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The article deals with the filamentous Sig g;Gep s Crystals with transverse dimensions of 40 = 2 um grown by
the method of chemical transport reactions in the closed bromide system using gold as a growth initiator. The
focus of research was the influence of proton irradiation with doses up to 1-10" p*/cm™ and the following
thermal treatments a temperatures of 200 - 500°C on the magnetic susceptibility of these crystds. The
dependence of the magnetic susceptibility on the intensity of the magnetic field of the proton irradiated
filamentous Sigg7Gey oz Crystals is described within the framework of the Langevin atom paramagnetism model
and explained by the formation of defects of the vacancy type. The reveaed increase in the radiation stability of
Siog7Gep s Crystals followed the combined effect of radiation and subsequent thermal trestments.
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I ntr oduction

Filamentous crystals (FC) are widely used in various
fields of human practice (aviation, rocket and space,
medical, trangport, telecommunications, etc.) due to their
unique shape, sze, perfect structure, high easticity and
mechanical strength.

Studying the behavior of crystals under the influence
of radiation, proton irradiation in particular, isinteresting
in terms of the creation of radiation-resistant sensors [1,
2]. On the other hand, high perfection of the structure of
filamentous crystals (FC) allows us to simulate the
defects formed in the crystalsin the process of irradiation
[3-5].

The purpose of this work was to study the effects of
proton irradiation with doses up to 110" p*/ecm?® and
annealing at temperatures of 200 - 500°C on the magnetic
susceptibility of filamentous Si;1.Ge, (x = 0.03). Samples
of this very composition were chosen for the experiment
since they are characterized by high perfection of
structure and high micromechanical characterigtics[6, 7].

I.  Experiment methodology

The growth of Si;.sGe, FC was carried out by the
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method of chemical transport reactions in a closed
bromide system using gold as the initiator of growth [8].
A quartz ampoule was loaded with growth materia
(silicon, germanium), alloying admixtures (boron) and
halogen (bromine), which was used as a transport agent.
The ampoule was pumped to a pressure of 10° mm Hg
and placed in a tubular furnace with a temperature
gradient with the temperature of the source zone reaching
900°C and the crystallization zone ranging from 550-
750°C. The content of germanium in a solid solution of
Si;Ge, was determined by the method of microprobe
andysis on the CAMEBAX instalation and amounted to
X = 0.03 molar percent. For research, we sdlected FC
with a diameter of 40 + 2 um and a length of 4-5 mm.
These crystals are of p-type conductivity with a specific
impedancer = 0.018 Ohmxm.

Crystals were irradiated with 6 MeV protons at doses
of 510" p*/em?, 10 p*/em? and 1-10" p*/cm™ at 40°C
on acyclotron U-120 of the Institute of Nuclear Research
of the National Academy of Sciences of Ukraine.

Magnetic susceptibility (MS) of filamentous crystals
was studied by the Faraday method in the range of
magnetic fields of 0.2-5kV.
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Fig.1. The dependence of the magnetic
susceptibility on the intensity of the magnetic field
of the filamentous crystals Sigg:Gepes: 1 — the
original sample, 2 — irradiated with a dose of
510®p*/em?, 3 — irradiated with a dose of
1-10" p*/em?.

1. Experimental results and their
discussion

Fig.l shows the obtained experimental results.
Irradiation with the smallest dose did not lead to the
change of magnetic susceptibility. An increase in the
radiation dose to 5-10" p*/cm? leads to the appearance of
the paramagnetic component of the MS (Fig. 1, curve 2).
According to its linear nature, it can be concluded that in
the process of FC irradiation there form dispersed
paramagnetic centers between which there is no
interaction. At a radiation dose of 1-10" p*/cm? in
addition to the paramagnetic component there appears
nonlinearity of the dependence of magnetic susceptibility
on the intensity of the magnetic field. This proves that in
this case, along with the dispersed paramagnetic centers,
some of their clusters are formed in crystals. They
behave like Langevin paramagnetism of atoms which
possess a magnetic moment. The only difference is that
their magnetic moments are 10°-10° times bigger than the
magnetic moment of individual atoms. As is known,
irradiation with protons does not only lead to the
formation of various kind of point defects in the material
but also to the so-called areas of disordering, which,
obvioudly, can serve as the centers of origin of magnetic
nanoclusters.

For the analysis of the experimental dependences of
magnetic susceptibility from the magnetic fied intensity
(Fig. 1, curve 3) we used the following theoretical model
[9].
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where N¢ — concentration of magnetically ordered
clusters;, k — Boltzmann constant, 7 — temperature;

Mc = NogMgg4/s(s+1) - cluster magnetic moment; N,
— number of paramagnetic centers in one magnetic
cluster, Mz — the Bohr magneton, g — g-factor (we
accept g = 2), s — spin of the paramagnetic center of
which the cluster consists (we accept s = 1/2); ¢, -
paramagnetic component; ¢, — lattice susceptibility.

