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V. BimoMocTi npo guceprariio
MoBga guceprariii:
Koau TeMaTHYHHX PyOPHK: 47.09.29
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1. Yo 0CKOHaIEHHS TEXHOJIOTIi BUPOIIYBaHHSI MOHOKPUCTAIIYHOTO KPEMHIIO 711 MIKPOEJIEKTPOHHUX Ta

(POTOBOJIBTAIYHUX IIPUJIAZIIB

2. Improving the technology of growing monocrystalline silicon for electronic and photovoltaic devices

Pedepar:

1. locnimpkeHi MOHOKpUCTaNy KPEMHilo, BUPOLLyBaHi B yMOBax CepifiHOro BUPOOHULITBA 32 METOJOM
YoxpasbChKOro. 3a IOMOMOro0 po3pobeHoi MaTeEMaTUYHOI MOZeJli OLliHeHi KOHILIeHTpallil eJIeKTPUYHO
HEeaKTHUBHUX aTOMIB 60py, pochopy Ta ONTUYHO HEAKTUBHUX aTOMIB KHCHIO. [10Ka3aHo, 1110 KOHILIEHTpaLlis aTOMiB
€JIEKTPUYHO HEaKTHMBHUX aTOMIB JOMIIIKY 60y 3MEHIIYETHCS 110 JOBKMHI MOHOKPUCTANA, a Gpocdopy Ta ONTUYHO
HEaKTUBHUX aTOMIB JOMIIIKY KMCHIO 36ibl1yeThesl. [TokazaHo, SKIO YacTKa eJIEKTPUYHO HEaKTUBHUX aTOMIB
docdopy 6inbma 8 %, B JIACTUHI KPEMHIIO Mif] YaC TEXHOJIOTIYHO]I onepalii TepMiYHOTO OKUACJIEHHS YTBOPIOETbCS
npyra ¢asza. EkciepuMeHTanbHO BCTAHOBJIEHO, 110 Yac )KUTTS HEPiBHOBAaKHUX HOCIB 3apsiiy B MOHOKpHCTaIax

KPEMHiI0 3pocTae 3i 36i/IbLIIeHHSM CIIiBBiIHOIIEHHS KOHIIEHTPALill JOMIIIOK KMCHIO Ta ByTJeL 0. BcTaHOBIEHO, 10



30i7IbIIEHHS JliaMeTpa KBapLi0BOTO TUTJISI TPU3BOAUTH 40 3MEHIIEHHS KOHILIEHTpallii KUCHIO B [IOYATKOBIi [10JI0BUHI
MOHOKPHCTaJIa KpeMHi. Po3pobsieHa MaTeMaTUYHa MOJIeJTb JJIsI ONITUMi3allii TPUBAJIOCTi TEXHOJIOTIYHOI orepariii
rOMOT€Hi3allii po3IIaBy KPEMHI0. 32 METOOM MMOBIPHICHOTO MaTEMaTUYHOTIO MOJIEJIIOBAHHS OCIIIKEHA
CTPYKTypa MiKpOKJacTepiB B pO3I1y1aBi KpeMHil0. [Ioka3zaHo, 0 0OMeKEHHS [1IEPEOXO0JIOIPKEHHS PO3ILJIaBy KPEMHIIO
BEJIMYMHOIO 7 K CyTTEBO 3HIKY€ iIMOBIPHICTb YTBOPEHHS CTPYKTYPHUX Ae()EKTiB — ABIMHUKIB. YOCKOHAJIEHO
TEXHOJIOTII0 BUPOIIYBaHHSI MOHOKPUCTAIIYHOIO KPEMHIIO, 10 32 PaXyHOK BUKODUCTAHHS CIIiBBiJJHOIIEHHS
KOHILIEHTPALi! JOMIIIOK KMCHIO 1 BYIJIELI0 B MOHOKpHMCTaIaxX He MeHIIe 3a 20, TUTJIIO BiATIOBiAHOTO AiameTpa Ta
3MiH B IpOTrpaMy TEMIIEPATYPHOIO PEKUMY [03BOJINJIA 30ibIINTU YaCTUHY MOHOKPUCTAJIa KPEMHIIO, sIKa

BiZJITOBiZJa€ BUMOTaM TEXHIYHUX YMOB.

2. To improve the technology of growing silicon monocrystals by the Czochralski method under conditions of mass
production, scientific understanding of the processes occurring at the atomic level in the melt and single crystal of
silicon during growth have been supplemented and developed. It is shown the lifetime of non-equilibrium charge
carriers increases with an increase in the ratio of the concentrations of two complexing impurities - oxygen and
carbon. It was found that to ensure the level of the lifetime of nonequilibrium charge carriers above 20 ps, it is
necessary to maintain the ratio of the concentrations of oxygen and carbon impurities in silicon single crystals at
least 20. It is shown that an increase in the diameter of the quartz crucible leads to a decrease in the oxygen
concentration in the upper half of the silicon single crystal. Using the developed mathematical model, the
concentration of electrically inactive boron atoms in silicon single crystals doped with boron was estimated. It is
shown that the concentration of electrically inactive boron atoms decreases along the length of the silicon single
crystal. Boron complexes are formed not during crystallization, but during cooling of those parts of the single
crystal that move away from the crystallization front in the process of pulling the single crystal out of the melt.
Using the developed mathematical model for volatile impurities in silicon (phosphorus, oxygen), the ratio of the
concentrations of electrically inactive and active phosphorus atoms in single crystals of silicon doped with
phosphorus was estimated. It was shown that complexes with the participation of phosphorus are formed at high
temperatures near the crystallization front. Evaluation of the ratio of the concentrations of optically inactive and
active oxygen atoms showed that complexes with the participation of oxygen are formed predominantly at high
temperatures near the crystallization front. It is shown that if the fraction of electrically inactive phosphorus
atoms is above 8%, then a second phase is formed in the silicon wafer during the technological operation of
thermal oxidation. An additional requirement for the quality of silicon single crystals is proposed: the fraction of
electrically inactive phosphorus atoms should not exceed 8%. A mathematical model has been developed that
makes it possible to optimize the duration of the technological operation of homogenization of silicon melt before
the start of growing a single crystal. The use of the proposed model makes it possible to increase the yield of a
suitable product by the parameter «oxygen concentration». The possibility of the presence of microclusters in the
form of atomic chains with covalent bonds in the silicon melt is substantiated. For the first time, a probabilistic
model of the size distribution of such microclusters has been developed. Gamma distribution suggested. For the
construction of the distribution shape parameter, the dynamic viscosity was used for the first time, which is a
structurally sensitive parameter of the melt. The distribution function of the probability density of microclusters in
a silicon melt has been calculated by the number of atoms in a cluster for temperatures typical for the practice of
growing single crystals from a melt by the Czochralski method. The results agree with the literature data for a
germanium melt obtained from experimental data on X-ray diffraction scattering. The cluster component of the
total entropy of the silicon melt has been defined under the assumption of the gamma distribution of
microclusters in the form of chains with covalent interatomic bonds. The technology of monocrystalline silicon
growing has been improved, which due to the use of the ratio of oxygen and carbon impurities in single crystals
not less than 20, crucible of appropriate diameter and changes in the temperature program allowed to increase the
part of silicon single crystal that meets technical requirements.
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