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The article examines the problems of thermal oxidation of silicon. Oxidation plays an important role in planar technology, which in
turn is the basis of the technology of silicon integrated circuits, photodetectors and other solid-state electronics. During our production
of'silicon p-i-n photodiodes, a number of systematic types of defects and deterioration of product parameters caused by the degradation
of masking or anti-reflective coatings during the manufacturing process were observed. A decrease in the insulation resistance of
responsive elements in multi-element photodiodes was observed, which contributed to the increase of dark currents. A decrease in the
responsivity of the products due to the degradation of the thickness or structure of the anti-reflective coating during technological
operations, etc., was also revealed. It was established that the reason for the decrease in insulation resistance is the formation of
inversion layers at the Si-SiO: interface, the presence of which can be detected when measuring CV-characteristics. It was also
established that chemical treatment of substrates with SiOz in boiling acid solutions helps to reduce the thickness of the oxide. To avoid
deviation of the thickness of the film from the condition of minimum reflection, it is necessary to grow a thicker layer of anti-reflective
coating. It is noted that when etching the oxide during photolithography or when removing the PSG/BSG in hydrofluoric acid, it is not
permissible to remove the cassette with plates from the solution for a long time, as this leads to uneven etching of the film due to the
flow of the herb on the surface of the substrate. The causes of defect formation in Si and SiO2 during oxidation are given. Thus, with
improper mechanical and chemical processing of the plates, cristobalite inclusions may form in the film during oxidation. Cristobalite
has a higher density than quartz glass, and the boundaries between amorphous regions and denser crystalline regions represent voids,
which can be filled both by impurities from the surface and by the diffusant in the diffusion process. Also, during oxidation in silicon,
packing defects are often formed. Centers of defect genesis can be mechanical damage to the plate surface or growth defects.
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Oxidation plays an important role in planar technology, which in turn is the basis of the technology of silicon
integrated circuits, photodetectors and other solid-state electronics [1]. At the initial stages of the development of planar
technology, oxidation was used only for the manufacture of masking coatings that prevented the penetration of impurities
into certain areas of the crystals during diffusion, as well as for the creation of a protective passivating layer after the
device was manufactured. Recently, SiO, began to be used as active and passive elements in silicon functional blocks [2],
as well as anti-reflective coatings (ARC) in photoreceiving devices [3]; this led to a new intensive study, it would seem,
of the oxidation process and the properties of the oxide layer. In particular, conditions for the growth of nanometer films
of silicon oxide are actively studied and modeled, which is relevant for miniaturization and increasing the speed of
electronic elements [4, 5].

To date, a large number of methods have been developed, which have become standard, and allow obtaining high-
quality oxide films, in particular, uniform in thickness, perfect in structure, and possessing high insulating properties. To
a greater extent, these methods were developed empirically and are based on various processes: from thermal or anodic
oxidation to deposition of a film from an external source [6]. Of course, to obtain oxide films with specified electrical
properties, it is necessary to strictly control the behavior of impurities in the process of film formation, which is an urgent
scientific and technical task.

During our production of silicon p-i-n photodiodes (PDs), a number of systematic types of defects and deterioration
of product parameters caused by the degradation of masking or anti-reflective coatings during the manufacturing process
were observed. A decrease in the insulation resistance of responsive elements (RE) in multi-element PDs was observed,
which contributed to the increase of dark currents (/;). A decrease in the responsivity of products (Spuse) due to the
degradation of the thickness or structure of the ARC during technological operations, etc., was also revealed. The
described types of defects required a detailed study to establish the causes of their occurrence and methods of their
avoidance.

