and discussion

XAR research studies are submitted on Fig. 1-4 and in
the Table 1.

Values A, L and gof control samples of the 13t and the
27 groups were rather high and some different. This is
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Fig. 1. Profile of spatial distribution of the relative integrated
intensity I(x) (symmetric (220) reflection, MoK -radiation) for
samples: 1 (1) v =142.3 MHz, U = 0.48 V; la (2) v =142.3 MHz,
U=0,50V;1b(3) v=142,4 MHz, U = 0.50 V.
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Table 1. Integral characterizations of the structure perfection
of silicon single crycal definited by the XAR method.

Ne crystal T, mm Acxp, mkm L1072 e10°°
1 4.27 36.62 0.99 14
la 4.23 36.99 2.01 19
1b 4.28 37.78 4.10 21
2 6.48 36.86 1.65 19
2a 6.47 40.97 12.21 27
2b 6.43 39.14 7.64 22.4
1* 4.20 36.55 0.81 23
la* 4.16 36.54 0.77 23
1b* 4.21 36.51 0.69 24
2% 0.641 37.06 2.19 26
2a* 0.6411 38.29 5.47 30
2b* 0.636 36.31 0.13 22.5

evidence of a “high” initial defectiveness and some het-
erogeneity of the investigated silicon crystals on volume.
Itis necessary to note, that the term “the high content of
defects” is rather relative, as phenomenon XAR is very
sensitive to total quantity of defects. So when the density
of growth dislocation in the silicon crystal > 5-10% cm?
Borman effect is strongly suppressed and XAR disap-
pears [5]. And some heterogeneity of scattering of the
defects on volume as a whole is inherent in Cz-Si [6]. In
our case, selective etching of samples has shown pres-
ence of radial strips of growth. Thereof suppression of
abnormal passage of X-rays by ultrasound could occur
on different depth and promote some disorder of values
A, Land e
Natural ageing of samples of this group has led to
some unexpected results: at first sight for a long time in
identical conditions ageing leaded to the opposite results.
So extinction length A and statistical Debye-Waller fac-
tor (L) of samples of the 15 group during ageing decreased
a little bit, showing improvements of structure, and for
samples of the 2" group they increased, showing increase
of a defectiveness degree of the structure. However in
both cases a relative deformation of the crystals was in-
creasing. This testifies on passing in the ageing crystals
the processes, which stimulate occurrence macrotension
in samples both in the 1%, and in the 2"d control groups.
However in the first case, apparently, in silicon crystal
the long period distortions of the structure prevail (with
the sizes of elastic fields /*, exceeding A), which to some
extent compensate statistical average displacement of
atoms under conditions of the XAR and result in effective
improvement of crystal’s structure (A falls) [7]. And in the
second, microdefects prevail with the characteristic sizes
[*(smaller A), which quantity increases during ageing (L
increases). This results in essential deformations of the
lattice. The analysis of profiles of intensity /(x) to a cer-
tain extent confirms the hypotheses suggested before. Both
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the first and the second cases the character of intensity
failures acoustically excited crystals testifies to the ben-
efit of the assumption of essential increase of defective-
ness during ageing. Thus, it is necessary to point out, the
profiles’ intensity /(x) on a peripheral part has signifi-
cantly increased for all aged samples in relation to the
samples in an initial condition (Fig. 1 and 2) and a char-
acteristic asymmetric shape of profiles for samples of both
groups (Fig. 2and 7, curve 1).

For finding-out of the defects’ nature appearing dur-
ing ageing simultaneously with researches XAR on con-
trol samples have been carried out studying temperature
spectra of absorption of the elastic energy and behavior
of the effective shear modulus. Results of studies have
shown that during ageing at 7}, really rise of essential
tensions in samples of the single crystal silicon. These
tensions result to: a) sharp (almost on two order) increas-
ing of the friction level; b) exact differentiation of ab-
sorption maxima which temperatures practically coin-
cide with temperatures of the maxima which have been
found out in spectra of the samples, deformed with a sur-
face during mechanical polishing (Fig. 5, curves 1, 3).

It worth mention, that after mechanochemical polish-
ing (Fig. 3, curve 2) practically all these maxima disap-
peared, and again appeared already during ageing. This
has allowed assuming the reason of their occurrence is
deformations. In the first case these are the deformations
incorporated at mechanical polishing, and in the second
ones appearing during ageing, and the size of the last
practically is higher on the order. It is important to point
out also, that ageing has led to essential change of char-
acter of behavior G, with temperature (Fig. 4): curves
G/ T) have become two-petal. The hysteresis of curves
G/ T) at heating and cooling was observed in all re-
searched temperature interval both for mechanically de-
formed, and for aged samples. However character of the
hysteresis at those and others were different. The pres-
ence of hysteresis G A7) testifies for the benefit of the
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Fig. 2. Profile of spatial distribution of the relative integrated
intensity /(x) (symmetric (220) reflection, MoK ,-radiation) for
samples: 2 (1) v =144.5 MHz, U = 0.51 V; 2a (2) v = 138.8 MHz,
U =0.50 In; 2b (3) v =139.6 MHz, U = 0.49 V.
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Fig. 3. Temperature dependences of the internal friction (TDIF)
of control samples 1 and 2 after various processings. / — after
polishing on diamond paste; 2 — after chemical etching on depth
up to 70 microns; 3 — after natural ageing at Tyy,m more than 104
hours. There are the curves 1 and 2 in the increased scale on a
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Fig. 4. TDIF (1,2) and TD G, (3,4) control samples of silicon
after natural ageing for a long time and annealing at 250 °C (2
hours).