Approximating the experimental dependences c(H)
by theoretical expression (1), the corresponding values
are estimated. Theresults are presented in Table 1.

In thismodel, we assumed in the first approximation
that the magnetic moments of the clusters are identical.
However, obvioudly, there can be a certain distribution of
clusters according to the magnitude of their magnetic
moments [10]. The theoretical expression that describes
the magnetically-ordered component of the experimental
dependence of ¢ (H) (Fig. 1, curve 3) can be represented

as.
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where f(M) — magnetic moment digtribution; f(M)dM —
concentration of particles with a magnetic moment from
MtoM + dM.

In most cases function f(M) is
logarithmically normalized [11, 12], that is
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The distribution function f(Mc) is determined by the
three parametersn, s, (M ) . Therefore, the construction

of the distribution was reduced to finding these
parameters. One way to determine them isto use the least
sguares method, which isto minimize the expression
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taken as

3)

Tablel

Calculated parameters based on the results of approximation of experimental dependencies ¢ (H) by the

theoretical expression (1)

Ne Sample Sige7Gey o3 Cpar ! cmg? No, 1/cluster N, cm™ D, nm
1 Output - - - -

F =510" p*/cm? 0,110°® - - -
3 F =110 p*/cm? 0,24:10°® 1,62-10° 1,85-10° 6
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Fig. 2. Condgruction of the clusters distribution
functions by the magnitude of their magnetic
moments.
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Fig. 3. Dependence of magnetic susceptibility of
filamentous Sipg7/Gepos: 1 — irradiated 6.8 MeV
protons with a dose of 1:10" p'/em? 2 — after
annealing at 200°C; 3 — after annealing at 300°C; 4
—after anneding at 500°C.

where ¢'® (H,;) — is determined from (2),c®*®"(H;) -
experimental values of magnetic susceptibility, N —
number of experimenta points.

From the construction of the distribution function of
clusters by their magnitude (Fig. 2) we determine the
most probable cluster sizes (D, nm). The results of
calculationsaregivenin Table 1.

As is well-known [13], the main types of defects in
monocrystalline silicon are: vacancy-oxygen complex
(A-center), divacancy, donor-vacancy complex, boron-
vacancy complex. At proton irradiation, not only point
radiation defects in the silicon samples are formed but
also, the so-called, divacancy type disorder areas [14].
The authors [15] observed the three stages of the
annealing of the divacancy in the temperature interval of
100-200°C with activation energy of 1.0 eV in the study
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of the silicon divacancy annealing; 200-300°C — 1.3 eV
and 300-500°C — 1.5 eV. This is connected with the
different divacancy positions: in the cluster core, in the
gpatial charge cluster area and in the conducting silicon
matrix.

We had a sample of irradiated dose of 1-10" p*/cm?
annealed at 100°C, 200°C and 500°C lasting five hours
each. Heat treatment of the sample was carried out in a
tubular furnace on air. We believe that the airborne
annealing does not affect the formation of bulky defects
in Si, since, as shown by the authors [16], the oxidation
of the surface of the samples can lead to the additional
generation of interditia silicon atoms from the boundary
between the separation of silicon and slicon in the
crystal volume only with two-stage heat treatment with
repeated annealing a temperatures above 1100°C for a
duration of more than ten hours.

The obtained experimental results are presented in
Fig.3 and parameters Ny and N determined by formula
(1) after each stage of anneadling —in Table 2. Aswe can
see, thermal treatment of protons irradiated with protons
leads to the annealing of radiation defects. After heat
treatment at a temperature of 500°C, the value of the
magnetic susceptibility of the irradiated sample (Fig.3,
line 4) practicaly coincides with the origina sample
(Fig.1, linel).

Thus, the peculiarities of the magnetic susceptibility
of Sip7Gepos FC irradiated by protons can be explained
by the formation of the vacancy type defects.

It isinteresting to note that with repeated irradiation
of samples Sigg;Gepes, Which passed al stages of
annedling in the range of 300-500°C, there is
significantly less influence of irradiation on ther
magnetic susceptibility (Fig. 4, Table 3). This indicates
an increase in the radiation resistance of the crystals, thus
opening new prospects for the practical use of these
materials in eectronic technology, micro-sensors, etc.
The reason for this is the presence of oxygen-containing
complexes in these samples (deep levels of divacancy
and trivacancy) [17, 18], which apparently did not
completely evaporate at a temperature of 500°C and
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Fig. 4. Dependence of magnetic susceptibility of
Sio97Gep 3 FC: 1 — crystals irradiated with 6.8 MeV
protons at a dose of 1-10" p*/cm? 2 — re-irradiated
6.8 MeV protons with a dose of 1-10" p*/cm? pre-
annealed at 500°C; 3 —original samples.
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experimental dependences ¢ (H) (Figure 2) by theoretical expression (1)

