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This study investigates the formation of low-dimensional defect states in monocrystalline silicon involving oxygen, focusing on
structural inhomogeneities and their impact on material properties. Monocrystalline silicon, a cornerstone of modern nanoelectronics,
is primarily produced using the Czochralski method, which often introduces oxygen impurities. These impurities form oxide inclusions
(SiOy) and complexes (Si—On) during thermal treatments at 400-800°C, leading to defects that affect electrical and structural properties.
The research employs X-ray diffraction to analyze p-type silicon samples grown by the Czochralski method, with thermal treatments
at 950°C, 1050°C, and 1150°C. Results reveal that thermal processing redistributes atoms and defects, increasing lattice parameters
and crystallinity, peaking at 1050°C. Subcrystalline sizes vary with temperature, reaching maximum stability at 1050°C. Oxygen and
boron interactions form SiO, and B,O3 crystallites, with sizes ranging from 21-25 nm and 55 nm, respectively. Additionally, small
clusters (1.6-2 nm) of SiOy form in surface regions, indicating unsaturated silicon bonds and localized microdefects. The study also
identifies SiBg crystallites (71-95 nm) on the surface, growing through Ostwald ripening at higher temperatures. These findings
highlight the complex interplay between oxygen impurities, thermal treatments, and defect formation in silicon crystals. The research
provides insights into optimizing silicon production processes to minimize defects and enhance material performance for advanced
electronic applications. The results underscore the importance of controlling oxygen content and thermal processing conditions to
achieve high-quality monocrystalline silicon with tailored properties. This work contributes to a deeper understanding of defect
dynamics in silicon, offering practical implications for improving semiconductor manufacturing techniques. By addressing the
challenges posed by oxygen impurities, the study paves the way for developing more efficient and reliable silicon-based devices in the
nanoelectronics industry.
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INTRODUCTION

Modern nanoelectronics requires high-purity and perfect semiconductor crystals, among which monocrystalline
silicon occupies one of the leading positions due to mature technologies and low cost [1-3]. The main methods of
industrial production of Si are the Czochralski method and crucible-free zone melting, with the Czochralski method being
used in about 80% of cases. When growing single crystal silicon, it is important to minimise the amount of uncontrolled
impurities, as their excess leads to distortion of the crystal lattice and the formation of defects that affect the properties of
the material. One of such impurities is oxygen, which during crystallisation from the melt passes into silicon, partially
dissolving in it and forming oxide inclusions SiOx with the size from 1 to 50 microns [4]. During heat treatment of silicon
in the temperature range of 400-800°C, supersaturated oxygen forms various complexes of Si-O, type (n = 1-4). Part of
these complexes decomposes with the release of SiO, or is deposited in the interstitial spaces of the Si crystal lattice in
electrically neutral states. This causes the formation of defect states that affect the electrical properties of silicon [5].

The shape, type and size of such microformations depend on the technological conditions of single crystal growth
and subsequent heat treatment. This problem remains unsolved until now, as it affects not only the electrophysical
characteristics, but also the structural parameters of the crystal. Analysis of literature data shows that oxygen can form
non-stoichiometric layers of SiOy, microunits of precipitate type and amorphous SiO, particles, which significantly
complicates the study of the structure and behaviour of oxygen in a silicon crystal [6-8]. The main method to investigate
such characteristics of oxygen in single crystal silicon is X-ray diffraction analysis. In connection with the above, the aim
of the present work is to investigate the structural inhomogeneities formed by the participation of oxygen in single-crystal
silicon grown by the Czochralskii method [8].

MATERIALS AND METHODS
The object of the study was p-type single-crystalline silicon grown by the Czochralskii method with resistivity
p=3-10 Q-cm, boron impurity concentration N,~2-10'> cm?, dislocation density Ng>10'* cm and oxygen concentration
No=2-10"7 ¢cm=. Samples with dimensions of 1.4x4x22 mm? were fabricated from cut wafers of single-crystalline silicon.
Control of structural and phase states, O in Si of the studied samples was carried out on the third generation X-ray
diffractometer types Empyrean Malvern PANalytical L.T.D. The OriginPro2022 programme was used to determine the
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peak maximum [9]. X-ray diffraction measurements were carried out in Bragg - Brentano beam geometry in the range
20 = 15° to 140° continuously at a scanning speed of 0.33 deg/min and an angular step of 0.0200 (deg).

