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The paper presents results of the research conegrniicroindentation of physical and mechanical
properties of materials, which are used in modemdpiction technology of electronic devices. Onlthsis of
measurements, the analysis of microhardness, nfiiagplity and fracture toughness of silicon, grown accord-
ing to the Czochralski method (Cz-Sijgs carried out, when the combined magnetic fieldse applied to the
melt.

Introduction. Modern economic conditions of microelectronic t@gues production require reduction
of material consumption and material productiord Hre percentageutput increase of effective devices. How-
ever, the basic microelectronic materials (siliea structure on its basis) are fragile and becafifigat they
are prone to mechanical damages. This causes itgagsadditional researches physico-mechanical charac-
teristics of the semiconductors, which are usetiénmicroelectronics [1-7].

Features of microindentation of semiconductorsResearches in the field of semiconductor materials
should be carried out and based on a number afrf=sabf these materials in comparison aitétals.

Defect-impurity composition of covalent materiaish{ch include semiconductors) is very mobile. Its
change in semiconductors structures occurs duni@gtowth of single crystals, and their technolabprocess-
ing (doping, irradiation, heat treatment) and eitptmn of finished products. Formation of stromgeirnal stress
in a crystal at all stages leads to the appearaigecro-defects and as a result to brittle fragtaf the material.

Basic semiconductor materials (silicon and gernmahiare high purity materials, which do not have any
dislocations. The predominant mechanism of defammaih semiconductor single crystals and structyeds
least in initial stages) is displacement (offsdtjhe material by movement of the individual (irsiétial) atoms,
point defects.

Microindentation was selected as a method of rebadue to several reasons:

- Microindentation is a method of non-destructive tcoln This allows to use it at different stages
of technological chain of semiconductor devicesdpation;

— This method does not require complex technicalas/for measurements and processing results;

— Microindentation method in conjunction with methamfsmathematical statistics allows to get results
with an error of no more than 5-7%;

— Microindentation allowso calculate some strength characteristics anduat@physical and mechani-
cal properties of materigbmprehensively according to omeprint;

- In this paper, by applying indentation (figure thixee strength characteristics were calculatedramnic
hardnessH), micro-fragility (Z) and first-order critical stress intensity fac(@acture toughnesc).

Fig. 1. Micrograph of the imprint after indentation
of silicon by the Vickers pyramid

Microhardness usefdr Vickers pyramid indentation is calculated bg formula

H = 15(31524P

where P — the load on the indentet— diagonal imprint.
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Measurement results were used in evaluating afosilimicro-fragility statistical methods of procegsi
A score of fragility was assigned to each of thpligd imprints, which was determined by the arbitracale,
which takes into account the number of cracks dmiplscnear the imprint and the nature of their etiofu[1].
During the measurements the number of imprintschviaias corresponding to each score of fragilitys wa
fixed. According to the results of measurementsobimms were plotted. The total average score agfility
of the material was calculated by the formula

wheren; — the relative number of imprints that have thelkd fragilityi =0, 1, 2, 3, 4, 5.
The propensity of the material to crack formaticasvevaluated by the value of the critical coeffitie
of stress intensity of the first kind (crack reaiste):

Ky =k(E/H)"? P/ F?,

wherek — empirical calibration coefficienE — Young's modulud;— length of the crack.

Experimental results and discussionConsider the possibility of obtaining information the strength
properties of semiconductor materials concerningromdentation on the example of silicon singlestals,
grown by Czochralski method (Cz-Si), when combimedgnetic fields were applied to the melt. Overlay
of magnetic fields on the melt allows to manageptecesses of convection in the melt and to vaeyddfect-
impurity composition of the grown single crysta).[8

Silicon plates 2 mm thick were cut from the upped dower parts of the plate. They were subjecteith¢o
same treatment in the process of growing and padeatical chemical-mechanical polishing. Indemativas
performed on a PMT-3 using the Vickers pyramid sfamdard technique with loads of 50—200 g.
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Fig. 2. Dependence of the microhardness on theftogalates cut from the upper (1) and lower (2kpa
of the ingot to the orientation af— <100> and — <111>

Dependence of the silicon microhardness on the doathe indenteris presented in figure 2. Analysis of
these dependencies leads to the following conatssio

— A strong dependence of the microhardness ofesiogistal orientation was detected. The microhard-
ness of plates cut from single crystals with themation <100> was lower by 10-15% than the platitls the
orientation <111>.

— It was found that the microhardness of sampleistwivere cut from the lower part of the ingot, was
slightly higher tharH samples which were cut from the upper part theesagot.

— For samples from the lower part of the ingot ¢ffect of the surface hardening was observed, com-
prising in the microhardness decrease by 10—-20%eakad increases from 50 to 100 g. This effedyiscal
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for the traditional (Cz-Si). However, the microhaeds for samples cut from the upper parts of tgetjrmeas-
ured under a load of 50 g, was close or lower themicrohardness that measured with a load of 100 g.
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Fig. 3. Dependence of micro-fragility of the loaxt plates cut from the upper (1) and lower (2) part
of the ingot to the orientation af— <100> and — <111>.

Analysis of micro-fragility dependence on the I¢éd. 3) shows:

— Micro-fragility of single crystals increases wititreasing of the load.

— Values of micro-fragility of investigated singteystals are close to the values which are tygfoal
traditional Cz-Si [9-11].

— Values of micro-fragility of the plates cut fraime lower part of ingot were slightly lower thantbé
plates cut from the upper part of the same inggamdiess of the ingot orientation.

— When applying magnetic fields to the melt, theoanm of oxygen-containing growth defects in-
creases. The increase of micro-fragility of th&sit single crystals in comparison with the traditill Cz-Si was
observed [9-11].

Studies of tendency of silicon single crystalsriack formation (figure 4) showed the following résu

— Crack resistance was decreasing with the loagdsing (for all samples).

— Values ofKyc of investigated single crystals were close touhkies that are typical for traditional
Cz-Si [9-11].

— The critical coefficiendf stress intensity of the first kinky,c was slightly higher in ingots with orien-
tation <100>, especially under heavy loads of 100-@.

— Ky from the ingot to ingot increases with decreashmgload.

— K¢ is lightly higher in plates, cut from the lowerrisaof ingots, for both investigated orientatioris o
ingots.

— The presence of oxygen-containing growth deféotmed during the growth of a single crystal
in complex magnetic fields led to some reductionsilicon crack resistance compared with traditional
Cz-Si [9-11].
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Fig. 4. The dependence of the critical stress BitgffiactorK,c from the load for plates cut from the upper (1)
and lower (2) parts of the ingot to the orientaion<100> and — <111>
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Increasing of the microhardness and fracture toegéki,c of plates, cut from the lower parts of the in-
gots, due to the fact that in the lower parts thgois technological impurities concentration is stahbtially
higher, due to the effect of impurities pushingitite melt during the growth process.

Conclusion. Using the example of silicon which was grown ovierlaith magnetic fields on the melt, it
was found that all the strength characteristicsilafon substantially depend on growing conditioviariation of
crystal growing conditions allows us to manage plalsand mechanical properties of the material.rblinden-
tation is a method that allows us to assess thgerahthe strength characteristics of the semicotmumaterial.
This method also allows us to choose material Withmost optimal physical and mechanical propefteshe
production of microelectronics and electrical desgic
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