When reviewing literary sources, it is seen that many works are devoted to the electrical properties of SiO». In
particular, in a number of studies, the deterioration of the reverse characteristics is associated with the presence of positive
fixed or mobile charges in the oxide film [7, 8]. Thus, a quantitative model of the formation of a fixed charge in silicon
dioxide during thermal oxidation was developed in [7]. It was established that the amount of charge determines the number
of internodal silicon atoms near the Si-SiO, interface, and an increase in the oxidation temperature contributes to a
decrease in the value of the fixed charge due to an increase in the diffusion coefficient of internodal silicon atoms in SiO».
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In [8], the effect of isothermal annealing in an inert atmosphere of structures with silicon oxide was investigated, and it
was established that annealing allows reducing the amount of charge in the oxide. Note that in the case of silicon p-i-n
PDs technology (and other electronic elements) there is no possibility of increasing the oxidation temperature due to the
increase in the rate of degradation of the resistivity of the original material (p) and the life time of minor charge
carriers (1) [9]. This degradation is caused by an increase in the diffusion coefficients of the ions of uncontrolled
impurities (Li*, Na*, K*), which diffuse into the substrate during oxidation (which can also be the reason for the increase
in the amount of mobile charge). It is worth noting that metals contribute to the amount of charge by changing (disrupting)
the structure of the oxide. For the same reason, there is no possibility of introducing additional thermal operations into
the technological production routes for annealing, as well as to avoid an increase in the number of thermal shocks.

Information about the degradation of oxide films and the influence of these factors on the responsivity of the PDs
was not found in the literature. There are also no technological recommendations for avoiding the degradation of the
insulation resistance of REs in multi-elements PDs. Accordingly, the study of the causes of the appearance and methods
of avoiding the degradation of the masking and anti-reflective oxide films in the technology of silicon p-i-n PDs is the
purpose of this work.

EXPERIMENTAL

The research was carried out on silicon four-element p-i-n PDs with a guard ring (GR) designed to detect radiation
with a wavelength of A=1064 nm. The production was carried out by diffusion-planar technology according to the
technological regimes given in [10]. The starting material was single-crystal dislocation-free p-type silicon with
orientation [111], p=18-22 kQ-cm and 1~1.8-2.2 ms. The technological process consisted of a complex of thermal
operations and photolithography: semiconductor substrates were oxidized; photolithography was carried out to create
windows for phosphorus diffusion; diffusion of phosphorus (predeposition) to the front side to create n*-type REs and
GR; drive-in of phosphorus in an oxygen atmosphere to redistribute the alloying impurity, increase the depth of the
n*-p-transition and form a anti-reflective coating; diffusion of boron to the reverse side of the substrate to create a p*-type
ohmic contact; photolithography for creating contact windows; sputtering of Cr-Au on the front and back sides.

Masking SiO, was formed during the first thermal operation at a temperature of 7=1423 K according to the principle
of dry-wet-dry oxidation [5]. Considering that the thickness of silicon oxide, which completely masks from the long-term
diffusion of phosphorus at 7=1323 K, reaches 0.3-0.4 um [11], the thickness of the masking SiO, reached
dsi02~0.6-0.7 um. This thickness is also chosen taking into account the redistribution of phosphorus in the oxide during
subsequent thermal operations.

Anti-reflective silicon oxide was formed during the drive-in of phosphorus in an atmosphere of dry oxygen at a
temperature of 7=1423 K. The thickness of SiO, was 0.18-0.19 pm, which corresponds to the minimum reflection
condition [12]:

p)
i ndszoz 4

where X is the working wavelength; n the refractive index of SiO»; dg;, is the thickness of the anti-reflective film.

To study the structural perfection of the surface of the substrates after thermal operations, selective etching was
carried out in Sirtle's etchant [13].

After oxidation and each subsequent thermal operation, the high-frequency volt-farad (CV) characteristics of the
metal-oxide-semiconductor-structures (MOS) were measured at a frequency of 30 kHz, which made it possible to predict
the final parameters of the products.

The level of pulsed monochromatic sensitivity of PDs was determined at A=1064 nm, bias voltage Up,s=120 V and
pulse duration =500 ns.

An important parameter of multi-element PDs with GR is the resistance of the isolation of the REs between
themselves and the insulation resistance of the REs and the GR, the decrease of which leads to an increase in the
photocoupling coefficient and dark currents. Determination of insulation resistance of REs and GR (R..,) was carried out
according to the method given in [14] with Upi=2 V and load resistance R=10 k<.

The thickness of the oxide films was measured by the ellipsometric method.