RESULTS AND DISCUSSION

Thermal treatments of single-crystalline p-Si<B> (control samples) were carried out at temperatures of 950°C,
1050°C and 1150°C for 5 hours. Figure 1 shows the X-ray diffraction patterns of these samples. It can be seen from the
X-ray radiographs that diffraction reflections corresponding to the (111)s; crystallographic orientation are observed at
scattering angles 20 = 28.53°, 28.5° and 28.45°, possessing high intensity (sios0°cy = 3%10° imp/s, Isi10s0°c) =
4.7x10° imp/s and Is;,1150°c) = 1.4x10° imp/s) and a pronounced selective character. This indicates that the surface of the
control silicon samples has a crystallographic orientation (111). Also note that with increasing processing temperature,
the diffraction peaks shift towards smaller angles (from 28.53° to 28.45°) and their intensity first increases by a factor of
1.6 (at 1050°C) and then decreases by a factor of 2.1 (at 1150°C). This indicates that the heat treatment for 5 hours results
in the redistribution of atoms and a decrease in the number of defects in the crystal and an increase in the silicon lattice
parameter: asioso°cy = 0.534 nm, as;os0°cy = 0.535 nm and as;1150°c) = 0.536 nm. Thus, the maximum degree of
crystallinity is reached at 1050°C and a decrease is observed at 1150°C. In addition, diffraction reflections corresponding
to (333)s; crystallographic orientation were recorded at scattering angles 260 = 94.95°, 94.94° and 94.98°, with intensities
Isiosoec) = 2.3x10* imp/s, Isi(ios0°c) = 8.9%10* imp/s and Isi(11s0°c) = 4.5x10° imp/s. In the range of scattering angles
10°+60°, a non-monotonic character of the inelastic background level can be observed. The structural reflections of (111)g;
are weakly separated into a; and o, components, whereas (333)s; shows a marked separation of these components. This
indicates that the heat treatment at 950°C, 1050°C and 1150°C results in the formation of microstresses (dislocations or
other defects) in the surface regions of the samples, whereas in the inner volume of the crystal lattice their stabilisation
occurs[10]. In addition, at scattering angles 20 = 25.7° and 206 = 83.3°, f components of the first-order (111)s; and third-
order (333)s; reflections are observed (see Figs. 2 a and 2 c).
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Figure 1. X-ray images of p-Si<B> samples subjected to heat treatment at 950°C, 1050°C, and 1150°C

According to experimental results on the diffraction reflections of (111)sg;, it was found that the subcrystallite sizes
in silicon control samples, subjected to thermal treatment for 5 hours at 950°C, 1050°C, and 1150°C, were 59.7 nm,
61.1 nm, and 57.4 nm, respectively. This suggests that at 950°C, due to the relatively low diffusion temperature, the state
of the subcrystallites did not undergo significant changes. At 1050°C, the size of the peak increased due to the process of
recrystallization, through the attachment of subcrystallites. At 1150°C, the intensity of the peak decreased due to the
activation of processes involving the removal and subsequent formation of subcrystallites. Additionally, X-ray diffraction
patterns at scattering angles of 26 = 63.2° and 105.1° reveal structural reflections corresponding to (220)s; and (440)s;,
indicating the presence of polycrystalline regions of various sizes (ranging from 11 nm to 87 nm) distributed on the
surface and within the samples.

