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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 °C 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 10" fn/cm?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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BILIVB IIOIEPEIHBOIO OIIPOMIHEHHS HA MATHITHY COPUNHATIUBICTD Cz-Si,
TEPMOOBPOBJIEHOI'O ITPU 700-1000 °C

B. M. I[moup, I1. I. /lumoeuenxo, IFO. B. Ilasaoscokuii, O. II. /lumosuenxo,
I C. Hanoxie, M. M. /lyuxesuu

Anorania. JIocmimIKeHO 3aJIeXXHOCTI IMapaMarHiTHOI CKJIAZ0BOI MAarHiTHOI CIIPUHAHSTINBOCTI
(MC) kpeMHiIO Bif D03M IIONEPEIHbO OIIPOMIHEHHS IIBUAKUMHY HelitpoHamu (fn), ImiciIss moci-
Iyr040i TepMooopodKm 3paskiB mpu 700-1000°C. Ha ocHOBI pe3yIbraTtiB BUMipIOBaHHS MarHITHOI
CIIPUMHATIMBOCTI II0Ka3aHO, 110 Ha BeJIMYMHY MapaMarHiTHOI CKJIAIOBOi, SIKa BUHUKAE TIiCI 3a-
3HAYCHUX TEPMOOOPOOOK KPEMHII0, CYTTEBO BILIMBAE IIONIEPEIHE OIIPOMiIHEHHS T03aMHM 10 BEJIM-
yyHU nopsaaky 10" fn/cm?. [lpu moganbiioMy 30iIbIIEHHI 1031 OIPOMiHEHHS 1Iei BIUIMB 3HAYHO
nocaabaoeTbes. Po3rIsIHYTO iMOBipHi MeXaHi3MM 1e(DEKTOYTBOPEHHS, SIKi MMOSICHIOIOTb BUSIBJICHI
0COOJIUBOCTI.

KiiouoBi cioBa: KpeMHiit, KuUCeHb, MarHiTHA CIIPUNAHATINBICTh, OIMPOMiHEHHS, TEPMOOOD-
pobka
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BIIMAHUE ITPEABAPUTE/IBHOI'O OBJIYYEHUA HA MATHUTHYIO BOCITPUMMYUNBOCTD
Cz-Si, TEPMOOBPABOTAHHOI'O ITPHU 700-1000 °C

B. M. IImoup, II. I. ;lumoeuenxo, 10. B. Ilasaoeckuii, O. I1I. /lumosuenko,
1. C. Ilanvkue, M. M. Jlyuxeeuu

Annotamusa. MccinenoBaHO 3aBUCHMOCTM TTapaMarHUTHOM COCTaBJISIONIE MarHUTHOM BOC-
MPUAMYMBOCTU KPEMHUS OT J03bI MIPEABAPUTEIBHOIO 00 TyYeHUsT OBICTPBIMU HEWTPpOHAMHU (OH),
nocJje rnociaenyolleii Tepmooopadotku odpasuos npu 700-1000°C. Ha ocHoBaHUU pe3ysibTaTOB
U3MEPEeHUSI MAarHUTHOU BOCITIPUMMYMBOCTHU MOKa3aHO, YTO Ha BEJIMYMHY TapaMarHUTHOM COCTaB-
JISIO1Ie, KOTOpast TOSIBIIETCS MOCJIe YKa3aHHBIX TEPMOOOPAOOTOK KPEMHUS, CYIIECTBEHHO BJIM-
sieT TpeIBapuTeIbHOE 00 TydeHe 103aMu 0 BeIndrHbl nopsiaka 10" 6H/cm?. [lpu nanbHeiiineM
YBEJIMYEHUU T03bl OOJydeHUS 3TO BJIMSIHWAE 3HAYUTEJbHO ocjlabeBaeT. PaccMOTpeHO BEpOSITHBIE
MeXaHU3MbI 1e(heKTO00pa30BaHMsI, KOTOPbIE OOBSCHSIOT BHISIBIEHHBIE OCOOCHHOCTH.

KnoueBsie c10Ba: KpeMHMIA, KMCIOPOI, MATHUTHASI BOCIIPUMMYHUBOCTD, OOJIyIeHHE, TEPMOOO-

paboTka

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.
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Experimental results and discussion

For the experiment the Cz-Si monocrystals
grown in the <100> direction with dissolved oxy-
gen concentration of 8:10'7 cm=3, specific resistance
~10 Ohm-cm were used. Si samples were irradiated
by fast neutrons on a VVR-M reactor at the temper-
ature under 70 °C by fluencies of 10%°, 5-10', 108
and 2-10" fn/cm?.

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 °C.

Fig. 1 shows the magnetic susceptibility vs. mag-
netic field intensity (y(H)) of the samples thermally
treated at 700-1000 °C and pre-irradiated by dif-
ferent doses of fast neutrons. A shift of y(H) de-
pendences towards the decrease of diamagnetism
is evident as compared with the original sample
(= —11.6-10"* cm’/g), which is attributed to the
appearance of the MS paramagnetic component,
and in the samples with maximum shift (annealed at
850 and 900°C) non-linearity of y(H) 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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Fig. 1. Magnetic susceptibility vs. magnetic field intensity
ofthe annealed silicon samples pre-irradiated by different
fast neutron doses: a) @ = 10" fn/cm?; b) ® = 5-10'¢ fn/
cm?; ¢) @ = 10" fn/cm?; d) ® = 2-10" fn/cm?

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 °C range. It leads to the conclusion
that the pre-irradiation by fast neutrons causes the
acceleration of thermal defect generation.
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Fig. 2. Magnetic susceptibility (in 4 kOe field) vs. sample
annealing temperature with pre-irradiation by different
fast neutron doses: 1 — no irradiation; 2 — ® = 10" fn/
cm?; 3— ®=510"%fn/cm?, 4 — ®=10"%fn/cm?;, 5 —
® =2-10" fn/cm?

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 10'° fn/cm? the vacancy type defects
prevail, while with the flow over 5-10'¢ fn/cm? inter-
stitial type defects begin to actively form.

It is known [35], 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 10"
fn/cm? (observed at Fig. 3) could be explained by
the inherent interstitial atoms participation in the
oxygen precipitation process.
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Fig. 3. Dependence of the paramagnetic component of
samples after thermal treatment at 900°C on the pre-ir-
radiation dose

If this effect does have place, with an increase of
the neutron radiation flow from 10'® cm2 to 2-10"
cm? 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 °C temperature range.

2. The effect is significant at the irradiation doses
of the order 10'® fn/cm?.

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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