estimates about the passing of phase transformations of
the first type in Cz-Si in the specified temperature inter-
val. Apparently, in samples long ageing at 7, could
initiate disintegration process of the oversaturated solid
solution of oxygen. The low temperatures, and therefore,
the low diffusion mobility of the impurity atoms, have
allowed us to fix the most initial stages of this process
(probably formation of zones of Guinier-Preston). It is
known [8], formation of these zones in a lattice is accom-
panied by occurrence of essential internal tensions. These
tensions considerably decrease at once after transforma-
tion of coherent border between a zone and a matrix in
noncoherent at the formation of an intermediate phase
(and in the case of low temperatures even chains of inter-
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mediate phases) or a chemical compound. So, at the in-
creased annealing temperatures should promote process
of disintegration, allocation of detached beams interme-
diate phases SiO,, or phase SiO; and to reduction of the
possible tension.

For acknowledgement of this assumption, aged con-
trol samples have been undergone additional annealing
at 250 °C and 400 °C different time. Annealing tempera-
tures and time got out so that, on the one hand, to try “to
finish” the processes observed in silicon in the 20-250 °C
range, and, with another hand to create, according to
[1], detached precipitations of oxygen and to take off the
appeared tension.

Results of studies are submitted on Figs 4 and 5. It is
visible, that occurring at different times annealing at
250 °C lead to some suppression of absorption in the 20—
100 °C range and more precise differentiation of maxima
in the 100-250 °C range. But essential changes in ab-
sorption after several hours annealing at 250 °C we did
not observe. So, research results of the LFIF and G,rof
control samples of the 2" group after 2 hour annealing
are submitted at 250 °C on Fig. 3. As we can see, the
hysteresis of the effective module is observed in all area
of temperatures. And up to 150 °C it has normal charac-
ter for phase transformations of the first type and it be-
comes anomalous higher this temperature. We have con-
ditionally named such shape of two-petal curves GoA 7).

Annealing at 400 °C different time have led to the
following: in the beginning (till 3 hours) a level of inter-
nal friction continued to increase especially in the 200
400 °C range, but in 4-5 hours total annealing started to
decrease. Similar dependences on time of the annealing
at 400 °C have got for a microhardness (Hu) of the con-
trol samples. In the beginning of this process Hu was
increasing a little bit (by 8-13 %) in relation to initial
microhardness, and then it was decreasing (on 18-19 %).
The behaviour of level LFIF was well coordinated to the
behaviour of microhardness. On Fig. 4 results of studies
LFIF and G A T) for control samples annealed at 400°C
during not less 5 hours are submitted. As we can see, such
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Fig. 5. TDIF (1,2) and TD G, (3,4) for the same samples after
annealing at 400 °C during 5 hours.
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processing has led to expected results: the level of fric-
tion has decreased more than in 100 times, all maxima of
absorption, except for effect in the 150-200 °C range
have practically disappeared, hysteresis G A T) has con-
siderably decreased, but two-petal character of curves
G/ T) has remained constant.

However closer examination of the curves G A7) after
annealing at 400 °C is shown, that changes in behaviour
of the effective shear modulus nevertheless have taken
place. So, values of the G,rat T, before annealing at
400 °C and after it are different only on 6 %. And at
200 °C a difference makes about 60%. In the 180-200 °C
range heating curve of the G (7) after annealing were
essentially nonlinear — the steps and even peaks have ap-
peared on them —areas of an enhancement of the G rwith
increase of a temperature have appeared; the degree of

, . AG s (100° C)
unlocking of the hysteresis loops | —————— |has
G (100°C)

sharply decreased from 18 % up to 0.4 %.

All mentioned above gives us the basis to assert that
essential internal tensions in the aged silicon samples
have been fixed by methods XAR, LFIF and
microhardness are result of disintegration of oxygen
oversaturated solid solution in silicon at room tempera-
tures. The analysis of a temperature spectra LIFT shows,
that the level of these tensions are a high enough and
considerably surpasses in the tensions increasing in sili-
con at mechanical polishing of a surface. Therefore, natu-
ral ageing Cz-Si on long time bases really promotes an
enhancement of the defectiveness of single crystal sili-
con. Probably, because of these tensions profile of the
aged control samples’ curve /(x) have a characteristic
asymmetric shape (see Fig. 2 and 7, curve 1). It is inter-
esting to note, that, despite of some distinction of the
profiles I(x) for control samples of the 15t and the 2nd
groups in an initial condition, after natural ageing they
practically coincide, as if processes of ageing graded ini-
tial heterogeneity of defective structure of various silicon
samples (compare curves 1 Fig. 2 and 7).