In addition, structural reflections corresponding to the (222)s; crystallographic orientation are observed at scattering
angles 20 = 58.8°, 59.0° and 58.9° in the X-ray diffraction patterns of silicon control samples heat treated for 5 h at
temperatures of 950°C, 1050°C and 1150°C (see Fig. 2c). As a rule, such structural reflections are not observed in the X-
ray radiograph of silicon with a crystal lattice free from various microdistortions. That is, their appearance indicates the
presence of micro-distortions in the crystal lattice. There is a possibility of quantitative determination of such micro-
distortions, for which the ratio of the intensity of structural reflection (222)s; to the intensity of the main structural
reflection (111)g;, i.e. Ia2y/I111), is used. In our case, these values are: 3.8x10* at 950°C, 5.4x10** at 1050°C, and 6.5x10*
at 1150°C. These values exceed 10, which is characteristic of crystal lattices with a diamond-like structure in which the
atoms are uniformly distributed. This, in turn, indicates that mechanical stresses in localised regions of the silicon crystal
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lattice increase with increasing heat treatment temperature. This effect is due to the non-uniform distribution of oxygen
entering the crystal from background impurities. This is most likely due to the difference in ionic radii of silicon and
oxygen, as well as to small stresses arising during crystal growth due to the temperature gradient. Due to the difference
in ionic radius, oxygen atoms are located near crystal lattice boundaries, at the interfaces of silicon subcrystallites, and in
displaced lattice nodes. In doing so, they compensate for the unsaturated silicon bonds [11,12]. This, in turn, shows that
silicon atoms are predominantly located in the crystal volume and this structure has high symmetry, while oxygen atoms
can spontaneously form asymmetric crystallites at subcrystallite interfaces.

The X-ray diffraction analysis of the p-Si sample revealed the presence of structural reflections corresponding to
SiO, and B,0O5 phases. For SiO,, the reflections were observed at scattering angles 26 = 20.2°, 39.1°, 42.6°, 90.8°, and
91.9°, corresponding to the crystallographic orientations (100), (102), (200), (400), and (401). The analysis of the full
width at half maximum (FWHM) values indicated the formation of SiO, crystallites with sizes ranging from 21 to 25 nm.
The crystalline parameters for SiO, were determined to be aexp = bexp = 0.5031 nm and cexp = 0.5527 nm, with a
trigonal unit cell of space group P3221. Additionally, for B,O3, a structural reflection was observed at scattering angles
26 =23.0° to 23.6°, indicating the presence of B,O3 crystallites with a size of 55 nm and a trigonal unit cell with lattice
parameters dexp = bexp = 0.4415 nm and ce,p, = 0.8812 nm. These findings suggest the coexistence of SiO, and B,O3 phases
in the p-Si sample.
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Figure 2. Variation in the inelastic background level of the X-ray image for the p-Si<B> sample at small, medium, and large
scattering angles, along with the shapes of the observed structural reflections.

Moreover, in the X-ray images of silicon control samples subjected to thermal treatment for 5 hours at temperatures
of 950°C, 1050°C, and 1150°C, diffuse reflections associated with the SiOx phase are observed in the small-angle
scattering region (20 = 13°) (see Fig. 2a). An analysis of the full width at half maximum (FWHM) values reveals the
following: FWHM(950°C) = 7,2x1072 rad, FWHM(1050°C) = 8,7x10"2 rad FWHM(1150°C) = 8,4x10% rad. Based on
these values, it is established that these structures are not crystallites but rather small fragments with sizes of 2 nm at
950°C, 1.6 nm at 1050°C, and 1.7 nm at 1150°C. These fragments primarily form in the near-surface regions of silicon
and indicate the presence of unsaturated bonds between silicon atoms. Additionally, their small size suggests the absence
of long-range order in the arrangement of silicon and oxygen atoms. Therefore, these formations are not nanocrystallites
but rather clusters [13]. Since similar clusters partially form in different regions of the silicon control samples at 950°C,
1050°C, and 1150°C, variations in the inelastic background of the X-ray images are observed across small, medium, and
large scattering angles. This, in turn, indicates the formation of additional microdefects in the silicon crystal lattice.