Table?2

The parameters of the annealed samples Si 7Gey 03 Cal culated by the results of the approximation of the

Ne Sample Sigg7Gey o3 Cpar ! cmg? No, 1/cluster Ng, cm™® D, nm

1 F=1-10" p*/cm? 0.2410°® 1.62-10* 1.85-10° 6

2 annealed at 200°C 0.18:10° 1.58-10° 1.41-10° 5.8

3 annealed at 300°C 0.11>10° 1.6-10° 8.2:10° 5.7

4 annealed at 500°C - - - -
Table3

experimental dependences ¢ (H) (Fig. 3) by theoretical expression (1)

The calculated parameters of the irradiated samples Sig o7Gey 3 by the results of the approximation of the

Ne Sample Sigg7Gep s C par * cm>g?! No, Y/cluster N, cm™ D, nm
1 @ = 1-10" p*/em? 0.24>10°® 1.62-10°* 1.85-10° 6
— 1.10 At/ ni2 re.
p | F=1107p7ew” pre-annealed at 0.1240° 8.4-10° 9.1-10° 47
500°C
3 Output Sample - - - -

serve as wastewater for radiation defects. However, these
suggested assumptions need further research.

Conclusions

1. We evaluated the concentration and magnitudes of
magnetically sensitive defects in irradiated specimens
Sio,97Gep,03 0N the basis of the Langevin paramagnetism
model of atoms.

2. Based on the conducted thermal treatments in the
range of 200-500°C, we determined the vacancy nature
of radiation defects in irradiated protons in Sigg7Gep o3
FC and egtimated the dynamics of their variation at
different annealing temperatures of the irradiated
specimen.

3. We found that repeated proton irradiation of
samples Sipg7Gepos, Which passed all the stages of

annealing in the range of 300-500°C, had a significantly
lesser influence on the change in ther magnetic
properties, which indicates to an increase in radiation
resistance and opens up new prospects for the use of
micron Si;Ge, FC in eectronic technology and micro-
Sensors.
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MarniTHa CHPpHITHATIMBICTH HUTKONMOAIOHNX KpHUCTATIB Sl 97G€p 03
ONPOMiHEHMX NPOTOHAMH

 Ipoeobuybiuii deporcasnui nedazoziunuii ynisepcumem iveni lsana @panka, 82100, Jpozobuy, YVpaina,
yu_pavlovskyy@ukr.net
2Iuemumym soepuux docnioocens HAH YVipainu, 03028, Kuis, YVkpaina
3Ha14i0Ha/1meZ yhigepcumem «/Ivgiécora nonimexuixa», 19013, Jlvgis, Vkpaina
*TIpoeobuybra 30II I-IIT cmynenis Ned, 82100, [pozobuu, YVipaina

MeTonoM XiMIYHUX TPAHCIOPTHUX PEAKLii B 3akpuTiii OpoMmimHill cucTeMi, 3 BUKOPUCTaHHSAM 30/10Ta B
SIKOCTI iHiLiaTOpa POCTy, BUPOLIEHO HUTKOMOMIOHI KpucTaiu Sigg7Geypsz monepeunumu posmipamu 40 £ 2 MKM.
JIoCIi[KeHO BILTHB MPOTOHHOrO OmpoMineHHs no3amu g0 1-10Y p*/em? Ta HacTymHuX TepMiuHMX 06POGOK 3a
temneparyp 200—500°C Ha MarHiTHy CHPHAHSTIMBICT L[MX KPUCTaiB. 3aleXHOCTI MarHiTHOL
CIIPUAHATINBOCTI Bil HANpPYKEHOCTI MAarHiTHOrO INOJISI HUTKOMOMIOHMX KpPHCTaliB Sigg97G€pos, ONPOMiHEHHX
[IPOTOHAMH, OIMCAHO B PaMKaxX MOJIEJi JIAH)KEBEHIBCHKOI'O IapaMarHeTH3My aTOMIB Ta IOSCHEHO YTBOPEHHSAM
nehekTiB BakaHCIHHOTO TuIly. BusBICHO miABHMINGHHS papiawiiiHoi crifikocti KpuctanmiB Sigg/Geyos micis
KOMOIHOBaHOI /1iT OIPOMiHEHHS Ta HACTYIHUX TEPMI4HUX 00pOOOK.

KirouoBi ciioBa: xpemHiii-repmaniii, HUTKONOAIOHI KPHUCTaIHN, IIPOTOHHE ONMPOMiHEHHSI, TEPMIYHHUIA BiJall,
MarHiTHa CIIPUHHATIIUBICTb.
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