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Abstract. Dependence of paramagnetic component of silicon magnetic susceptibility on pre-irra-

diation by fast neutrons (fn) after subsequent thermal treatment of samples at 700-1000 îÑ has been 
studied. It has been shown based on the measurements of magnetic susceptibility that the value of 
the paramagnetic component arising after the said thermal treatment of silicon is influenced by up 
to 1018 fn/cm2 pre-irradiation. With the increase of the irradiation rate this impact decreases signifi-
cantly. Probable mechanisms of defect creation explaining the discovered peculiarity are discussed. 
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ÂÏËÈÂ ÏÎÏÅÐÅÄÍÜÎÃÎ ÎÏÐÎÌ²ÍÅÍÍß ÍÀ ÌÀÃÍ²ÒÍÓ ÑÏÐÈÉÍßÒËÈÂ²ÑÒÜ Cz-Si, 
ÒÅÐÌÎÎÁÐÎÁËÅÍÎÃÎ ÏÐÈ 700-1000 °Ñ 

Â. Ì. Öìîöü, Ï. Ã. Ëèòîâ÷åíêî, Þ. Â. Ïàâëîâñüêèé, Î. Ï. Ëèòîâ÷åíêî, 
². Ñ. Ïàíüê³â, Ì. Ì. Ëó÷êåâè÷ 

Àíîòàö³ÿ. Äîñë³äæåíî çàëåæíîñò³ ïàðàìàãí³òíî¿ ñêëàäîâî¿ ìàãí³òíî¿ ñïðèéíÿòëèâîñò³ 
(ÌÑ) êðåìí³þ â³ä äîçè ïîïåðåäíüî îïðîì³íåííÿ øâèäêèìè íåéòðîíàìè (fn), ï³ñëÿ ïîñë³-
äóþ÷î¿ òåðìîîáðîáêè çðàçê³â ïðè 700-1000îÑ. Íà îñíîâ³ ðåçóëüòàò³â âèì³ðþâàííÿ ìàãí³òíî¿ 
ñïðèéíÿòëèâîñò³ ïîêàçàíî, ùî íà âåëè÷èíó ïàðàìàãí³òíî¿ ñêëàäîâî¿, ÿêà âèíèêàº ï³ñëÿ çà-
çíà÷åíèõ òåðìîîáðîáîê êðåìí³þ, ñóòòºâî âïëèâàº ïîïåðåäíº îïðîì³íåííÿ äîçàìè äî âåëè-
÷èíè ïîðÿäêó 1018 fn/ñì2. Ïðè ïîäàëüøîìó çá³ëüøåíí³ äîçè îïðîì³íåííÿ öåé âïëèâ çíà÷íî 
ïîñëàáëþºòüñÿ. Ðîçãëÿíóòî ³ìîâ³ðí³ ìåõàí³çìè äåôåêòîóòâîðåííÿ, ÿê³ ïîÿñíþþòü âèÿâëåí³ 
îñîáëèâîñò³. 

Êëþ÷îâ³ ñëîâà: êðåìí³é, êèñåíü, ìàãí³òíà ñïðèéíÿòëèâ³ñòü, îïðîì³íåííÿ, òåðìîîá-
ðîáêà 



67

Introduction 

Silicon remains the most convenient and best 
developed semiconductor to be used in physical 
sensors and planar structures. The major techno-
logical impurity in Cz-Si is oxygen, which exists in 
oversaturated state in the crystals. During thermal 
treatment of silicon samples the oxygen precipita-
tion in the nucleus centers takes place. Newly-cre-
ated precipitates could serve as the impurity and 
point defects sinks. In this case they act as getters 
and clear the crystal of impurities (e.g. doping me-
tallic atoms). 

During the irradiation of silicon by neutrons 
disordering areas and point defects are generated in 
it, which could be the centers of precipitate genera-
tion. Pre-irradiation by neutrons allows not only to 
decrease the temperature and duration of thermal 
treatment, but also to control the precipitate con-
centration and to change their properties. The pre-
irradiation of silicon is also known to accelerate the 
oxygen precipitation at subsequent thermal treat-
ments [1]. Therefore, the study of irradiation and 
thermal treatment effect on oxygen precipitation is 
topical for a wide range of tasks, both scientific and 
practical ones. 