In the X-ray radiographs of silicon control samples heat treated for 5 h at temperatures of 950°C, 1050°C and
1150°C, a structural reflection is observed at a scattering angle of 20 = 30.8° referring to the SiBs (silicon hexaboride)
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phase with crystallographic orientation (110) at a scattering angle of 20 = 30.8° (see Fig. 2 b). This phase is formed by
cubic unit cells with lattice parameters: aexp = 0.4156 nm. The crystallite size corresponding to this phase is: 75 nm at
950°C, 71 nm at 1050°C and 95 nm at 1150°C. This, in turn, indicates the following processes: at 950°C, crystallite
formation and growth occur; at 1050°C, reorganization and fragmentation are observed, which leads to a temporary
decrease in their size; at 1150°C, atomic mobility increases and crystallite enlargement occurs due to the intensification
of the Ostwald Ripening mechanism.

CONCLUSION

Based on the X-ray structural analysis of single-crystal p-Si samples, the following conclusions have been drawn:

It has been established that the surface of the p-Si single-crystal samples corresponds to the crystallographic
orientation (111). Through thermal treatment at 950°C, 1050°C, and 1150°C, there is a redistribution of atoms and defects,
leading to an increase in the lattice parameter: asi9socc) = 0,534 nm as;10s0°c) = 0,535nm and as;1150°c) = 0,536 nm.
Furthermore, the crystal perfection is increased at 1050°C and decreased at 1150°C.

During the thermal treatment at 950°C, 1050°C, and 1150°C, micro-stresses (dislocations and other defects) are
formed in the surface areas of the samples, while their stabilization occurs within the bulk of the samples.

It has been found that at 950°C, due to the relatively low diffusion temperature, sub-crystals (59.7 nm) do not
undergo significant changes. At 1050°C, a recrystallization process takes place, resulting in their enlargement to 61.1 nm.
At 1150°C, due to the destruction and subsequent reformation of sub-crystals, their size is reduced to 57.4 nm.

The interaction of silicon, boron, and oxygen atoms results in the formation of crystallites SiO- and B20Os, belonging
to the trigonal elementary cell with spatial group P3,21. The dimensions of the SiO- crystallites are dexp = bexp = 0,5031 nm
and cexp = 0,5527 nm, with a size of 21-25 nm. The B:0; crystallites have dimensions dexp = bexp = 0.4415 nm,
Cexp = 0.8812 nm, and a size of 55 nm.

After thermal treatment at 950°C, 1050°C, and 1150°C, clusters with sizes of 2 nm, 1.6 nm, and 1.7 nm are formed
in the surface regions of monocrystalline p-Si samples. These clusters are formed due to unsaturated silicon-oxygen (SiOx)
bonds, leading to the formation of additional microdefects in the crystal lattice.

Furthermore, thermal treatment at the same temperatures leads to the formation of nanocrystallites with sizes of
75 nm, 71 nm, and 95 nm on the surface of p-Si samples. These nanocrystallites consist of cubic elementary cells with
lattice parameters dep = 0.4156 nm.
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JOCJIIKEHHSA ®OPMYBAHHS HU3bKOBUMIPHUX TE®EKTHUX CTAHIB B MOHOKPUCTAJITYHOMY
KPEMHII 3A YYACTIO KHCHIO
Axpam:xon FO. bo6oes, bistoaignin M. Eprames, Hypitain FO. FOnycanieB, Mypoainb:kon M. Xoramon
Anousrcancokuii deporcasnuil ynigepcumem imeni 3.M. Babypa, Anouscan, Y3bexucman