RESULTS OF THE RESEARCH AND THEIR DISCUSSION
A) Study of CV-characteristics

Measuring the CV characteristics of MOS structures at the initial stages of manufacturing makes it possible to
estimate the final parameters of the products. Thus, in the case of p-i-n PDs manufacturing, the technological route
consisted of 4 thermal operations, after each of which (except for phosphorus predeposition) CV-characteristics were
measured. From the volt-farad characteristics, it is possible to determine the charge level in the oxide and detect the
presence of inversion layers (IL) at the Si-SiO, interface. A typical CV-characteristic of the MOS structure for p-type
silicon is shown in Fig. 1 (curve 1). When the number of charged states at the interface of two phases increases, the curve
may shift to the left relative to the ordinate axis. As mentioned above, this leads to an increase in dark currents. But
sometimes the formation of inversion layers at the Si-SiO, interface is observed, which form surface conductive leakage
channels and reduce the insulation resistance between the REs.
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The formation of ILs is possible both during the formation of a masking coating and during subsequent thermal
operations. On Fig. 1 shows typical curves of volt-farad characteristics of MOS structures with inversion layers (curves 2-4).
Curve 3 describes the case of doping of the silicon surface with uncontrolled impurities during oxidation, which led to a
change in the conductivity type of the silicon surface to the opposite. Such a case is also possible in the presence of
hydrochloric acid residues after purging quartz reactors for the purpose of cleaning from alkali metals. Curves 2 and 4
describe the case of the formation of inversion layers during the phosphorus dispersal and boron diffusion operations.
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Figure 1. CV-characteristics of MOS structures: 1 — typical characteristic for p-type silicon; 2-4 — inverted characteristics

In the case of the formation of ILs during oxidation, it is necessary to etch the oxide and doing re-oxidation. The
insulation resistance of REs and GR in samples with CV-characteristics of the Curve 2 type (Fig. 1) reached R..,=1-10 kQ
at Reon =5-15 MQ for serial PDs. And dark current of GR Jgz=7-36 mA/cm? at Jgr =3.6-36 nA/cm? (Upies=120 V) for
serial products. It is impossible to accurately measure the REs of defective PDs, since it constantly increases due to the
flow of charge carriers from the GR. It is possible to fix only the initial value, which reaches J;>26 pA/cm? at
Ja=65-130 nA/cm? for serial samples. In the case of SiO; etching and re-oxidation, a decrease in dark currents is
observed, but as experiments show, after re-oxidation, the values of /; and /g are slightly higher than in serial products.
This indicates the presence of residual inversion layers on the surface of the substrate, they can be eliminated by plasma-
chemical or chemical-dynamic methods.

The insulation resistance of samples with CV-characteristics of the Curve 4 type (Fig. 1) reached Rco, = 200-600 kQ,
and Jgr=50-100 pA/cm?. From the above, it is possible to conclude that it is possible to estimate the conductivity of
surface inversion channels based on the volt-farad characteristics.

The causes of ILs are known and studied [15]. The key factor in their formation is an increase in the resistivity of
the substrate, since with an increase in p of the material, a smaller amount of impurities is needed to change the surface
conductivity to the opposite [16]. In most cases, an inversion layer is already present on p-type silicon with
p=1-10 Ohm-cm [17]. In the case of a thermal oxidation operation, the possible technological reasons for the appearance
of inversion are improper chemical treatment of substrates, the presence of alkali metal impurities in deionized water,
quartz vessels, or a quartz reactor, and carrier gases. However, the appearance of ILs during boron diffusion is caused by
the redistribution of impurities in SiO; and their diffusion to the Si-SiO; interface [18]. These impurities were introduced
into the oxide during previous thermal operations and diffused into the surface layer of silicon due to the high total
duration of thermal treatments. Another factor that contributes to the formation of ILs with a high total duration of thermal
operations is the diffusion of boron atoms from the near-surface layers of silicon into the oxide, since the segregation
coefficient of boron is below unity [19].

The probability of the appearance of inversion layers can be minimized by careful control of carrier gases, deionized
water for the presence of alkali metals, and periodic purging of quartz reactors with hydrochloric acid vapors. It is possible
to increase the resistance of the insulation of REs and GR by forming regions of restriction of leakage channels in the
gaps between active elements of the PD isotype with the substrate material [14]. It is possible to reduce the influence of
the inversion layers of the periphery of photodiode crystals on the level of dark currents of the GR when the masking
oxide is etched from the periphery and new film is formed in the dry oxygen atmosphere during the operation of drive-in
of phosphorus [20].