We had established a correlation between the ox-
ygen precipitation process and change of magnetic 
susceptibility [2]. The effect of pre-irradiation by 
various fast neutron doses on the thermal formation 
of defects in silicon and respectively on the change 
of its magnetic properties is discussed. 

Experimental results and discussion 

For the experiment the Cz-Si monocrystals 
grown in the <100> direction with dissolved oxy-
gen concentration of 8∙1017 cm–3, specific resistance 
~10 Ohm∙cm were used. S³ samples were irradiated 
by fast neutrons on a VVR-Ì reactor at the temper-
ature under 70 îÑ by fluencies of 1015, 5∙1016, 1018 
and 2⋅1019 fn/cm2. 

Samples were produced from the same 5 mm 
thick silicon plate, cut perpendicularly to the ingot 
growth axis. 

Before measurements the sample surface was 
mechanically and chemically treated. Subsequently 
the crystals were rinsed in distilled water. 

The samples were annealed in tube heater in the 
air, the annealing temperature control accuracy be-
ing ±2 îÑ. 

Fig. 1 shows the magnetic susceptibility vs. mag-
netic field intensity (χ(Í)) of the samples thermally 
treated at 700-1000 îÑ and pre-irradiated by dif-
ferent doses of fast neutrons. A shift of χ(Í) de-
pendences towards the decrease of diamagnetism 
is evident as compared with the original sample 
(χ

Si 
= –11.6⋅10-8 cm3/g), which is attributed to the 

appearance of the MS paramagnetic component, 
and in the samples with maximum shift (annealed at 
850 and 900îÑ) non-linearity of χ(Í) dependences 
is observed. The effect is enhanced with the increase 
of the sample pre-irradiation dose (Fig. 1, b-d). 

Fig. 2 (curves 2-5) shows the magnetic suscep-
tibility in 4 kOe field (when MS approaches satu-
ration) vs. the annealing temperature. Obviously 
these dependences a similar to those obtained on 
the non-irradiated samples (Fig. 2, curve 1). 
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Àííîòàöèÿ. Èññëåäîâàíî çàâèñèìîñòè ïàðàìàãíèòíîé ñîñòàâëÿþùåé ìàãíèòíîé âîñ-
ïðèèì÷èâîñòè êðåìíèÿ îò äîçû ïðåäâàðèòåëüíîãî îáëó÷åíèÿ áûñòðûìè íåéòðîíàìè (áí), 
ïîñëå ïîñëåäóþùåé òåðìîîáðàáîòêè îáðàçöîâ ïðè 700-1000îÑ. Íà îñíîâàíèè ðåçóëüòàòîâ 
èçìåðåíèÿ ìàãíèòíîé âîñïðèèì÷èâîñòè ïîêàçàíî, ÷òî íà âåëè÷èíó ïàðàìàãíèòíîé ñîñòàâ-
ëÿþùåé, êîòîðàÿ ïîÿâëÿåòñÿ ïîñëå óêàçàííûõ òåðìîîáðàáîòîê êðåìíèÿ, ñóùåñòâåííî âëè-
ÿåò ïðåäâàðèòåëüíîå îáëó÷åíèå äîçàìè äî âåëè÷èíû ïîðÿäêà 1018 áí/ñì2. Ïðè äàëüíåéøåì 
óâåëè÷åíèè äîçû îáëó÷åíèÿ ýòî âëèÿíèå çíà÷èòåëüíî îñëàáåâàåò. Ðàññìîòðåíî âåðîÿòíûå 
ìåõàíèçìû äåôåêòîîáðàçîâàíèÿ, êîòîðûå îáúÿñíÿþò âûÿâëåííûå îñîáåííîñòè. 
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Fig. 1. Magnetic susceptibility vs. magnetic field intensity 
of the annealed silicon samples pre-irradiated by different 
fast neutron doses: à) Ô = 1015 fn/cm2; b) Ô = 5∙1016 fn/
cm2; c) Ô = 1018 fn/cm2; d) Ô = 2⋅1019 fn/cm2 

Comparing them we can see that the paramag-
netic component of the magnetic susceptibility of 
the samples irradiated by fast neutrons increases 
with the increase of the radiation dose, especially 
in the 850-900 îÑ range. It leads to the conclusion 
that the pre-irradiation by fast neutrons causes the 
acceleration of thermal defect generation. 