B wiii poboti mocmimxyerbest GopMyBaHHST HU3bKOBHUMIPHHX Ie()EKTHUX CTaHIB y MOHOKPHCTAJIIYHOMY KPEMHII 32 y4acTIO KHCHIO,
30CepeKYIOUUCh Ha CTPYKTYPHHUX HEOTHOPIAHOCTSAX Ta IXHHOMY BIUTMBI Ha BJIACTHBOCTI Marepianmy. MOHOKPUCTATIYHHNA KPEMHIMH,
HapDKHAN KaMiHb Cy4acHOi HAHOEJEKTPOHIKH, BUPOOIISETHCS MEPEBAKHO METOIOM Y0XpaabChKOTO, SIKUH 9aCTO BBOAUTH JOMIIIKA
kucHio. L1i nomimku yTBoproroTs okcuaHi BkirodeHHs (SiOy) Ta komiurekcu (Si—On) mig gac Tepmidnoi 06pobku mpu 400-800°C, mo
NIPU3BOAUTE 10 MAE(EKTiB, SKi BIUIMBAIOTh Ha EJIEKTPHYHI Ta CTPYKTYPHI BIACTHBOCTL. Y JOCIHI/UKEHHI BUKOPHUCTOBYETHCS
peHTTeHIBChKa U(paKIis 11t aHaNi3y 3pa3KiB KPEMHIIO P-THILY, BUPOIIECHUX METO10M Y0XpalibCbKOT0, 3 TEPMIUYHOI0 00pOOKOI0 IIPH
950°C, 1050°C Tta 1150°C. PesynpraTH moOKa3yloTh, L0 TepMiyHa OOpoOKa Nepepo3noainse aToMu Ta JedexTH, 301IbLIyIouH
napaMeTpu peLIiTKH Ta KpUcTaliuHicTh, fgocsraioun miky npu 1050°C. Po3mipu cyOKpHCTaTiYHUX CTPYKTYP 3MIHIOIOTHCS 3
TEeMIepaTyporo, J0CAraloul MakcuMaibHOi crabinbpHocTi pu 1050°C. B3aemonis kucHio Ta 60py yrBOproe kpuctaniti SiO:z ta B20s
po3mipamu Bix 21 10 25 HM Ta 55 HM BinnoigHo. KpiM TOro, B MIOBEpXHEBUX 00JACTAX YTBOPIOIOTHCS HEBENUKi KinacTep (1,62 HM)
SiOx, o BKa3ye Ha HEHACHYCHI KPEMHI€BI 3B'SI3KH Ta JIOKANIi30BaHi MiKpoaeheKTH. Y IOCIHIiIKEeHHI TaKOXK BUSBICHO KpucTaiitu SiBs
(71-95 HM) Ha TOBEPXHI, IO POCTYTH NIIIXOM A03piBaHHS OCTBANIB/A 32 BUIMX TeMIepaTyp. Lli pe3ynbTaTH miaKpecIo0Th CKIaIHy
B33a€EMOJIII0 MK JOMIIIKaMH KHCHIO, TEPMIYHOI0 OOpOOKOIO Ta yTBOpPEHHSM JeeKTiB y KpHcTamax KpeMHilo. J{OCTi/DKCHHS Tae
ySIBJIGHHS TIPO ONITHMI3alilo MpolieciB BUPOOHUITBA KPEMHIIO JUIsl MiHiMi3auii JedeKkTiB Ta MiABUIEHHS XapaKTEPUCTUK Martepiaity
JUISL TIEPE/IOBUX EJISKTPOHHUX 3aCTOCYBaHb. Pe3ybTaTh MiJKPECITIOIOTh BaXKIMBICTE KOHTPOJIIO BMICTY KHCHIO Ta YMOB TE€PMiuHOT
00pOOKH AJIsI JOCSATHEHHS! BUCOKOSIKICHOTO MOHOKPHCTJIIYHOTO KPEMHI0 3 IHIUBIgyaJbHUMHU BracTUBOCTSAMHU. L[ poGoTa crpuse
rIUOIIOMY PO3yMIHHIO JAWHaMiKM Ae(peKTiB y KpeMHil, MPOMOHYIOUM MPAaKTHYHI HACHIiAKWA Ui BIOCKOHAJCHHS TEXHOJOTIN
BHPOOHUIITBA HAIBIIPOBIAHUKIB. Bupinrytoun npodieMu, 110 BUHUKAIOTE Yepe3 JOMIIIKH KHCHIO, TOCTIHKEHHS IPOKIIAIa€ MUTIX IS
PO3pOOKH OUITBII €PEKTUBHUX Ta HATIMHUX IPUCTPOIB HA OCHOBI KPEMHIIO B HAHOETICKTPOHHIH IPOMHUCIOBOCTI.
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Kpucmanoepagiuua opicumayis, cyoOKpuCmaniuui Cmpykmypu; Mikpooeghexmu, ymeopenHs Kiacmepie