B) Reduction of the thickness of anti-reflective SiO: in the process of PDs manufacturing.
During the serial production of silicon p-i-n PDs, a decrease in the thickness of the ARC was noticed in the process
of technological operations after its formation, this factor led to a decrease in responsivity, since the responsivity of the
PD is directly proportional to the reflection coefficient of the anti-reflective film [21]:

y!

S/l = (1 - R)TQap—n 124 (2)
where R is the ARCs reflection coefficient; 7T is the transmission coefficient of the input window or optical filter; Q is the
quantum output of the internal photoeffect; ., is the collection coefficient of minor charge carriers generated by radiation
in the active region of the photodiode.



292
EEJP. 2 (2023) Mykola S. Kukurudziak

When studying what was described, it was seen that the reason for the decrease in dsio; is chemical treatment (CT).
Accordingly, it was decided to study the influence of CT on the thickness of SiO,.
To clean the substrates, we used CT in boiling solutions of acids with the composition indicated in Table 1, the

treatment duration was 10 minutes. To study the change in ds;o; in the process of washing before and after operations, the
thickness of this coating was measured.

Table 1. The composition of acid solutions for CT of silicon substrates and the change in dsio2 during the operation

Solution Composition Adsio2, nm
H2S04:H202:H0 4:1:1 6-7
HNO3:H202:H20 1:1:1 8-9

NH4OH:H202:H20 5:1:1 16-17

Taking into account that after the formation of the anti-reflective oxide, according to the technological route, three
more 3-stage washings are carried out, which will reduce dsio> by 90-100 nm, it is necessary to increase the duration of
drive-in of phosphorus, and, accordingly, the thickness of ARC.

To be able to estimate the drop in responsivity (ASpuse) of the PD as a result of dsio» reduction, a graph of the
dependence of AS,.ie on the ARC thickness was obtained (Fig. 2). The initial responsivity of the PD crystal was measured
at dsi02~0.18 um and the oxide was digested layer by layer in a slow etchant HF: H20=1:10. After each etching process,
Spuise measurements were also performed.

Reflectance spectra of PDs were obtained at ds;0>~0.170-0.175 um and PDs without ARC (Fig. 3).
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Figure 2. Experimental graph of the dependence of the drop in Figure 3. PDs reflection spectra: 1 - without ARC;
responsivity on the thickness of the anti-reflective coating 2 - dsi02~0.17-0.175 pm

From Fig. 3, it can be seen that the reflection minimum of the investigated film is at A=1.01-1.02 um due to the
deviation of the film thickness from the optimized for A=1.064 um. The reflection coefficient of PD without ARC is R=45-
50% at the working wavelength, and with a thickness of anti-reflective silicon dioxide of 0.17-0.175 pum, R=15-20%.
At dsi0:=0.18-0.19 pm at 2=1.064 um, R=5-7%.

Changing the thickness of the masking and brightening coatings is also possible during photolithography, removal
of phosphorosilicate (PSG) or borosilicate (BSG) glasses, and chemical dynamic polishing (CDP).

In particular, when etching the oxide during photolithography or when removing PSG/BSG in hydrofluoric acid, it
is not permissible to remove the cassette with plates from the solution for a long time, as this leads to uneven etching of
the surface (Fig. 4) due to the flow of the etchant on the surface of the substrate. Accordingly, non-uniformity of the film
thickness can lead to scattered responsivity or uneven etching of the oxide during subsequent photolithography.

Figure 4. Image of uneven thickness of masking (a) and anti-reflective (b) SiO2
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In order to carry out the CDP of the reverse side of the substrate, the front side is covered with a chemically resistant
varnish [22]. If the thickness of the varnish is insufficient during drying, it is possible to form thinnings or punctures
through which undesirable etching of the working surface of the crystal occurs. The consequence of thinning is spot
etching of the oxide over the entire surface of the RE (Fig. 5 a), and in the case of punctures, the seepage of the etchant
under the varnish and local etching of SiO; (Fig. 5, b) or even silicon, which can lead to a breakdown of the p-n junction.
To avoid the described situation, it is worth applying a double layer of varnish with intermediate drying.
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Figure 5. Image of the dispersion of the thickness of the oxide film after CDP due to the thinning of the varnish (a) and punctures (b)

B) Defect formation during thermal oxidation

The most important condition for obtaining high-quality silicon oxide is the cleanliness of the plate before oxidation.
The presence of impurities on the surface of silicon before oxidation or during the process of oxide growth negatively
affects the uniformity of the film and the electrical properties of the interface.