The similar cycle of researches has been lead on the
irradiated samples. We shall consider influence of each
kind of an irradiation separately.

Electronic irradiation. The electronic irradiation by
different dozes has led to redistribution of intensity of
profile I(x). The essential enhancement of the intensity in
the central part of a profile due to periphery is observed
and it has amplified at increase in a electron doze twice.
It is necessary to point out, that for samples (1a), irradi-
ated by a doze 1.8-103el/cm?, in the central and left parts
of a profile appear thin structure, which is weakened (but
does not disappear) in process of increasing in a doze of
an irradiation (Fig. 1, curves 2 and 3). Such increase in
the central part of a profile of acoustically excited crys-
tal at a background of essential weakenning of the
Borman effect is observed in work [5] where the density
grown-in dislocations N, in single crystals of silicon has
achieved 5-103 cm2. The effect was absent, when the den-
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sity of dislocations was twice smaller. If take into ac-
count that this also took place characteristic failures of
intensity /(x), it is possible to assume, that in our case the
irradiation of silicon by high-energy electrons leads for-
mation of the objects of dislocations type basically. It
can be big dislocation loops or klasters that create in
acoustically excited crystal distortion with the size of
elastic fields exceeding A [7]. It should point out also,
that an enhancement of a doze of the irradiation leads to
a strong enough (~ 30 %) increasing relative deforma-
tion e and in some times the Debye-Waller factor A. At
the same time practically full suppression of all effects of
absorption in spectrum LFIF is observed, at the twice-
greater background of absorption and full absence of a
hysteresis of the effective shear modulus. The facts men-
tioned prove the benefit of the assumption about the clus-
ter nature of prevailing defects that has confirmed also
selective etching.

The irradiation by gamma beams influence in a dif-
ferent way on the profiles of integrated intensity of the X-
rays, as an irradiation by electrons. So the irradiation by
a doze 0.4 kGy also leaded to increase of the central part
of a profile due to periphery and to degradation of char-
acteristic failures of intensity, as well as at an irradiation
by electrons. At the same time the increasing of gamma
beams doze twice as much led to occurrence of a profile
asymmetry, thin structure of the central and left maxi-
mum and increasing of the failures depth (Fig. 6, curves
2 and 3), that it is possible to treat, how result of substan-
tial enhancement of quantity of microdefects, with the
characteristic sizes [* << A [7].

Ageing of the samples irradiated by gamma beams
occurs apparently on essentially various mechanisms in
comparison with ageing samples irradiated by electrons.
In fact intensity of a peripheral part of a structure in-
creases for 30 %. But the curves of integrated intensity of
the X-rays for samples of the 2nd group after ageing prac-
tically coincide with curves /(x) for the control samples
after natural ageing (Fig. 7). Some reduction of failures
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Fig. 6. Profile of spatial distribution of the relative integrated
intensity /(x) (symmetric (220) reflection, MoK -radiation) for
samples: 1* (1) v=149.1 MHz, U = 0.45 V; la* (2) v = 148.5 MHz,
U=0.55V;1b* (3) v=149 MHz, U = 0.40 V.
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Fig. 7. Profile of spatial distribution of the relative integrated
intensity /(x) (symmetric (220) reflection, MoK -radiation) for sam-
ples: 2* (1) v = 149.7 MHz, U = 0.55 V; 2a* (2) v =149.5 MHz,
U =049 V;2b* (3) v=149 MHz, U = 0.42 V.

depth (it is especial for samples 2a*) and asymmetry of a
structure of intensity in comparison with samples 2* can
testify for the benefit of prevalence in irradiated by a
0.4 kGy doze and aged samples of defects dislocation
type. As acknowledgement of received results of the
spectras’ LFIF and G(T) can serve. In spectra LFIF, as
against the samples irradiated by electrons, background IF
is restored, the effects have appeared in the 200-300 °C
range, and the hysteresis of the effective shear modulus
appears below 200 °C. This fact can be consequence to
occurrence in structure of the silicon irradiated by gamma
beams the dislocation loops of the certain type. These
loops can promote structural phase transformations in
the specified temperatures interval.

4. Conclusions

1. In work the opportunity of application of the X-
ray acoustic resonance phenomenon for research of de-
fective structure of the single crystal silicon grown by the
Chochralski method, before and after an irradiation by
high-energy electrons and gamma beams (the same both
in poorly defective and strongly defective structure) is
shown.

2. Ttisrevealed, that ageing Cz-Siat room tempera-
tures on time base more 10* hours has leaded to the be-
ginning of disintegration of the oxygen oversaturated
solid solution in the silicon, accompanying with occur-
rence of the essential internal tensions.

3. Theirradiation by high-energy electrons leads to
the appearance of defects basically dislocation type which
action is kept and after long ageing at the room tempera-
tures.

The irradiation by gamma beams with different dozes
leads to appearance of different types of defects (dicloca-
tion and micro-) which action during ageing is practi-
cally graded by the disintegration processes of the oxy-
gen oversaturated solid solution.
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