Fig. 2. Magnetic susceptibility (in 4 kOe field) vs. sample 
annealing temperature with pre-irradiation by different 
fast neutron doses: 1 — no irradiation; 2 – Ô = 1015 fn/
cm2; 3 – Ô = 5∙1016 fn/cm2; 4 — Ô = 1018 fn/cm2; 5 — 
Ô = 2⋅1019 fn/cm2 

In papers [3, 4], the measurements of IR-absorp-
tion of neutron-irradiated silicon show that the ratio 
of defect concentrations of vacancy and interstitial 
types is defined by the neutron flow. Thus, with the 
flow of up to 1016 fn/cm2 the vacancy type defects 
prevail, while with the flow over 5⋅1016 fn/cm2 inter-
stitial type defects begin to actively form. 

It is known [5], that with the excessive concen-
tration of thermal point defects in silicon the pro-
cess of oxygen precipitation significantly changes. 
The data on the role of inherent interstitial silicon 
atoms in this process are contradictory. It has been 
established that with the excessive concentration of 
inherent interstitial atoms formed in the process of 
silicon ingot growth preventing their condensation 
into A-defects the precipitate nucleus concentra-
tion increases. 

Meanwhile, the oversaturation of silicon lattice 
with inherent interstitial atoms under the condi-
tion of silicon oxidation [6], caused deceleration of 
oxygen precipitation attributed to the destruction of 
precipitate nuclei by these defects. 

The role of vacancies accelerating precipitation 
of the excessive oxygen is in the opinion of [5] au-
thors the opposite — stabilization of nuclei by form-
ing complexes similar by their structure to donors in 
silicon [7]. 

Since the main components of radiation defects 
in the silicon irradiated by high-energy particles are 
the vacancies, the acceleration of oxygen precipita-
tion observed in crystals irradiated by fast neutrons 
could be attributed to the participation of these de-
fects and their complexes in formation and stabili-
zation of precipitation nuclei. 
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Besides, due to increase of probability of oxygen 
atoms being built into precipitate through creating 
bonds with vacancies [6], the surface energy on the 
silicon-precipitate matrix boundary could decrease. 
Decrease of the precipitate surface energy by sever-
al per cent may cause a several times increase of the 
precipitation rate. 

Thus, deceleration of the increase of MS para-
magnetic component in irradiated silicon with the 
increase of neutron radiation flow exceeding 1018 
fn/cm2 (observed at Fig. 3) could be explained by 
the inherent interstitial atoms participation in the 
oxygen precipitation process. 

Fig. 3. Dependence of the paramagnetic component of 
samples after thermal treatment at 900îÑ on the pre-ir-
radiation dose 

If this effect does have place, with an increase of 
the neutron radiation flow from 1016 cm-2 to 2⋅1019 
cm-2 together whose vacancy type defects, which 
concentration is growing and which accelerate oxy-
gen precipitation in silicon the contribution of in-
terstitial type defects decelerating the precipitation 
becomes significant. 

Superimposition of these two processes will lead 
to the fact that the value of the paramagnetic com-
ponent correlating (as established in [2]) with the 
excessive oxygen precipitation rate will change little 
with the increase of the irradiation flow, which has 
been proved experimentally. 

Conclusions 

As the result of the experimental data discussion, 
it was shown: 

1. The pre-irradiation of silicon samples with 
fast neutrons leads to acceleration of paramagnetic 

center generation in the process of thermal treat-
ment in the 700-1000 îÑ temperature range. 

2. The effect is significant at the irradiation doses 
of the order 1018 fn/cm2. 

3. Further increase of the pre-irradiation dose 
does not lead to drastic changes of the magnetic 
susceptibility paramagnetic component with subse-
quent thermal treatment. 

4. This is attributed to the fact that together with 
vacancy type defects accelerating the oxygen pre-
cipitation in silicon and respectively, as had been 
established previously in [2], the increase of para-
magnetic component, the contribution of intersti-
tial type defects decelerating the precipitation be-
comes significant. 
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