On an uneven, contaminated surface, the grown or applied oxide contains inclusions of cristobalite (Fig. 6), which
are undesirable in all classic cases of using oxide films of silicon technology. Cristobalite has a higher density than quartz
glass, and the boundaries between amorphous regions and denser crystalline regions represent voids, which can be filled
both with impurities from the surface and with a diffusant in the diffusion process [23]. A necessary condition for
obtaining high-quality SiO; is the polishing of the surface of the substrates followed by chemical treatment. Ultrasonic
cleaning is also possible.

Packing defects are often formed during oxidation in silicon [24]. The formation of these defects on the surface of
the plates occurs for several reasons. The first is mechanical damage to the surface of the substrate during cutting or
grinding. If such damages, for example, scratches or cutting marks, are not removed by subsequent chemical polishing,
then they can become local areas of nucleation of packaging defects (Fig. 7a).

100 wm

a) b)
Figure 6. Image of silicon oxide with Figure 7. Image of structural defects in the areas of mechanical disturbances (a)
cristobalite inclusions and swirl defects (b) on the surface of plates (plates after selective etching)

The second reason for the formation of packing defects (in the absence of mechanical damage on the surface) is
related to the presence of growth and so-called swirl defects in the plates [25], since complexes of point defects with a
swirl distribution are the seeds for packing defects during oxidation (Fig. 7b). Note that the defects formed during
oxidation have an internodal nature and are associated with the accumulation and condensation of excess silicon atoms
generated as a result of oxygen diffusion in silicon. It is the internodal silicon atoms that form point defect clusters in the
areas of mechanical surface disturbances.
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Another mechanism for the formation of structural defects during oxidation can be mechanical stresses introduced
as a result of the difference in the thermal expansion coefficients of Si and SiO- [26]. But we did not observe the formation
of defects by this mechanism.

It is worth noting that during the diffusion of phosphorus, clusters of packing defects are areas of dislocation
generation. A high density of structural defects on the plate surface negatively affects the dark currents of
photodiodes [27,28]. In order to avoid defect formation, it is worth using dislocation-free silicon, performing the CDP
operation after mechanical processing of the wafers, and clearly controlling the substrates before thermal operations.

CONCLUSIONS

1. The problems of masking and anti-reflective SiO; in the technology of silicon p-i-n photodiodes were investigated.

2. The reason for the decrease in the insulation resistance of photosensitive elements in multi-element photodiodes
is caused by the presence of surface inversion channels at the Si-SiO, interface. Inversion layers can be detected by
measuring CV-characteristics.

3. Chemical treatment of oxidized substrates in boiling acid solutions helps to reduce the thickness of the oxide film.

4. When removing the cassette with oxidized plates from the solution during SiO», BSG or PSG etching, uneven
etching of the film is possible due to the flow of the etchant on the plate.

5. Oxidation of contaminated or uneven substrates can be accompanied by the formation of oxide with the inclusion
of cristobalite.

6. Defect formation during thermal oxidation occurs in areas of mechanical disturbances or growth defects.
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MPOBJIEMHA MACKYIOUOI'O TA IPOCBITJIAIOYOI'O SiO;: B KPEMHIEBIA TEXHOJIOI'IT
Muxkoua C. Kykypyazsak®P
AT «Llenmpanvue koncmpykmopcwvke b6iopo Pummy, 58032, m. Yepnisyi, ya. I'onosna, 244, Yxpaina
bYepuiseyvruti nayionanvnuii yuisepcumem imeni FOpis @edvrosuua, 58002, m. Yepnisyi, eyn. Koyiobuncorozo, 2, Yrpaina

B crarTi nociimkeHo npo0ieMaTuKy TEPMIiYHOTO OKHCHEHHS KpeMHi0. OKHCHEHHS Bifirpae BaXKJIUBY POJIb B IUTAHAPHIH TEXHOOTI],
sIKa B CBOIO UEPry € OCHOBOIO TE€XHOJIOTI] KPEMHI€BUX IHTErPAIbHUX MIKpocxeM, (OTONpHiMadiB Ta iHIINX TBEPIAOTIIBHUX 3ac00iB
CJIEKTPOHIKU. IIpy BHTOTOBIICHHI HAaMH KPEMHIEBHX p-i-n (OTONIOAIB 1M0OAYEHO PsiJi CHCTEMAaTHYHUX BHAIB Opaky Ta MOTIpIICHb
napaMeTpiB BHPOOIB CIPUYMHEHHMX JEerpajlallicl0 MacKyldoro YW MPOCBITIAIOYOrO MOKPUTTIB B IPOLECI BUTOTOBJICHHS.
CriocTepirajaoch 3HWKCHHS OMOPY i30Jsiii (HOTOYYTIIMBUX CIEMEHTIB B 0araToeleMEeHTHHX (OTOMI0AaX, IO CIPHSIIO 3POCTAHIO
TEMHOBUX CTpyMiB. Tako)k BUSIBICHO 3HIDKCHHS 4y TJIMBOCTI BUPOOIB BHACTIZOK Jerpaganii TOBIIMHU YK CTPYKTYPH MPOCBITIISIIOUOTO
HOKPUTTS Mifl 9YaC TEXHOJIOTTYHMX OIepaliii Ta iH. BcTaHOBJICHO, 110 MPUYMHOO 3HIDKEHHS OIOPY i30JISLii € YTBOPEHHS iHBEpCIHHHX
mapiB Ha Mexi po3ainy Si-SiO2, HasgBHICTH SKMX MOXHA BUSIBUTH IPpH BEMipioBaHHI CV-xapakTepucTuk. Takox BCTAaHOBICHO, IO
XiMigHa 00poOKa migKIanokK i3 SiO2 B KU’ T9MX PO3UMHAX KUCIIOT CIIPHUSIE 3MEHIIEHHIO TOBIIHHU OKCHY. [l yHUKHEHHS BiIXUICHHS
TOBIIMHH ILTiBKY BiJl YMOBH MiHIMyMYy BiOMBaHHS BapTO BHPOILYBAaTH TOBCTIIIIINH Map IPOCBITIAI0YOTO MOKPUTTS. 3ayBasKeHO, 110
TIpU TpaBJIEHHI OKCUIY MiJ gac doTonitorpadii un npu 3HiMaHHI @CC/BCC B M1aBUKOBIi KHCIIOTI HE IPUILYCTUMO BHIMATH KaceTy
3 IUITACTMHAMH 13 PO3YMHY Ha TPUBAJIMH 4ac, OCKUIBKU Lie NPU3BOJMTH [0 HEPIBHOMIPHOTO TPABJICHHS ILUTIBKH BHACIIJIOK CTIKAQHHS
TpaBHMKA I10 NMOBEPXHI miakiIanku. HaBeneno nprunny gedexroyropeHss B Si Ta SiO2 mix yac okMcHeHHs. Tak, pu HEeHAISKHIN
MeXaHi4Hi# Ta XiMiuHii 06poOLi TaCTUH MOXKIIMBE YTBOPEHHS BKIIIOUEHb KPUCTOOATITIB B IUIIBKY IMiJ] Yac OKucHeHHs. Kpucrobamit
BOJIOZIi€ BHIIOIO I'YCTUHOIO HIXK KBapIOBE CKJIO, 8 MEXi MK aMOp(HUMHU 00JIACTSIMH 1 OUTBII IIITBHUMH KPUCTATIYHUMHU 00JIaCTSIMU
MIPEICTABIAIOTh MOPOXKHEY1, AKi MOXKYTh OyTH 3allOBHEHI sIK 3a0pyAHECHHSAMHU 3 TIOBEPXHIi Tak 1 Audy3anToM B poueci audysii. Takox
IIi] 9aC OKUCHEHHS B KPEMHIIO YacTO YTBOPIOIOTHCS Ae(EeKTH YHakoBKU. LleHTpamu 3apopkeHHs 1eeKTiB MOKYTh OyTH MEXaHi4Hi
TIOMIKOKEHHS TOBEPXHI INTACTUHU Y POCTOBI Je(eKTH.

KuarouoBi cnoBa: kpemniii; pomooiod, oxuchenns,; okcuo Kpemmiio, 601bm-apaona XapaKkmepucmura, npoceimaaoya niiska



